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Abstract

Analogies between placentation, in particular the behavior of trophoblast
cells, and cancer have been noted since the beginning of the twentieth cen-
tury. To what degree these can be explained as a consequence of the evolu-
tion of placentation has been unclear. In this review, we conclude that many
similarities between trophoblast and cancer cells are shared with other, phy-
logenetically older processes than placentation. The best candidates for can-
cer hallmarks that can be explained by the evolution of eutherian placenta
are mechanisms of immune evasion. Another dimension of the maternal ac-
commodation of the placenta with an impact on cancer malignancy is the
evolution of endometrial invasibility. Species with lower degrees of placen-
tal invasion tend to have lower vulnerability to cancer malignancy. We fi-
nally identify several areas in which one could expect to see coevolutionary
changes in placental and cancer biology but that, to our knowledge, have not
been explored.
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1. INTRODUCTION

All multicellular organisms can develop tumors, i.e., populations of cells that escape the growth
control of the organism. These have been found in plants, corrals, many invertebrates, and of
course vertebrates (1, 2). Placentation exists in a small subset of animals, mostly known from ver-
tebrates but also described in many invertebrates, ranging from cnidarians to insects and others.
Given this taxonomic distribution of cancers! and placentas, it is clear that cancers existed before
placentas originated. The question discussed here, therefore, is how the evolution of the placenta
affected cancer biology. Also, the “evolution of the placenta” has at least two dimensions, namely,
the origin of the placenta and the subsequent evolution of different forms of placentation. This
prompts at least two further questions: What is the impact of the evolutionary origin of placen-
tation, which happened many times in animals, on tumor biology? And how did the evolution
of different forms of placentation, after its origin, affect cancer biology? The scope here is, un-
fortunately, limited to mammals. That is because the knowledge about nonmammalian cancers
is limited, as is that of nonmammalian placentation, with the exception of reptilian placentation,
which attracted a good amount of attention from zoologists but is unfortunately unmatched with
sufficient data on reptilian cancers (3-5).

The idea that there might be a mechanistically relevant connection between trophoblast and
cancer biology is usually ascribed to the Scottish embryologist John Beard (1858-1924) (6). Al-
though Beard’s core idea that cancer cells are ectopic trophoblast cells turned out to be wrong,
his ideas still inspire research. In the second part of the twentieth century, theories about a con-
nection between cancer and placental biology were based mostly on the mechanistic similarities
between implantation and placentation and tumor progression to malignancy (7-13). Although
these observations are valuable, their evolutionary interpretation is complicated because cancers
arose earlier than placentation.

The field of evolutionary or comparative cancer biology is a relatively recent development,
which arose largely around the turn from the twentieth to the twenty-first century (14-18). Before
that, evolutionary thought with respect to cancer was limited to the rather obvious fact that cancer
is a breakdown of multicellular organization (e.g., 19, 20). Evolutionary or comparative cancer bi-
ology consists of two research programs. First is the field of somatic evolution of the tumor itself,
i.e., studying the progression of tumor cells toward malignancy within a patient as an evolutionary
process (e.g., 21, 22). This is an important field of research with implications for cancer treatment
(23). The other dimension could be called comparative cancer biology and is the study of species
differences in cancer biology across the tree of life. The latter focuses on understanding species dif-
ferences in vulnerability to cancer and cancer malignancy (15, 22,24-27). We review ideas and facts
pertaining to the question of whether the evolution of the fetal-maternal interface (e.g., the tro-
phoblasts, the placenta, and the decidua) in mammals affected the biology of mammalian cancers.

