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Evolution of mammalian pregnancy and
the origin of the decidual stromal cell
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ABSTRACT Reproduction in eutherian mammals is characterized by extended intrauterine retention
of the fetus after implantation. We summarize evolutionary innovations that enable this form of
vivipary, including early maternal recognition of pregnancy, invasive placentation, and emergence of
the decidual cell type.We first review the structure of the marsupial endometrium and its relation-
ship to that of eutherian mammals. While the tissue components of endometrium are the same in
marsupials and eutherians, an important difference is the amount of stromal cells, which are much
more abundant in eutherians. Moreover, the nature of the invasive placentation differs in marsupials
and eutherians. In the opossum, it consists of cytoplasmatic extensions of trophoblast cells that
penetrate between the luminal epithelial cells to contact maternal capillaries. In bandicoots, the
trophoblast and luminal epithelial cells fuse, and the maternal epithelium is replaced by a layer of
multinucleated cells. In no case has there been evidence of a direct interaction between trophoblast
and stromal cells. The direct interface between the trophoblast and maternal stroma is a derived
feature of eutherian mammals, coincidental with the origin of decidual cells. Gene expression stud-
ies are suggestive of “categorical reprograming” of endometrial fibroblasts during decidualization.
This reprogramming suggests that the decidual cell is a distinct cell type rather than a modulation
of endometrial fibroblasts. Further support for this hypothesis is the origin of derived transcription
factor interactions that are necessary for the regulation of decidual gene expression, in particular
the interactions between HOXA11 and CEBPB with FOXO1A.
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Introduction

Vivipary is areproductive feature that has evolved multiple times
in vertebrate history and can be found in most major clades of the
vertebrate tree: sharks as representatives of cartilaginous fishes,
in ray finned fishes, amphibians, lizards and of course in mammals
(Blackburn, 1992, Van Dyke et al., 2014, Wourms, 1977, Wourms,
1981). Notable exceptions are birds, other archosaurs (crocodyl-
ians) and turtles, all of which coincidentally form a single reptilian
clade according to recent phylogenomic research (Crawford et
al., 2012, Wang et al., 2013). Vivipary is also absent form extant
jawless vertebrates, which is a very small group. Nevertheless,
mammalian pregnancy, in particular that of eutherian mammals,
stands out in terms of its sophistication and the degree of fetal-
maternal integration.

The evolution of vivipary and implantation is often discussed
with a focus on the placental/fetal structures (Blackburn and Flem-

ming, 2009, Mess and Carter, 2006, Mossman, 1987, Wildman
et al.,, 2006). The placenta originates as a modification of fetal
membranes, the chorion, the yolk sac and the allantois. Maternal
innovations, however, are arguably asimportant as the innovations
on the side of the fetus. In this review we synthesize what is known
about the variation of endometrial structure and function and offer
a model to identify the key innovations involved, on the maternal
side, inthe evolution of eutherian and ultimately human pregnancy.

Phylogenetic relationships and comparisons

Mammals are one of the two major clades of amniotes, the land
vertebrates. These two clades are the mammals and reptiles, the

Abbreviations used in this paper: GE, glandular epithelium; LE, luminal epithelium;
ES, endometrial stroma; PH&P, precocious hatching and parturition; dPRL,
decidual prolactin.
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latter includes squamates (lizards and snakes), turtles and archo-
saurs (crocodylians and birds) (Fig. 1). The most recent common
ancestor of mammals and birds thusis also the mostrecentcommon
ancestor of all amniotes. The mammals have three major clades,
monotremes (Echidnaand Platypus), marsupials (kangaroos, opos-
sums and others), and the eutherians (all animals derived from
the common ancestor of humans and elephants). Among these,
marsupials are the most closely related to eutherian mammals,
and together they form a clade called Theria (Fig. 1).

The gross morphology of the female reproductive tract is rela-
tively conserved among amniotes (Lombardi, 1998, Schatten and
Constantienscu, 2007). In egg laying reptiles, including birds, the
ovary is followed by the infundibulum, then a variously structured
oviduct, and finally a shell gland. The connection of the female re-
productive tract to the body surface is achieved through the cloaca.
The various vestments of the egg cell are produced in these three
segments: yolk and the zona pellucida in the ovary, albumen in
the oviduct, and the shell coat in the shell gland. The uterus of the
mammalian female reproductive tract is likely homologous to the
shell gland of oviparous reptiles (Lombardi, 1998). Shell gland and
uterus occupy the same relative positions along the ovarian-cloacal
axis, are both primarily secretory organs with similar multicellular
glands and, in marsupials, the shell coat is produced in the proxi-
mal section of the uterus (Zeller and Freyer, 2001). Eutherians no
longer produce a shell coat.

