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Trophoblasts, the specialized cells of the placenta, play a major role in implantation and forma-
tion of the maternal-fetal interface. Through an unusual differentiation process examined in this 
review, these fetal cells acquire properties of leukocytes and endothelial cells that enable many 
of their specialized functions. In recent years a great deal has been learned about the regulatory 
mechanisms, from transcriptional networks to oxygen tension, which control trophoblast dif-
ferentiation. The challenge is to turn this information into clinically useful tests for monitoring 
placental function and, hence, pregnancy outcome.

In some societies the critical importance of the placenta in deter-
mining pregnancy outcome is acknowledged by its special treat-
ment after birth. For example, the Malay people bury placentas 
in prominent locations near their homes, a symbolic act in rec-
ognition of the fact that the placenta is an essential in utero 
companion of the baby. We now know that this prescient ritual 
reflects an important reality. During the last decade and a half, 
numerous studies in transgenic mice have shown that placenta-
tion is a critical regulator of embryonic and fetal development. 
For example, inactivation of the retinoblastoma (Rb) tumor sup-
pressor gene in mice resulted in unscheduled cell proliferation, 
apoptosis, and widespread developmental defects that eventu-
ally led to embryonic death. Careful analysis of the placenta 
showed numerous abnormalities, including disruption of the 
transport region where nutrient, waste, and gas exchange occurs 
and a decrease in vascularization. When conditional knockout 
and tetraploid rescue strategies were used to supply Rb-null 
embryos with wild-type placentas, the animals survived to term; 
the neurological and erythroid abnormalities that were thought 
to lead to the intrauterine demise of the pups were abrogated 
(1). Thus, Rb function in the murine extraembryonic lineages is 
required for normal differentiation of cells within the embryo. 
The principle that embryonic and placental development are 
tightly linked has been strongly reinforced by studies in the bur-
geoning field of life-course epidemiology and has led to the pro-
posal of the “developmental origins hypothesis”: adult medical 
conditions such as cardiovascular disease and type 2 diabetes 
originate in response to undernutrition either in utero or dur-

ing infancy and early childhood (2). Given that the placenta is 
an important regulator of fetal growth before birth, it is likely 
that a subset of the initiating events that eventually lead to the 
aforementioned diseases will be traced to faulty placentation at 
structural and/or functional levels (S1).

In this context it becomes critically important to understand, 
at a molecular level, placental development, which determines 
the organ’s functional capacity. This review focuses on one part 
of this process: trophoblast differentiation, a component that is 
integral to implantation and trophoblast invasion of the uterus.

As discussed below, the trophectoderm layer of the blastocyst 
is the first embryonic cell type to exhibit highly differentiated 
functions. Approximately 1 week after fertilization, trophoblasts 
participate in a complex dialogue with maternal cells that enables 
implantation, a process that quickly sequesters the human embryo 
within the uterine wall. Further embryonic development requires 
the rapid assembly of the basic building blocks of the placenta: 
floating and anchoring chorionic villi. The unique structure of 
the human maternal-fetal interface is established by differen-
tiation of cytotrophoblasts in anchoring villi. The latter process 
entails many unusual elements. For example, these fetal cells, 
which are derived from the placenta, form elaborate connections 
with maternal vessels, thereby diverting uterine blood flow to the 
placenta. Moreover, the hemiallogeneic placental cells that reside 
within the uterine wall coexist with an unusual population of 
decidual leukocytes, predominantly CD56bright, CD16— NK cells. 
Due to the sheer size and complexity of the published literature, 
an in-depth analysis of trophoblast interactions with the maternal 
immune system is beyond the scope of this review.

In humans, defects in formation of the maternal-fetal interface 
that are associated with a variety of pregnancy complications are 
helping to pinpoint critical aspects of this process that are par-
ticularly vulnerable to failure. Genomic and proteomic approach-
es will yield a great deal of information about the mechanisms 
involved. The challenge is to translate this knowledge into clinical 
tests of placental function for the purpose of predicting, diagnos-
ing, and/or treating the major diseases associated with pregnancy, 
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such as preeclampsia, with an incidence of 7–8% (3), and preterm 
labor, with an incidence of 10% (4). The application of these types 
of tests will revolutionize the practice of maternal-fetal medicine, 
with lifelong benefits to the health of both the mother and her 
offspring, and also have a huge impact on the staggering economic 
costs associated with these pregnancy complications.

Fertilization and the initial stages of development
Fertilization occurs in the fallopian tube within 24 to 48 hours of 
ovulation (Figure 1). The initial stages of development, from fertil-
ized ovum (zygote) to a mass of cells (morula), occur as the embryo 
passes through the fallopian tube encased within a nonadhesive 
protective coating known as the zona pellucida. The morula enters 
the uterine cavity approximately 2 to 3 days after fertilization.