The variation of female reproductive biology among the three
major mammalian groups, monotremes, marsupials and eutheri-
ans, can be seen as a gradient of increasing integration between
fetal development and maternal physiology as well as a gradient
in terms of increasing matrotrophy. In monotremes, known as the
egg-laying mammals, the egg receives substantial uterine provi-
sioning even while the fetus remains enclosed in the eggshell. In
monotremes the amount of yolk invested in the ovum is already

insufficient to support fetal development till hatching (Griffiths,
1978). Uterine secretions thus play a major role in support of fetal
development long before placentation arose in the mammalian
lineage. In Echidna, the egg is stored in a posterior facing pouch
until hatching (Griffiths, 1978), foreshadowing the marsupial condi-
tion where very immature neonates are often kept in a pouch for
extended periods of time (Tyndale-Biscoe and Renfree, 1987).

The marsupials are a considerably larger and more diverse
group than the monotremes and consequently also have a greater
variety of reproductive features (Freyer et al., 2003, Renfree,
2010, Tyndale-Biscoe and Renfree, 1987). Nevertheless, there
are some shared features that suggest an intermediate stage in
the evolutionary transition from egg laying to eutherian pregnancy,
even though marsupials have acquired a large number of shared
derived features in female reproductive biology (e.g. a three part
vagina and extensive period of lactation). The features that are
intermediate between monotremes and eutherians are: retention
of a shell coat, early hatching from the shell coat and superficial
placentation.

Adistinguishing feature of marsupial gestation is its relationship
tothe sexual cycle. In marsupials intrauterine developmentis short,
often shorter than the sterile sexual cycle with limited change in the
maternal physiology. Forinstance in the gray short-tailed opossum,
Monodelphis domestica, pregnancy lasts about 14 days and of those
the conceptus remains in the shell coat for 10 to 12 days (Zeller
and Freyer, 2001) but the sterile sexual cycle is 26 days (Fadem
and Rayve, 1985). Placental attachment is limited to the last two to
four days of gestation. In contrast, gestation of squamate reptiles
tends to be longer than the ovarian cycle, for instance the ovarian
cycle of the Anolisis about 28 days, but gestation is about 30 days
(Jones et al., 1983). Gestational lengths overlap greatly between
oviparous and viviparous species (Tinkle and Gibbons, 1977),
suggesting that some degree of egg retention is already present

in oviparous lizards. In more derived marsupials like the
macropodids, pregnancy has been extended compared to
the short gestation seen in Monodelphis. For instance in
the tammar wallaby, Macropus eugenii, pregnancy lasts
for 26 days after resumption of development (blastocysts
remain dormant until the previous offspring generation
has left the pouch) (Freyer et al., 2002).

Maternal recognition of pregnancy is essential for the

commencement of pregnancy in eutherian mammals, and
also existsin derived marsupial clades such as the wallabies

Osteichthyes

Fig. 1. Phylogenetic relationships among bony fish (technically all groups rep-
resented here belong to the clade Osteichthyes, bony fish, including mammals
and humans). Hatch marks represent the origin of vivipary. Multiple hatch marks
indicate clades that have evolved vivipary multiple times, in the case of squamate

reptiles the number is about or more than 100.
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and is likely derived within the marsupials (Tyndale-Biscoe
and Renfree, 1987). In contrast, opossums, dasyurids and
phalangerids do not have early recognition of pregnancy.
This situationis likely an ancestral character for marsupials
(Freyer et al., 2003).

There have been reports of invasive placentation in
various marsupial species, which will be discussed be-
low. Here, it may be mentioned that there are important
differences between marsupial and eutherian invasive
placentation that make comparisons less fruitful than the
use of the term “invasive” for both situations suggests.

In contrast to marsupials, the gestational period of eu-
therians is much longer than the sterile sexual cycle, has
early recognition of pregnancy and an ancestrally invasive
placentation. The latter conclusion is based on ancestral
state reconstructions utilizing the molecular phylogenetic



hypotheses of the relationships among the major eutherian groups
(Elliot and Crespi, 2009, Mess and Carter, 2006, Wildman et al.,
2006) (Fig. 2). These investigations agree thatinvasive placentation
arose in the stem lineage of eutherian mammals. Disagreements
only existas to the degree of invasiveness. Wildman and colleagues
as well as Elliot and Crespi suggest that the ancestral state was
hemochorial placentation, while Carter and Mess suggest endo-
theliochorial placentation. This disagreement is due to differences
in taxon sampling (Martin, 2008). In either case, invasiveness is
suggested to be ancestral and non-invasive placentation, as found
in many hoofed animals and their descendants (e.g. whales), is
likely secondary (Wildman et al., 2006).

From this broad scale comparison, the overall phylogenetic
framework for discussing the evolution of the endometrial tissue
and pregnancy can be summarized as follows: uterine provisioning
evolved before vivipary, the uterus is primarily a secretory organ
producing nutrients that are absorbed by the fetus through the
eggshell. In mammals, vivipary arose before recognition of preg-
nancy. The marsupial gestation can be characterized as consisting
of early intrauterine hatching rather than extended egg retention.
Parturitionin marsupialsisinitiated by the fetus (Young et al., 2011),
and thus parturition likely evolved before invasive placentation and
extended pregnancy. Finally recognition of pregnancy evolved
independently in eutherians and in more derived marsupials (e.g.
wallaby, Macropodus eugenii). In the following paragraphs, we
will focus on the evolutionary changes implied by the comparison
between the marsupial and the eutherian endometrium.

The structure and evolution of the marsupial endome-
trium

The principle tissue components of the marsupial endometrium

Notolegia
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are the same as in the eutherian endometrium: luminal epithelium
(LE), uterine glands with glandular epithelia (GE), blood vessels
and endometrial stroma (ES) (Fig. 3). The dominant feature of
the marsupial endometrium are the endometrial glands, that
even further increase in amount and density during pregnancy
(Cruz and Selwood, 1993, Cruz and Selwood, 1997, Fleming and
Harder, 1981). The stromal compartment is cell poor, with large
spaces filled with extracellular matrix (Cruz and Selwood, 1997,
Wick and Kress, 2002)(see also Fig. 5.7 in Tyndale-Biscoe and
Renfree, 1987).

All marsupials have a yolk sac placenta and a few species also
have a chorioallantoic placenta, e.g. the bandicoots /soodon and
Peramelis (Freyer etal., 2003, Mossman, 1987, Padykula and Taylor,
1982, Tyndale-Biscoe and Renfree, 1987). The yolk sac placentais
divided in two zones, a bilaminar, avascular zone and a trilaminar,
vascular zone. The bilaminar yolk sac placenta is thought to be
specialized for the absorption of secretions from the endometrial
glands, while the trilaminar yolk sac placenta is dedicated to the
transfer of gases and nutrients from the maternal blood.

The marsupial fetal-maternalinterface is variable. The main vari-
able features concern the early maternal recognition of pregnancy,
which is absent in didelphids (opossums) but clearly present in
wallaby (Macropus eugenii; (Renfree, 2010)). Among the variable
structural features are the kind and extent of cell fusion, in particular
whether there is cell fusion of either the trophoblast cells or the
luminal epithelial cells, and even the fusion of both trophoblast
and endometrial epithelial cells. Also the presence and the nature
of trophoblast invasion are variable. To provide an overview we
will briefly summarize the situation in three exemplary species:
Monodelphis domestica (the gray short-tailed opossum), Isoodon
macrourus (bandicoot) and Macropus eugenii (tammar wallaby).

The gray short-tailed opossum belongs to the order Didelphi-
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Fig. 2. Evolution of types of placentation

according to Wildman et al., 2006. Note
” that the most invasive form of placentation,
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hemochorial placentation, is the ancestral
state for eutherian mammals. Non-invasive
forms, epitheliochorial placentation, in
hoofed animals is secondary, and the inva-
sive placentation in carnivores is tertiary.
(Figure from Wildman et al., 2006).
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uterine glands

endometrial stroma

luminal epithelium

Fig. 3. Histological section through the endometrium of a non-pregnant gray
short-tailed opossum (Monodelphis domestica). The main tissue components
are a columnar luminal epithelium, a layer of subepithelial endometrial fibroblasts,

uterine glands and blood vessels. Scale bar, 100 micrometer.

dae, the most basal branch of the marsupial clade (Beck, 2008,
Meredith et al., 2008, Nilsson et al., 2010) and is considered, in
many respects, representative of the ancestral marsupial condition
(Freyer et al., 2003). Pregnancy in Monodelphislasts 14 to 15 days
post coitum(pc) (Harder et al., 1993), considerably shorter than the
sterile sexual cycle of 26.3 days (Fadem and Rayve, 1985), and is
not associated with early recognition of pregnancy. Hatching from
the shell coat happens by day 12 (Zeller and Freyer, 2001), and
the short period of placentation only extends for two to three days
during which the trophoblast cells fuse to form a
syncytio-trophoblast. Trophblast cell fusionis limited A
to the trilaminar yolk sac placenta, and the allantois
never contacts the chorion. Monodelphisis described
tobeinvasive. Extensions of the syncytio-trophoblast
interdigitate between the luminal epithelial cells and
directly contactthe sub-epithelial maternal capillaries
(Fig. 4A). The nature of marsupial invasiveness will
be discussed below. Secretory activity and the size
of the endometrial glands peaks at about eight days
and declines towards parturition andis correlated with
the level of circulating progesterone. Stromal cells
are associated mainly with the LE and to a lesser
degree with the GE (Tyndale-Biscoe and Renfree,
1987). Stromal cell density decreases during preg-
nancy and, under the luminal epithelium, the stromal
cells are replaced by a sub-epithelial net of maternal
capillaries (K. Kin and G.P. Wagner, in preparation).
Cyclical changes in the structure of the luminal
and glandular epithelia are also occurring during the
non-pregnant sexual cycle (Wick and Kress, 2002).
In proestrus the LE is a thin (15 um) and tightly
packed “palisade” epithelium with dome-shaped
apical extensions. During estrus the LE becomes
pseudo-stratified and increases in thickness (30