Implantation
Trophectoderm differentiation. Implantation is dependent on dif-
ferentiation of the trophoblast lineage (reviewed in ref. 5). In 
the mouse, the first signs of this process are evident during the 
morula stage, when cell division creates two distinct cellular 
populations. The outer cells of the blastocyst, which are polar-
ized, give rise to the trophectoderm, whereas cells in the interior, 
which are not polarized, give rise to the inner cell mass (Figure 1) 
(6). Interestingly, these initial events do not irreversibly establish 
the extraembryonic and embryonic murine lineages: the polarized 
outer cells can contribute to the inner cell mass (7), and the inner 
cells retain the ability to differentiate into trophectoderm (S2). 
Whether human blastomeres exhibit a similar degree of plasticity 

is unknown. At a molecular level, this cellular polariza-
tion requires epithelial-cadherin–mediated homotypic 
cell adhesion (8) as well as protein kinase C signaling (9). 
The transcriptional regulators that govern segregation 
of the extraembryonic and embryonic lineages are also 
beginning to be identified. The homeobox gene nanog is 
more strongly expressed in the inner apolar cells of the 
morula than in the outer cells that are destined to form 
the trophectoderm. In the blastocyst, nanog expression is 
confined to the inner cell mass and, in the later embryo, 
to primordial germ cells. This factor, which is required for 
embryonic stem cell self-renewal, may play an important 
role in generation of the intraembryonic lineage (10, 11). 
Conversely, by the late morula stage, the caudal-related 
homeobox gene cdx2 is more strongly expressed in the 
outer layer of polarized blastomeres (5). Overexpression 
of this transcription factor in embryonic stem cells induc-
es trophoblast formation (S3). Additionally, the domain 
transcription factor Oct4 is required to generate the inner 
cell mass (12) by a mechanism that includes suppression 
of trophoblast-specific genes (13, 14). The high-mobility 
group transcription factor Sox2 may play a role similar to 
that of Oct4 (15). However, neither Oct4 nor Sox2 expres-
sion is confined to particular subsets of blastomeres, 
making it unlikely that these transcription factors are 
involved in initial decisions that govern the fate of these 
cells. The above findings led Rossant and colleagues (5) to 
propose that polarization provides molecular cues (e.g., 
cdx2 expression) that specify the trophoblast lineage, with 
apolarization delivering different signals (e.g., Nanog, 
Oct4, and Sox2) to cells that are fated to become com-
ponents of the inner cell mass. In this scenario it is inter-

esting to note the important contribution of both genetic and 
positional cues. Recent data that were generated using an RNA 
interference approach to modulate gene expression in human 
embryonic stem cells suggest that these transcription factors are 
playing similar roles in this system (16).

The implantation process. The initial stages of embryonic and 
uterine development, which are spatially separated, must be tem-
porally coordinated for pregnancy to occur. Once the blastocyst 
emerges from the zona pellucida, approximately 6 days after 
fertilization, the embryonic and maternal cells enter into a com-
plex dialogue that enables implantation, a process that rapidly 
sequesters the human embryo within the uterine wall (reviewed in 
refs. 17 and 18). Hormones play very important roles in implanta-
tion. For example, studies using transgenic approaches show that 
uterine expression of progesterone receptor A and estrogen recep-
tor α, but not progesterone receptor B or estrogen receptor β, is 
required for implantation (19, 20). Nevertheless, the situation is 
complex, as decidualization, the specialized response of endome-
trial stromal cells to pregnancy, can be experimentally induced in 
estrogen receptor α null females (21, 22). In mice, a very narrow 
range of estrogen concentrations determines the duration of the 
window of receptivity, i.e., the period of time during which the 
uterus is able to support implantation (23). Interestingly, estro-
gen also has effects on the blastocyst, as its 4-hydroxy catechol 
metabolite mediates blastocyst activation, a requisite step in 
implantation (24). As for the uterus, a number of cytokines, 
growth factors, and transcription factors play important roles 
in this cascade. For example, maternal expression of leukemia 

Figure 1
The early stages of human development from fertilization to blastocyst forma-
tion. Fertilization occurs in the fallopian tube within 24 to 48 hours of ovulation. 
The initial stages of development, from fertilized ovum (zygote) to a solid mass 
of cells (morula), occur as the embryo passes through the fallopian tube encased 
within a nonadhesive protective shell (the zona pellucida). The morula enters the 
uterine cavity approximately two to three days after fertilization. The appearance 
of a fluid-filled inner cavity marks the transition from morula to blastocyst and is 
accompanied by cellular differentiation: the surface cells become the trophoblast 
(and give rise to extraembryonic structures, including the placenta) and the inner 
cell mass gives rise to the embryo. Within 72 hours of entering the uterine cav-
ity, the embryo hatches from the zona, thereby exposing its outer covering of 
trophectoderm. Figure kindly provided by S.S. Gambhir and J. Strommer, Stan-
ford University (Stanford, California, USA).
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inhibitory factor (LIF) is required to initiate implantation (25). 
IL-11 (26), insulin-like growth factors and binding proteins (27, 
S4), Hoxa-10 (28, 29), and a forkhead transcription factor (30) are 
involved in decidualization. The dialogue between the blastocyst 
and the uterus involves molecular families that might logically be 
predicted to function during the peri-implantation period (e.g., 
EGF family members; ref. 31) as well as unexpected participants, 
such as endocannabinoids and their G-protein–coupled recep-
tors (32). Embryonic signals such as those generated by chorionic 
gonadotropin also play important roles by acting on the endo-
metrium (33). In keeping with the results of global gene profiling 
experiments in other systems, the application of this approach 
to the study of murine implantation (34, 35) and human uterine 
receptivity (36, 37) graphically demonstrates the myriad of mech-
anisms that are involved in these processes.

The current challenge is to use the data summarized above to 
gain entrée into the pathways that control implantation. To date, 
evidence from many different sources, including studies in mice 
and humans, suggests that LIF is at the top of the pyramid of mole-
cules whose maternal expression is required for effective implanta-
tion. What are the downstream effectors? The long-standing obser-
vation that vascular permeability increases at the site of murine 
implantation prompted investigators to look for the expression 
of molecules with functions that are relevant to this process. For 
example, phospholipase A2 generates arachidonic acid, a substrate 
for the COX-2 enzyme, which produces prostaglandins. In some 
genetic strains of mice, deleting cox-2 interferes with implanta-
tion (38), while in others a compensatory upregulation of COX-1  
expression rescues this phenotype, resulting in the birth of live 
pups, although litter size is reduced (39) because decidual growth 
is retarded (40). Interestingly, the converse is also true, e.g., COX-2  
compensation is observed in the absence of COX-1 (41). With 
regard to the actions of cox-2 products, evidence to date suggests 
that the COX-2–derived prostaglandin, prostacyclin, plays a partic-
ularly important role in implantation by activating the nuclear hor-
mone receptor PPARδ (42), which is required for normal (murine) 
placental development (43). Other PPAR family members, such as 
PPARγ, play important roles in human trophoblast differentia-
tion and function (S5, S6). Finally, an emerging area of research 
is the investigation of evolutionarily conserved genes, including 
those encoding FGFs, IGFs, bone morphogenetic proteins, Wnts, 
Noggin, and Indian hedgehog proteins and their receptors, which 
appear to have potential roles in implantation and embryo spacing 
in the uterus (44, 45). It is important to note that other pathways 
lie downstream from LIF, e.g., Msx-1 and Wnt4, whose expression 
is also aberrant in Hoxa10–null mice (46).

In humans, the implantation story has an unexpected twist. 
Recent evidence suggests that the L-selectin system, which medi-
ates rolling and tethering of leukocytes on blood vessels, plays an 
important role in implantation (47). This mechanism is particu-
larly well suited for initiating implantation because of its many 
special attributes (48). For example, the rapid kinetics that charac-
terize interactions between these carbohydrate-binding receptors 
(on leukocytes) and their specialized oligosaccharide ligands (on 
blood vessel walls) allows for rolling and tethering of leukocytes 
when they encounter shear stress. Subsequently, integrin-medi-
ated firm adhesion is triggered by exposure to the chemokine- and 
cytokine-rich milieu at the vessel wall. At a morphological level, 
analogies can be drawn between key steps in leukocyte emigra-
tion from blood and trophoblast attachment to the uterine wall. 

Implantation begins with apposition; the trophectoderm of the 
originally free-floating blastocyst lies adjacent to the uterine epi-
thelium, but the blastocyst is easily dislodged (Figure 2) (49). Soon 
thereafter, blastocyst adhesion to the uterine wall is stabilized, 
and trophoblasts transmigrate across the uterine epithelium, 
a process that in humans buries the entire embryo beneath the 
uterine surface. Subsequent development depends on the ability 
of trophoblasts to adhere to the uterine epithelium under condi-
tions of shear stress that are created when these fetal cells breach 
uterine vessels, a process that diverts maternal blood flow to the 
placenta (Figure 3). At a molecular level, trophoblast adhesion 
from the stage of implantation onwards is an integrin-dependent 
process (50, 51) that takes place in a chemokine- and cytokine-
rich microenvironment analogous to the blood-vascular interface 
(52, 53). In this context it is interesting to note that in humans 
uterine expression of chemokines is hormonally regulated and the 
blastocyst expresses chemokine receptors (S7).

Together, these findings raised the possibility that implan-
tation and placentation utilize other components of the leu-
kocyte emigration system, such as selectins and their ligands 
(Figure 2). Immunolocalization experiments showed that the 
trophectoderm, which covers the surface of implantation-compe-
tent human embryos, stains brightly for L-selectin but does not 
express the other members of the selectin family. As the luminal 
epithelium becomes receptive during the luteal phase of the men-
strual cycle, these uterine cells display a dramatic upregulation 
of the expression of the specialized sulfated oligosaccharides 
that function as high-affinity receptors for L-selectin. A variety 
of assays show that the L-selectin system functions by tethering 
human trophoblasts under conditions of shear stress. It will be 
very interesting to identify points of intersection between this 
pathway and the other molecular cascades, summarized above, 
that are known to regulate implantation.

Finally, there are interesting data from both human and murine 
systems that highlight the importance of achieving implantation 
during the period of optimal uterine receptivity. For example, 
female mice with a null mutation for the gene encoding cytosolic 
phospholipase A2α have small litters and often exhibit pregnancy 
failure (54). Interestingly, the cause is a shifting forward in time of 
the window of receptivity. The consequences of delaying implanta-
tion include retarded fetal-placental growth and abnormal uter-
ine spacing of embryos. Similarly, mice that lack expression of the 
LDL receptor–related protein, which was originally thought to 
be required for implantation (55), exhibit delayed development. 
It is likely that this same effect or a related variant also occurs in 
humans, as the risk of early pregnancy loss increases as a function 
of delaying implantation (56).