um) with a differentiation into non-ciliated cells with basal
elongated nuclei and ciliated cells with large apical nuclei.
The LE reachesits maximal thickness of 40 umin post-estrus
and decreases again towards met-estrus. These changesin
LE are paralleled by similar changes inthe GE. The stromais
tightly packed in pro-estrus but turns edematic during estrus,
similar to changes during pregnancy. Later macrophages
invade the stroma and may play a role in tissue remodeling.

The endometrium and trophoblast of bandicoots (Pera-
meles nasutaand Isoodon macrourus) has been described by
Padykulaand Taylor (Padykula and Taylor, 1982). Pregnancy
of peramelids is even shorter than that of Monodelphis (12.5
days) and they form both a yolk sac as well as an allantois
placenta. Blastocyst hatching occurs at about 9 days pc
and is associated with cell fusion of the LE cells forming a
homokaryon. Fusion of LE cellsis also aregular feature of the
non-pregnant sexual cycle in bandicoots. During pregnancy
the maternal capillaries are placed between the homokaryon
cells close to the surface where they meet the trophoblast.
The trophoblast cells of the alantoic disc are fusing with the
maternal homokaryons toform heterokaryons, i.e. cellswhere
maternal and fetal nuclei occupy the same cytoplasm. The
fusion of trophoblast cells with LE homokaryons leads to a
situation where the fetal-maternal interface lacks a distinct
trophoblast layer and maternal and fetal capillaries come in
direct contact with each other.

Pregnancy of the tammar wallaby is considered as highly derived
in that the extent of pregnancy is longer than the normal sexual
cycle and reaches 26.5 days (Freyer et al., 2002). Extended se-
cretory phase of the uterus are supported by an extended period
of elevated levels of circulating progesterone (Renfree, 1972,
Renfree, 2010). Inthe tammar wallaby fertilization happens shortly
after birth and the conceptus enters dormancy until the pouch is
vacated from the previous generation of offspring. This means that

Fig. 4. The fetal-maternal interface in two marsupials. (A) Monodelphis domestica
(opossum): trophoblast cells (tr) of the trilaminar part of the yolk sac placenta (TOM) are
sending protrusions between the uterine epithelial cells (ue) and directly contact maternal
capillaries (mc). (B) Macropus eugenii (tammar wallaby): the uterine epithelial cells get
extended sideways and the trophoblast cells extend between the uterine epithelial cells
but do not breach the cell junctions between the uterine epithelial cells. Abbreviations:
bm, basal membrane; BOM, bilaminar portion of the yolk sac placenta; n, nucleus; mc,
maternal capillary; ue, uterine epithelium, TOM, trilaminar portion of the yolk sac placenta;
tr, trophoblast. (Modified from (Freyer et al., 2003)).



in order to accommodate extended postnatal care another stage
of the maternal cycle is manipulated, namely by the development
of the conceptus. Nineteen days after initiation of development
the blastocyst hatches and the LE undergoes a transformation
from a high columnar epithelium to a sideways stretched extended
epithelium (Fig. 4B). Between the LE cells maternal capillaries are
intruding, but the junctional complex between neighboring LE cells
is never breached (Freyer et al., 2002). Hence the wallaby, though
derived in many other ways, has non-invasive placentation, where
the maternal and the fetal blood capillaries remain separated by
both maternal and fetal epithelia.

Freyer and colleagues presented a phylogenetic analysis of mar-
supial reproductive characters (Freyer et al., 2003). Their analysis
was based on the somewhat outdated phylogenetic hypothesis of
Luckett (Luckett, 1994). However, the ancestral character state
reconstruction is based on a much simplified tree (Fig. 5), which
is still consistent with the phylogenetic hypotheses based on
molecular data (Beck, 2008, Nilsson et al., 2010). Many features
of didelphid marsupials (among them Monodelphis domestica
and Didelphis virginiana) can be considered as likely ancestral
for marsupials and perhaps even Theria. These features include:
no early recognition of pregnancy, short gestation relative to the
sexual cycle, a decrease in secretory activity of the endometrium
in the second half of gestation, and poly-ovulation amongst oth-
ers. In contrast, early maternal recognition of pregnancy, extended
gestation, and prolonged secretory activity of the endometrium
sustained by extended high levels of circulating progesterone are
derived features of macropods (e.g. wallaby) (Fig. 5).