Trophoblast invasion and maturation  
of the maternal-fetal interface
Trophoblast stem cell self-renewal. Once the embryo is anchored 
within the uterine wall, the next major hurdle is rapid formation 
of the extraembryonic lineages, a necessary prelude to assembly 
of the maternal-fetal interface. In recent years a great deal of 
information about trophoblast differentiation has come from 
a variety of experimental approaches. The generation of mouse 
trophoblast stem cell lines from early-stage mouse embryos 
(i.e., prior to embryonic day [E] 7.5) has proved to be an impor-
tant experimental tool for studying this process as well as the 
mechanisms that promote self-renewal of the trophoblast stem 
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cell population (57, 58). The actions of FGF family members 
are crucial, as trophoblast stem cells are derived by plating 
disaggregated extraembryonic cells on mouse embryonic fibro-
blasts in the presence of FGF4, which binds Fgfr2 IIIc, ultimate-
ly leading to MAPK signaling (5). To date, attempts to use an 
FGF-based strategy to derive human trophoblast stem cells have 
failed, which suggests that different factors are required for self-
renewal of this population. This is not unexpected, as despite 
the many similarities at a molecular level between murine and 
human placentation, there are also dramatic morphological dif-
ferences. Although treatment of human embryonic stem cells 
with bone morphogenic protein–4 results in the expression 
of syncytial trophoblast markers, the cells do not continue to 
divide (59). Thus, the majority of what we know about human 
trophoblast differentiation has come from studies of early-ges-
tation placental cells using in situ and in vitro approaches (17).

Trophoblast differentiation. Additionally, gene deletion studies in 
mice have either advertently or inadvertently yielded interesting 
insights into the molecular requirements of normal placentation 
(60). Development of the tetraploid rescue technique for providing 
mutant embryos with wild-type placentas has allowed a careful 
separation of the embryonic and extraembryonic phenotypes (61, 
62). As a result, many aspects of murine trophoblast differentia-
tion can now be explained in terms of specific transcriptional regu-
lators (5, 58, 63). As for those regulators that control early events, 
deletion of the T-box gene Eomes results in embryonic death soon 
after implantation due to an arrest in trophectoderm develop-
ment (64). Embryos that lack expression of activating protein–2γ, a 
member of a family of transcription factors that controls cell pro-

liferation, die at E7.5 due to malformation of the maternal-fetal 
interface. The defect is likely attributable to negative effects on 
the stem cell population, which has reduced expression of Eomes 
and cdx2, two genes that are upregulated in response to FGF treat-
ment of trophoblast stem cells (65). Deletion of an orphan recep-
tor, estrogen-receptor–related receptor protein β, results in death 
at E9.5. Demise is attributable to depletion of the trophoblast 
stem/progenitor population, which is shunted to the giant cell 
lineage (66), the murine equivalent of the human cytotrophoblast 
population that carries out interstitial and endovascular invasion 
(58, 67). Interestingly, deletion of the TGF-β family member Nodal 
also leads to expansion of the trophoblast giant cell population at 
the expense of the other subtypes (68).

Basic helix-loop-helix (bHLH) transcription factors play impor-
tant roles during the later stages of trophoblast differentiation. 
Mash2, a paternally imprinted gene, is required for the production 
of the precursor population that gives rise to the spongiotropho-
blast layer (69). Interestingly, there is evidence that the polycomb 
group protein, extraembryonic ectoderm development (known as 
Eed), may be required for lineage-specific Mash2 repression during 
differentiation (70). Since bHLH transcription factors function 
as dimers, their binding partners also need to be expressed at the 
proper time and location. Finally, their activity can be inhibited by 
interactions with dominant-negative HLH factors that lack DNA-
binding sequences, e.g., Id1 and Id2, which also localize to the 
extraembryonic ectoderm (S8). Human trophoblast progenitors 
also express Mash2 and Id2, which are downregulated as the cells 
differentiate along the invasive pathway (71). In keeping with the 
known functions of these factors, forced expression of Id2 inhibits 

Figure 2
Implantation in humans involves a number of the 
molecular mechanisms that mediate leukocyte 
emigration from the blood to sites of inflammation 
or injury. The diagram was made from a combina-
tion of images: MECA-79 antibody staining of uter-
ine tissue sections and L-selectin antibody staining 
of cultured embryos. Recently acquired evidence 
suggests that an implantation-competent human 
blastocyst expresses L-selectin on its surface 
(green). This receptor interacts with specialized 
carbohydrate ligands, including sulfated species, 
recognized by the MECA-79 antibody, which stains 
the uterine luminal and glandular epithelium. The 
specialized nature of these interactions translates 
into an unusual form of cell adhesion: rolling and 
tethering. In the uterus, MECA-79 immunoreactivity 
peaks during the window of receptivity. This finding 
suggests that apposition, the first step in implanta-
tion, includes L-selectin–mediated tethering of the 
blastocyst to the upper portion of the posterior wall 
of the uterine fundus.
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cytotrophoblast differentiation in vitro (72). This is one example 
of the many similarities between murine and human placentation 
at the molecular level. In contrast, another bHLH factor, Hand1, 
is required for the differentiation of murine primary and second-
ary giant cells (73, 74). That human trophoblasts beyond the 
blastocyst stage do not express Hand1 is one of the few examples 
of divergent placental evolution in the two species (75, S9).

A number of transcription factors also regulate formation of the 
labyrinth zone, the area of the murine placenta that corresponds 
to the floating villi of the human placenta, i.e., where the transport 
of nutrients, wastes, and gasses takes place (58). A screen of human 
tissues revealed the surprising result that glial cells missing-1, which 
controls the neuronal to glial transition in Drosophila (76), is solely 
and constitutively expressed in placental cytotrophoblasts (71). 
Mice that lack expression of this transcription factor die at E10 
because of a block in the branching of the chorioallantoic interface 
and an absence of the placental labyrinth (77). Other known regu-
lators of labyrinth development include retinoic acid receptors (78, 
79) and PPARγ (80). Wnt2 (81) and growth factor, e.g., hepatocyte 
growth factor (82), signals are also required.

Placental function regulates many aspects of embryonic and fetal devel-
opment. When tetraploid (wild-type) and diploid (mutant) cells 
are aggregated, the hyperdiploid cells are allocated to the placen-
ta. This method is a powerful technique for supplying mutant 
embryos with normal placentas, thereby separating a molecule’s 
embryonic and extraembryonic effects (61, 62). The widespread 
application of this technology has revealed the critical importance 
of normal placental function to embryonic and fetal develop-
ment. A startling array of effects is propagated downstream from 
abnormal placentation. For example, targeted mutation of the 
DNA-binding domain of the Ets2 transcription factor produces 
numerous defects in the extraembryonic compartment, including 
a substantial decrease in MMP-9 production, an attendant fail-
ure in extracellular matrix remodeling, and a proliferation defect 
that involves the ectoplacental cone. Ets2-null embryos, which are 
growth restricted, die before E8.5. Subsequent tetraploid rescue 
experiments resulted in the birth of viable, fertile mice with hair 
defects — a dramatically different embryonic phenotype from 
that observed when the entire conceptus lacks Ets2 expression 
(83). The general phenomenon of abnormal placental function 
affecting embryonic and fetal development has been documented 
in association with the deletion of many other genes from very 
diverse molecular families. For example, deletion of JunB, an 
immediate early gene product and member of the AP-1 transcrip-
tion factor family, also causes fetal growth restriction. This ulti-
mately leads to embryonic death between E8.5 and E10 due to 
defects in both placental and decidual vessels, the latter receiving 
improper signals from invading trophoblasts. Again, tetraploid 
rescue resulted in fetuses that were normally grown but in this 
case osteopenic (84). Likewise, fetal growth restriction second-
ary to defects in the placental labyrinth of the extracellular signal 
regulated kinase-2–null mice is rescued by tetraploid aggregation 
(85). Similarly, tetraploid rescue results in the birth of mice lack-
ing the HGF receptor c-Met (86) or SOCS-3 (87).

In other cases, supplying mutant embryos with normal extra-
embryonic derivatives allows development to progress fur-
ther than was previously possible. Mice that lack expression of 
thrombomodulin (88) and desmoplakin (89) fall into this catego-
ry, as do homozygous null mutants that lack expression of Alk2, 
which encodes a type I TGF-β family receptor for activins and 

bone morphogenic protein-7 (90). The latter case provides direct 
evidence that signals transmitted through this receptor, which is 
expressed in the extraembryonic region, are required at the time of 
gastrulation in order to achieve normal mesoderm formation.

Interestingly, the impact of aneuploidy on the conceptus in terms 
of embryonic development can also be alleviated to varying degrees 
by tetraploid rescue. For example, the development of mice with a 
t-complex variant of chromosome 17 is sustained for several addi-
tional days by wild-type placental cells (91), and tetraploid aggre-
gation allows the birth of mice that carry an additional maternal X 
chromosome (92). It is important to note that, while in some cases 
the effects on the embryo of placental malfunction are likely to be 
directly attributable to defects in the organs’ transport functions, 
in many other instances the connection is likely to involve a higher 
order of complexity. For example, tetraploid aggregation shows 
that keratin 8 is a necessary component of the barrier that prevents 
TNF-mediated apoptosis of trophoblast giant cells (93).

The extent to which extraembryonic and embryonic develop-
ment are linked in humans is an interesting, unresolved ques-
tion that has gained additional importance due to the realiza-
tion that the foundation of many aspects of adult health is laid 
down in utero (i.e., the developmental origins hypothesis [2]). 
In this context, normal placental function is critical for normal 
fetal development. At a biochemical level, a great deal of evidence 
suggests that alterations in placental transport functions are 
associated with growth restriction (94, S10). However, the actual 
cause-and-effect relationship is likely to be much more compli-
cated. For example, uterine blood flow is a critical regulator of 
placental function and, hence, fetal growth (S11). Additionally, 
impaired placental transport is linked to reduced umbilical 
blood flow and attendant changes in the fetal circulation (S12). 
Thus, in humans, it is difficult to sort out the primary defect 
from the ripple effects. This problem is further complicated by 
the fact that many commonly used drugs (e.g., nicotine) nega-
tively affect trophoblast differentiation and formation of the 
maternal-fetal interface (95, 96) as well as placental transport 
of amino acids and fetal growth (S13). Additionally, subclinical 
viral (e.g., cytomegalovirus) and bacterial infections, which are 
surprisingly common, can inhibit cytotrophoblast differentia-
tion and/or invasion (97, 98). Despite the obvious complexity 
of these interrelationships it is possible to envision a deterio-
ration in placental function that translates into alterations, at 
the molecular level, in the fetal circulation that are maintained 
throughout life, one possible explanation for why a restriction 
in intrauterine growth is linked to adult cardiovascular disease.