The nature of marsupial “invasive” placentation

The comparison of opossums, bandicoots and wallabies may
suffice to document the extent of variation in terms of marsupial
endometrial structure and function and their transformations dur-
ing pregnancy. This comparison also provides a backdrop for a
discussion of marsupial and eutherian invasiveness.

Invasive placentation is usually defined as “erosion or penetration
of the luminal epithelium by trophoblast cells” (Mossman, 1987).
Following this definition, invasive placentation has been reported
in a number of marsupial species, as for instance in Monodelphis
(Zeller and Freyer, 2001) and the four-eyed opossum, Philander
opossum (Enders and Enders, 1969). There are, however, im-
portant differences between the cases of invasiveness described
in marsupials and that typical for eutherian species. Marsupial
invasiveness is achieved by the penetration of cell extensions
from trophoblast cells between LE cells (Monodelphis) (Fig. 4A) or
through the fusion of fetal (trophoblast) and maternal (LE) epithelia
(bandicoots). Penetration of the LE by cytoplasmatic extension of
trophoblast cells has also been described in a non-mammalian
species, the South American skink Mabuya (Vieira et al., 2007).
The apparent purpose of this form of invasiveness seems to be
to bring the maternal and placental blood capillaries into closer
proximity, a situation that can also be achieved to some degree
without breaching the LE, as is the case in wallaby (Fig. 4B). ltis
also notable that the invasive phenotypes develop very close to
the end of the intrauterine life of the fetus.

Inno case of invasive placentation in marsupials are we aware of
an extensive interaction between trophoblast cells and endometrial
stromal cells. Enders and Enders described, but did not document,
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in the four eyed opossum, Philander opossum, “slightly enlarged
fibroblasts which may constitute a primitive decidual reaction” at
the localized sites of LE penetration (Enders and Enders, 1969). In
Monodelphis during pregnancy as well during the sexual cycle the
stroma becomes edematic and cell poor (Wick and Kress, 2002)
and the dense layer of sub-epithelial fibroblast cells essentially
disappears (K. Kin and G.P. Wagner, in preparation). Endometrial
fibroblasts do exist in marsupials but do not seem to play an im-
portant role in the fetal-maternal interface. In contrast, ancestrally
in eutherians, the conceptus first establishes contact with the LE
and breaches the LE and then establishes a new contact with en-
dometrial stromal cells. The novel interface between the conceptus
and the mother is formed by a specialized stromal cell type, the
decidual cell, discussed below. An apparent exception in a non-
mammalian species is the African lizard Trachylepis ivensi where
trophoblast cells penetrate the LE and undermine the LE leading
to the complete erosion of LE (Blackburn and Flemming, 2012).
Based on this histology a direct contact between trophoblast and
the connective tissue that separates the LE from the myometrium
seems possible, but the trophoblast remains separated from the
maternal tissue by the basal membrane of the LE (Blackburn,
personal communication). No decidua-like reaction is observed.

The establishment of a trophoblast-stromal interface seems
to be a unique derived character of eutherian mammals with the
exception of the skink Trachylepis (see previous paragraph). As
mentioned above, according to parsimony based ancestral state
reconstructions, the non-invasive placentation of many ferungulates
(cows and horses and their relatives) is secondary, a factthatis also
supported by the observation of a decidua like reaction in sheep.
In the carnuncular regions of the sheep endometrium the LE gets
eroded and a direct contact between the binuclear trophoblast
cells and the endometrial stroma is established. In these areas the
stromal cells show deciduallike morphology (Mossman, 1937), and
express the decidual markers osteopontin, alpha-smooth muscle
actin and desmin (Johnson et al., 2003). The invasive placentation
of carnivores (cats and dogs) is tertiary, derived from the secondarily
non-invasive placenta, because carnivores are related to hoofed
animals (Fig. 2).

Didelphidae

* Polyovular

* Short
Gestation

* No pregnancy
recognition

Dasyuridae

Phalangeridae

* monovular

Macropodidae

* Extended gestation
* Recognition of pregnancy

Fig. 5. Phylogenetic relationships among some of the major groups
of marsupials. According to this phylogenetic hypothesis the ancestral
marsupial and perhaps the ancestral therian animal was polyovular with
short gestation and no early recognition of pregnancy. Recognition of
pregnancy and extended pregnancy is derived in Macropodidae. (Modified
from Freyer et al., 2003).
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Fig. 6. Three layer model for the development of cell type identity.
The top layer consists of signaling events that act upon a core regulatory
network (also called a cell type identity network). The genes of the cell type
identity network, mostly transcription factor genes, are then acting upon
effector genes, i.e. genes that express proteins that do physiological work.
Effector genes determine the cell phenotype, while the core regulatory
network determines cell type identity. Comparative evidence suggests
that the layer of the cell type identity network is more conserved than
either the positional information signals or the effector genes. The core
gene regulatory network is also abstract with respect to the cell phenotype
because the same core regulatory genes can regulate different effector
genes and thus lead to different cell phenotypes.