At a genetic level, fetal aneuploidies allow an evaluation of the 
impact of specific changes in chromosome number, deletion, 
and/or translocation on placental development. For example, 
in the case of trisomy 21, the ability of cytotrophoblasts to fuse 
into syncytiotrophoblasts is impaired (Figure 3) (S14). Addi-
tionally, cytotrophoblast differentiation along the pathway that 
leads to uterine invasion is dysregulated, as shown by abnor-
mal expression of stage-specific antigens that are modulated 
during this process as well as a high rate of apoptosis among 
this subpopulation of cells (99). We speculate that the latter 
observations explain the high rate of fetal loss in these preg-
nancies (see Figure 3). In other cases, such as confined placental 
mosaicism, which occurs in approximately 2% of viable pregnan-
cies, the consequences often include unexplained fetal growth 
restriction (S15). In this context, exploring the effects of specific 
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aneuploidies on placental development could yield new insights 
into mechanisms of both normal and abnormal placentation.

Oxygen regulates trophoblast differentiation and proliferation. Physi-
ological factors also play an important role in formation of the 
maternal-fetal interface and, consequently, fetal growth. Oxygen 
tension, a function of uterine blood flow, is a prime example (S11). 
In recent years a great deal has been learned about the fundamental 
mechanisms that couple the trophoblasts’ ability to sense oxygen 
levels with their differentiative and metabolic status. Important 
clues about oxygen’s effects on the placenta have come from sev-
eral lines of evidence that suggest that the early stages of placental 
(and embryonic) development take place in an environment that is 
hypoxic relative to the uterus. Specifically, direct measurement of 
uterine oxygen tension demonstrates physiological hypoxia (2–5% 
O2; reviewed in ref. 100). Furthermore, blood flow to the human 
intervillous space does not begin until 10 to 12 weeks of pregnan-
cy (101). Studies in both nonhuman primates (S16) and humans 
(102) suggest that trophoblasts actively limit their access to uter-
ine blood by plugging the lumina of the decidual vessels. Why? 

Our work shows that cytotrophoblasts proliferate in vitro under 
hypoxic conditions that are comparable to those found during 
early pregnancy in the uterine cavity and the superficial decidua. 
As trophoblast invasion of the uterus proceeds, the placental cells 
encounter increasingly higher oxygen levels, which trigger their 
exit from the cell cycle and subsequent differentiation (103, 104). 
Hypoxia also regulates cell fate in the murine placenta (105). We 
speculate that the paradoxical effects of oxygen in controlling the 
balance between cytotrophoblast proliferation and differentiation 
explain in part why the mass of the placenta increases much more 
rapidly than that of the embryo. Histological sections of early-
stage pregnant human uteri show bilaminar embryos surrounded 
by thousands of trophoblast cells (S17). The fact that hypoxia 
stimulates cytotrophoblasts, but not most other cells, to undergo 
mitosis (106) could help account for the difference in size between 
the embryo and the placenta, a discrepancy that continues well 
into the second trimester of pregnancy (S18). Thus, the structure 
of the mature placenta is established in advance of the period of 
rapid fetal growth that occurs during the latter half of pregnancy.

Figure 3
Oxygen tension plays an important role in guiding the differentiation process that leads to cytotrophoblast invasion of the uterus. (A) The early 
stages of placental development take place in a relatively hypoxic environment that favors cytotrophoblast proliferation rather than differentia-
tion along the invasive pathway. Accordingly, this cell population (light green cells) rapidly increases in number as compared with the embryonic 
lineages. (B) As development continues, cytotrophoblasts (dark green cells) invade the uterine wall and plug the maternal vessels, a process 
that helps maintain a state of physiological hypoxia. As indicated by the blunt arrows, cytotrophoblasts migrate farther up arteries than veins. 
(C) By 10 to 12 weeks of human pregnancy, blood flow to the intervillous space begins. As the endovascular component of cytotrophoblast 
invasion progresses, the cells migrate along the lumina of spiral arterioles, replacing the maternal endothelial lining. Cytotrophoblasts are also 
found in the smooth muscle walls of these vessels. In normal pregnancy the process whereby placental cells remodel uterine arterioles involves 
the decidual and inner third of the myometrial portions of these vessels. As a result, the diameter of the arterioles expands to accommodate the 
dramatic increase in blood flow that is needed to support rapid fetal growth later in pregnancy. It is likely that failed endovascular invasion leads, 
in some cases, to abortion, whereas an inability to invade to the appropriate depth is associated with preeclampsia and a subset of pregnancies 
in which the growth of the fetus is restricted.
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What are the molecular underpinnings of this unusual relation-
ship? Many different lines of evidence suggest that the hypoxia-
inducible factor (HIF) system that controls cellular responses to 
oxygen deprivation is involved (reviewed in refs. 107–109). The 
three HIF-α family members are bHLH transcription factors 
that also contain a Per/Arnt/Sim domain that facilitates their 
dimerization with HIF1-β (the aryl hydrocarbon receptor nucle-
ar translocator). The heterodimers activate the transcription of 
numerous downstream targets by binding to a hypoxia-respon-
sive promoter element (5′-TACGTG-3′) that is present in a vari-
ety of relevant genes, including VEGF, glucose transporter–1, and 
Stra13, the latter a regulator of murine placental development 
(63, 110). Because these responses need to be extremely rapid, an 
important element of control occurs at the protein level. Specifi-