Molecular mechanisms for the evolution of decidual cells

In eutherian species with invasive placentation endometrial
stromal cells differentiate into decidual cells either spontaneously
or in response to a fetal signal. Spontaneous decidualization is a
phylogenetically derived situation presentin higher primates, some
bats and the elephant shrew (Emera et al., 2011b). The ancestral
situation is that decidualization only occurs in the presence of the
conceptus, and can be experimentally triggered, for instance by
scratching the emdometrium or by depositing an oil droplet in the
uterus. In humans, endometrial stromal cell decidualization is the
result of the convergence of two signaling pathways, progesterone
stimulation through its nuclear receptor, and the activation of the
protein kinase A (PKA) pathway (Gellersen et al., 2007, Gellersen
and Brosens, 2003). While the progesterone signal is maternal
and likely generally necessary for decidualization, the role of the
PKA pathway is less clear. It is tempting to speculate that the PKA
pathway is the one ancestrally activated by the conceptus (Emera
etal., 2011b).

In human endometrial fibroblasts the response to PKA activa-
tion has been described as “categorical reprogramming” (Brar et
al., 2001, Tierney et al., 2003). This term suggests a substantial
change inthe gene regulatory state of the cells upon decidualization
rather than a modulation of gene expression of the endometrial
fibroblasts. For instance Aghanajova and colleagues have found
that cyclic AMP stimulation of human endometrial stromal cells
leads to statistically significant expression changes of at least
1.5x of 691 genes including the classical decidualization marker
genes PRL and IGFBP1 as well as the key decidual regulator
FOXO1A(Aghajanova et al., 2010). This transcriptional response
is consistent with the idea that decidual cells are a cell type distinct
from that of endometrial fibroblast cells. Data about the chromatin
modification and transcription factor co-localization are also consis-
tent with that view (M. Nnamani and G.P. Wagner, in preparation).

Different cell types can be understood as cells that differ with
respect to the activity of a core gene regulatory network that en-
ables differential expression of effector genes (Graf and Enver,
2009, Wagner, 2014) (Fig. 6). These core regulatory networks
mediate between external signals and the expression of effector
genes, where effector genes are those that produce molecules
that perform physiological functions (enzymes, matrix proteins
etc). Core gene regulatory networks usually comprise genes
that are mutually auto- and co-regulatory transcription factor or
transcriptional co-factor genes. Some of the transcription factors
regulate their target genes cooperatively, i.e. are jointly necessary
to effect target gene expression. Another important function of
core transcription factor genes is the suppression of alternative
gene regulatory network states (Graf and Enver, 2009). Further
evidence that decidual cells are a distinct cell type that originated
in the stem lineage of eutherian mammals is provided by the com-
parative study of gene regulation. These data reflect the evolution
of transcription factor cooperativity and the history of target gene
expression in decidual cells.

In human endometrial stromal cells PRL is a classical decidual-
ization marker. The expression of decidual PRL (dPRL) isregulated
by an alternative promoter about 6 kb upstream of the first coding
exon (Berwaer et al., 1994, Gellersen et al., 1994) that is derived
from two transposable elements (Emera et al., 2011a, Emera
and Wagner, 2012, Gerlo et al., 2006). A number of transcription
factors have been identified that participate in the regulation of
dPRL. These include, ETS1, HOXA11, CEBPB, FOXO1A and
PGR (Christian et al., 2002a, Christian et al., 2002b, Lynch et al.,
2009, Pohnke et al., 1999). The regulatory effects of HoxA11 and
CEBPB on dPRL depend on a cooperative interaction of them with
FOXO1A (Lynch et al., 2009, Lynch et al., 2008). Both of these
interactions, the interactions between HOXA11 and FOXO1A
as well as CEBPB and FOXO1A, evolved in the stem lineage of
eutherian mammals (Lynch et al., 2011b, Lynch et al., 2008). This
has been demonstrated by the comparison of the regulatory activ-
ity of different mammalian (human, mouse, opossum, platypus)
and non-mammalian (chicken) HOXA11 and CEBPB transcrip-
tion factors on a reporter gene construct with the human dPRL
promoter/enhancer. In addition, ancestrally, reconstructed and
physically re-constituted transcription factor proteins have been
tested, confirming the conclusion that the transcription factor co-
operativity evolved in the stem lineage of eutherian mammals (Fig.
7). Specifically, the ancestral therian (most recent common ances-
tor of marsupials and eutherians) proteins and all non-eutherian
proteins are unable to up-regulate reporter gene expression from
the dPRL promoter/enhancer. In contrast, the ancestral eutherian
protein as well as the human and mouse proteins can upregulate
reporter gene expression (Fig. 7). It has also been shown that
the physical protein-protein interaction between FOXO1A and
HOXA11 and CEBPB is phylogenetically older than the functional
interaction (HOXA11: (Brayer et al., 2011); CEBPB: (Lynch et al.,
2011b)). Overall these results show that functional transcription
factor interactions essential for decidual gene expression evolved
coincidental with invasive placentation. This is consistent with the
hypotheses that 1) the decidual cell is a distinct cell type with cell
type specific transcription factor cooperativity and 2) that this cell
type evolved in the stem lineage of eutherian mammals.