cally, enzymatic hydroxylation of certain HIF-α proline residues 
is required for interactions with the von Hippel–Lindau (VHL) 
tumor suppressor protein, which under normoxic conditions 
targets these proteins for polyubiquitination and degradation 
in the proteosome. Additionally, hydroxylation of specific HIF-α 
asparagine residues prevents the recruitment of transcriptional 
coactivators. Interestingly, these enzymatic reactions, which 
depend on molecular oxygen, do not occur in a low-oxygen envi-
ronment, providing a direct link between hypoxia, HIF stabiliza-
tion, and the transcription of downstream target genes. In keeping 
with the concept that oxygen plays an important role in placen-
tal development, deletion of many of the individual components 
of the cell’s machinery for sensing and responding to changes in 
oxygen tension leads to prenatal lethality secondary to placental 

Figure 4
Illustration of two in vitro models for studying human cytotrophoblast invasion. (A) When human cytotrophoblasts (light green cells encircled in 
red) are isolated from early-gestation placentas and plated on an extracellular matrix (ECM) substrate (Matrigel), they differentiate along the 
pathway that leads to uterine invasion. By 12 hours in culture these cells form aggregates that resemble cell columns of anchoring villi, and by 
48 hours they switch on expression of a repertoire of stage-specific antigens that are expressed in cytotrophoblasts within the uterine wall in 
situ (dark green cells). These molecules facilitate uterine invasion, vascular mimicry, and evasion of the maternal immune response. (B) When 
anchoring villi are dissected from the surfaces of early-gestation human placentas (blue box) and plated on an ECM substrate, cytotrophoblasts 
in cell columns continue to differentiate. By 48 hours many cytotrophoblasts have left the columns and invaded the substrate (green box). During 
this process they execute the same phenotypic switch that isolated cells carry out.
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defects. For example, mice that lack expression of either VHL (111) 
or HIF1-β (105) die in utero as a result of faulty placentation. The 
lack of heat shock protein 90, which also controls HIF availability 
(112), is associated with placental defects that lead to embryonic 
death at E9.0/9.5 (113). VHL and HIFs also play important roles 
in human cytotrophoblast differentiation and/or invasion in vitro 
(114). The latter data are in accord with studies of normal and 
abnormal placentation in vivo. For example, trophoblast remod-
eling of spiral arterioles is restricted at high altitude, suggesting 
that hypoxia affects placentation in utero (S19). Interestingly, the 
incidence of preeclampsia (the new and rapid onset of maternal 
hypertension, proteinuria, and edema), which is associated with 
reduced blood flow to the placenta and deficient arterial invasion 
(S20, S21), increases several-fold at high elevations (S22).

Angiogenic and/or vasculogenic factors regulate trophoblast differentia-
tion and proliferation. Angiogenesis is one well-known consequence 
of hypoxia (115). In the special case of placentation, the combined 
actions of the aforementioned transcriptional and physiological 
regulators result in the differentiation of an unusual subpopula-
tion of cytotrophoblasts with many vascular-type attributes. The 
progenitors, which are components of anchoring chorionic villi, 
leave the placenta and attach to the uterine wall, the first step in 
both the interstitial and endovascular components of uterine inva-
sion (Figure 3). A great deal about these processes has been learned 
by constructing in vitro models that allow functional perturba-
tion of molecules that are regulated during human uterine inva-
sion (Figure 4). For example, as cytotrophoblasts transition from 
the fetal to the maternal compartment, they modulate expression 
of a broad repertoire of growth factors and receptors with diverse 
roles in vasculogenesis, angiogenesis, and lymphangiogenesis: 
VEGFR1–3, soluble VEGFR-1 (also known as sFlt1), VEGF-A, 
VEGF-C, and placental growth factor (PlGF). Functional pertur-
bation experiments show that these ligand-receptor interactions 
promote cytotrophoblast differentiation and/or invasion and sur-
vival (116). We speculate that the expression of regulators of lym-

phangiogenesis, e.g., VEGFR-3  
and VEGF-C (117), could con-
tribute to the specialized nature 
of trophoblast-lined uterine ves-
sels, which are able to expand 
greatly as fetal requirements for 
maternal blood increase in the 
latter half of pregnancy. Addi-
tionally, these cytotrophoblasts 
express Ang2, a ligand that is also 
involved in lymphangiogenesis 
(118, 119). Since cytotrophoblasts 
lack expression of Tie receptors 
(which bind Ang2), maternal cells 
are the likely targets (118).