Another criterion to support the notion that the decidual cell
is a distinct cell type is the independent evolution of cell type
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Fig. 7. Evolution of decidual transcription factor activity of HOXA11.
HOXAT11 interacts with FOXO1A to activate decidual target genes, for
instance decidual prolactin (dPRL). These results used the dPRL promoter
of humans. Human, mouse and ancestral eutherian HOXA11 are able to
activate reporter gene expression from the human dPRL promoter, but
ancestral therian, opossum, platypus and chicken HOXA11 proteins do not.
This shows that transcription factor cooperativity, necessary for decidual
gene expression, evolved in the stem lineage of eutherian mammals.
(Modified from (Lynch et al., 2008)).

specific transcriptome (Wagner, 2014). The core gene regulatory
networks that distinguish different cell types enable differential
target gene expression and thus also quasi-independent evolution
of the transcriptome of a given cell type compared to other cell
types (Wagner, 2014). In the case of decidual cells, target gene
recruitment is, at least in part, mediated through the evolution
of alternative promoters and cell type specific enhancers from
transposable elements. This was first discovered for the decidual
promoter of PRL (Emera et al., 2011a, Emera and Wagner, 2012,
Gerlo et al., 2006, Lynch et al., 2011a). The decidual promoter
consists of DNA from two transposable elements, MER20 and
MER39 (Gerlo et al., 2006). MER20 is an element that is only
found in eutherians, and MER39 a transposable element that only
existsin Archontoglires (the clade that unites primates and rodents)
(Emera et al., 2011a). These elements underwent considerable
modification until the strong and fast responding dPRL promoter
characteristic of apes and humans evolved (Emera and Wagner,
2012). Furthermore, the recruitment of PRL into decidual cells
evolved at least three times independently, in primates, rodents
and afrotherians (elephants) (Emera et al., 2011a). Each time a
different alternative promoter evolved and each time the promoter
arose from a different transposable element. An analysis of the
genomic distribution of MER20 transposable elements supports
the hypothesis that other decidual genes also have been recruited
through the modification of MER20 transposable elements (Lynch
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etal.,2011a). These results show that the transcriptome of decidual
cells is actively evolving in part enabled through the recruitment of
transposable elements into cis-regulatory functions.

The results summarized above supportthe notion thata) decidual
cells are a distinct cell type from endometrial stromal fibroblasts,
and b) that decidual cell type identity has evolved in the stem
lineage of eutherian mammals (Fig. 1).

Key innovationsin the evolution of eutherian pregnancy

Here we want to summarize the implications of the above
evidence for the evolutionary origin of eutherian pregnancy and
embryo implantation. Many questions are still unanswered but
never the less a few key features can be discerned.

Based on the situation in basal marsupial lineages, as rep-
resented in the laboratory opossum, Monodelphis domestica, it
seems likely thatinthe mammalian lineage vivipary initially evolved
without maternal recognition of early pregnancy. If the basal mar-
supial situation was characteristic also for the ancestral therians,
then vivipary initially arose as a precocious intrauterine hatching
event, where the fetus hatches from the eggshell into the uterus a
few days before extrusion, initially giving birth to a very immature
neonate. In opossums one cannot even speak of a true pregnancy,
because the physiology of the mother does not notably change in
the presence of a conceptus. Many of the endometrial changes
associated with pregnancy also occur in the sterile sexual cycle
(see above) and progesterone does not have a consistent influ-
ence on the length of pregnancy (Bradshaw and Bradshaw, 2011,
Tyndale-Biscoe and Renfree, 1987), a situation reminiscent of that
inviviparous lizards (Albergotti and Guillette, 2011). Aconsequence
of this scenario is that parturition is phylogenetically older than
pregnancy, and certainly older than the mechanisms that extend
pregnancy in eutherians and derived marsupials. In Eutherians the
maintenance of pregnancy critically depends on sustained high
levels of circulating progesterone (Csapo et al., 1972, Csapo et

Vivipary through egg-retention:

hatching

|

parturition

estrus/ovarian cycle length

hatching parturition

estrus/ovarian cycle length
Vivipary through precocious hatching & parturition:

Fig. 8. Two modes for the evolution of vivipary: egg retention and
precocious hatching and parturition (PH&P). Egg retention is the pre-
dominant mode of gestation in squamates, even in oviparous species. PH&P
is the mode found in basal marsupial species such as the opossum. The
important difference is that egg retention requires some kind of recogni-
tion of gestation to prevent premature oviposition, while PH&P can occur
without recognition of pregnancy. Recognition of pregnancy in mammals
is secondary and only necessary when extended gestation evolves.
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al., 1973). The consequences of this hypothesis will be discussed
in greater detail elsewhere (M. PavliCev, in preparation).

The comparison of gestation of basal marsupials, specifically
the didelphids, which are the most basal lineage of the marsupial
tree, and that in viviparous reptiles (Albergotti and Guillette, 2011,
Van Dyke et al., 2014) suggests that we need to distinguish two
pathways to vivipary (Blackburn, 2006): egg retention and preco-
cious hatching and parturition (PH&P). In viviparous reptiles the
evolution of vivipary is initiated by egg-retention (Albergotti and
Guillette, 2011, Blackburn, 2006), i.e. extension of the residence
time of the egg in the female reproductive tract until fetal develop-
ment is completed (Fig. 8). Extended egg retention is correlated
with gradual thinning of the eggshell, but egg retention is not
limited to viviparous species. Squamates are the group with the
largest number of independently derived cases of vivipary, about
100 times (Blackburn, 2006, Van Dyke et al., 2014). In squamates
even oviparous species retain the egg longer than the ovarian
cycle of the species and there is a broad overlap in the distribu-
tion of gestation times among oviparous and viviparous species
(Tinkle and Gibbons, 1977). Hence, in squamates, egg-retention
is likely an ancestral character that is extended to lead to vivipary.
Arecent phylogenetic analysis even suggests that viviparity might
be ancestral for squamates (Pryon and Burbrink, 2014).

In contrast, the situation in basal marsupials is one where the
egg is hatching very early in utero, and parturition happens while
the fetus is still quite immature (Freyer et al., 2003, Tyndale-Biscoe
and Renfree, 1987). As the example of the macropodids shows,
from this starting point, early hatching and parturition, more ex-
tensive gestation can evolve by extending of the period of fetus
retention (Renfree, 2010). The main difference between egg reten-
tion and PH&P is that the former requires some kind of change
in the maternal physiology to prevent premature oviposition. In
contrast PH&P is an event that initially occurs within a fraction of
the normal sexual cycle, and no early recognition of pregnancy is
necessary. Timing of parturition in under the control of the fetus in
marsupials (Young et al., 2011), while how parturition is regulated
in reptiles is unknown (Albergotti and Guillette, 2011). Hence, the
evolutionary pathway to vivipary in mammals and squamates has
proceeded along different pathways and likely involved different
mechanisms (Blackburn, 2006).

Key innovations that led to the extended retention of the fetus
characteristic of eutherian mammals evolved in the stem lineage
of eutherian mammals, i.e. after the most recent common ances-
tor of therians and before the most recent common ancestor of
eutherians. These are:

* Early recognition of pregnancyleading to an extension of luteal

progesterone production.

* Invasive placentation which led to a derived direct interaction

between trophoblast and endometrial stromal cells.

* Evolution of the decidual cell type to control both the invasion

of the trophoblast cells as well as suppressing the maternal

immune and inflammatory reactions.

Various forms of minimal invasiveness have been described
in marsupials and squamates (see above), but they are all late
during gestation and do not lead to a direct interface between tro-
phoblast and endometrial stromal cells. Marsupial and squamate
invasiveness leads to a closer proximity of maternal and fetal blood
vessels and sometimes even to the fusion of endometrial luminal
epithelial cells and fetal trophoblast cells (e.g. bandicoots). From

a developmental point of view, however, the crucial difference
between marsupial and eutherian placentation is the derived direct
interaction between trophoblast cells and endometrial stromal
cells. A likely consequence of this derived cell-cell interaction is
the origin of the decidual cell type. Most of the molecular events
that led to the origin of the decidual cell type are still unknown,
except the well documented evolution of novel transcription factor
interactions (Lynch et al., 2008, 2011b and Brayer et al., 2011)
that, in eutherians, are necessary for the regulation of decidual
gene expression. The most urgent open questions in this area are:
1) what is the structure of the decidual core regulatory network?
and 2) what were the molecular events that led to the origin of the
decidual core network?
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