Defects in cytotrophoblast dif-
ferentiation are associated with 
preeclampsia. As cytotrophoblasts 
invade the uterine wall they also 
acquire a vascular-like repertoire 
of adhesion molecules. The onset 
of cytotrophoblast differentia-
tion and/or invasion is charac-
terized by reduced staining for 
receptors characteristic of polar-

ized cytotrophoblast epithelial progenitors —integrin α6β4 and 
epithelial cadherin— and the onset of expression of adhesion 
receptors characteristic of endothelium — vascular-endothelial 
cadherin, IgG family members VCAM-1 and PECAM-1,  
and integrins αVβ3 and α1β1 (reviewed in ref. 120). Thus, as 
cytotrophoblasts from anchoring villi invade and remodel 
the wall of the uterus, these epithelial cells of ectodermal ori-
gin acquire an adhesion receptor repertoire characteristic of 
endothelial cells. We theorize that this switch permits the het-
erotypic adhesive interactions that allow fetal and maternal cells 
to cohabit in the uterine vasculature during normal pregnancy.

The preeclampsia syndrome reveals the significance of the dif-
ferentiation program in which invasive cytotrophoblasts acquire 
vascular-like properties. Preeclampsia, a serious complication, is 
the leading cause of maternal mortality in developed countries 
(reviewed in ref. 121). The mother shows signs of widespread 
alterations in endothelial function, such as high blood pressure, 
proteinuria, and edema. In some cases the fetus stops growing, 
resulting in fetal growth restriction. Compounding the dangers 
of this condition is the fact that the maternal and fetal signs can 
appear suddenly at any time from mid–second trimester until 
term, hence the name preeclampsia (derived from the Greek 
eklampsis, meaning sudden flash or development).

Specific placental defects are associated with preeclampsia, espe-
cially the most severe cases that occur during the second and early 
third trimesters of pregnancy. The anchoring villi that give rise to 
invasive cytotrophoblasts are most severely affected. The extent of 
interstitial invasion of the uterine parenchyma is variable but fre-
quently shallow (Figure 3). Endovascular invasion of the blood ves-
sels is consistently rudimentary, making it extremely difficult to find 
any maternal vessels that contain cytotrophoblasts (S21, S23, 122). 
These anatomical defects suggested to us that during preeclampsia, 
cytotrophoblast differentiation along the invasive pathway is abnor-
mal. Biopsies of the uterine wall of women with this syndrome 
showed that invasive cytotrophoblasts retain expression of adhe-

Figure 5
In severe preeclampsia as compared to normal pregnancy, cytotrophoblast invasion is shallow and the 
cells fail to switch on the expression of stage-specific antigens that are normally upregulated as they 
penetrate the uterine wall and blood vessels (BVs). (A and C) Cytokeratin (CK) staining of tissue sec-
tions of the maternal-fetal interface allows visualization of cytotrophoblasts that invade the uterine wall. 
(B) In normal pregnancy, the subpopulation of human cytotrophoblasts that carries out endovascular 
invasion upregulates expression of the neural cell adhesion molecule (NCAM). (D) In cases of severe 
preeclampsia (SPE), NCAM immunoreactivity is either absent or very weak (indicated by the arrows). AV, 
anchoring villus; COL, cell column of anchoring villus.
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sion receptors characteristic of the progenitor population and fail to 
turn on receptors that promote invasion and/or assumption of an 
endothelial phenotype (122). It is interesting to note that these defi-
cits do not occur in isolation. In the most severely affected patients, 
immunolocalization on tissue sections of the placenta showed that 
cytotrophoblast VEGF-A and VEGFR-1 staining decreased; however, 
staining for PlGF was unaffected. Cytotrophoblast secretion of the 
soluble form of VEGFR-1 (sFlt-1) in vitro also increased (116), an 
observation that gains additional importance in light of the recent 
discovery that excess sFlt-1 produces a preeclampsia-like syndrome 
in rats (123). However, it is important to note that preeclampsia 
has a very complex etiology and an equally complex constellation 
of placental effects. For example, in macaques (S16) and humans, 
endovascular cytotrophoblasts express the neural cell adhesion mol-
ecule, which is significantly downregulated in preeclampsia (Figure 
5). Data such as these reinforce the concept that this pregnancy 
complication is associated with global deficits in cytotrophoblast 
differentiation and/or invasion.

Conclusions and future directions
In recent years a great deal of progress has been made toward iden-
tifying the factors that govern trophoblast differentiation and, 
consequently, implantation and formation of the maternal-fetal 
interface. One important source of information has been the sur-
prising number of transgenic mice, produced for other purposes, 
that have primary placental defects, a trend that was noted a decade 
ago (60). These analyses have also revealed the critical importance 
of normal placental function to embryonic development, as there 
are many examples in which tetraploid aggregation, which sup-
plies a mutant embryo with a normal placenta, either rescues or 
lessens the severity of the embryonic defects. This principle likely 
applies to humans, as some aspects of adult health appear to be 
programmed in utero. Another important source of informa-
tion has been studies of normal human placental development, 
which have led in turn to a better understanding of the defects 
that are associated with common pregnancy complications such 

as preeclampsia. In this context, the future challenge is to translate 
our basic knowledge of factors that govern trophoblast differentia-
tion into clinically useful tests of placental function, a process that 
will inevitably revolutionize the practice of maternal-fetal medi-
cine. Recently, interesting examples of this type of translational 
research have been published. For example, increased circulating 
levels of soluble VEGFR-1 and reduced levels of PlGF predict the 
subsequent development of preeclampsia (124, 125). By building 
on these types of studies, prenatal tests of placental function will 
eventually become as common as those tests already in place to 
assess the health of other important organs. Along the way we will 
also learn a great deal about possible therapeutic strategies for pre-
venting and/or treating pregnancy complications.
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