2. THE PLACENTA-CANCER NEXUS

Here we want to briefly outline how a cancer—placenta nexus can be understood at both the cell
biological as well as the evolutionary level. At the cell biological level, three areas of overlap exist
between cancer and placentation: (#) Both a neoplastic tumor and a (hemochorial) placenta can

!Tn the title and introduction of this article, the term cancer is used in its generic sense for any form of tumor,
regardless of whether it is of epithelial (carcinoma sensu stricto) or mesenchymal (sarcoma) origin. This is to
facilitate communication with readers who are not aware of this distinction, as is generally the case outside of
the biomedical sciences. After all, the main US federal institution dedicated to the study of tumors is called
the National Cancer Institute, even though it also covers the study of sarcomas.
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be viewed as a sustained lesion, a “wound that does not immediately heal” (28, 29); () both tro-
phoblasts and cancer cells require immune evasion; and (¢) both placentation and malignant cancer
growth involve cells invading into the surrounding stroma (12, 30). A fourth relationship between
cancer and placentation is a little less straightforward, namely, the involvement of inflammation.
In the case of cancer, inflammation can be a key part of the process of cancer onset and progres-
sion. In the case of placentation, inflammation (31, 32), or processes derived from inflammation
(33), plays an essential role in embryo implantation but must be locally suppressed after implan-
tation to sustain pregnancy. The involvement of inflammation is understandable given that both
cancer and placentation compromise tissue integrity, i.e., generate wounds; however, the nature
and control of the inflammatory processes may be different in cancer and placentation.

Beyond the cell biological similarities between cancer and placentation, the question is how
the evolution of placentation may have influenced cancer biology. So far, three models have been
proposed in the literature: (#) the co-option, by growing tumors, of mechanisms of embryo im-
plantation and placentation (7, 8, 10, 34), (b) pleiotropic effects of the evolution of the uterine
stroma on stromal biology in the rest of the body (35-37), and (¢) the evolution of the immune
system in response to the origin of placentation (38).

Co-option by the tumor of placentation mechanisms assumes that the evolution of mammalian
placentation involved mechanisms employed by the trophoblast to evade the maternal immune re-
sponse. Once in place, a tumor can gain access to these genetic programs and itself evade detection
by the host immune system. Evidence for this is discussed in Section 5.

The second model, pleiotropic effects of the evolution of endometrial stroma onto the rest of
the body, assumes that eutherian species that differ in their degree of placental invasiveness differ
in their endometrial invasibility (35, 36). Evidence for this is discussed in Section 6.

3. THE EVOLUTIONARY ORIGIN AND DIVERSIFICATION
OF MAMMALIAN PLACENTATION

Mammalia consists of three main clades: the monotremes, marsupials (i.e., metatheria), and pla-
cental (eutherian) mammals, where the marsupials and the eutherians form the clade of Theria,
i.e., they are related to each other more closely than either is to monotremes (Figure 1). The
three mammalian clades differ fundamentally with respect to their female reproductive biology.
Monotremes are known as the egg-laying mammals, even though they already have some degree
of matrotrophy via diffusion of nutrients from the uterus through the eggshell to the embryo (39).
Both marsupials and eutherians are live bearing and have placentae; thus, the most parsimonious
hypothesis is that viviparity evolved in the stem lineage of therians. Nevertheless, the placental
biology of marsupials is fundamentally different from that of eutherian mammals.

In basally branching lineages of marsupials, such as the opossums and the Peramelidae, placen-
tation is present but limited in scope and complexity. Here we use the term placentation as defined
by Grosser (40) and Mossmann (41) as a direct intimate apposition or attachment between fetal
membranes and maternal (or paternal in the case of pipe-fishes) tissue for the purpose of nutrient
transfer, waste product removal and gas exchange. Apposition between fetal and maternal tissue
occurs late in the 14-day gestation of the gray short-tailed opossum, Monodelphis domestica, and
lasts for only two days (42, 43). During the short attachment period, inflammatory mediators are
induced and increase in expression until parturition (42, 44). This inflammation-like process is
induced by the presence of the fetus, as it is not observed during the estrus cycle if no fertilization
had occurred, i.e., during pseudopregnancy (45).

Opossum placentation does not lead to sustained implantation and thus remains superficial.
The trophoblast is nevertheless invasive, as it penetrates between the uterine luminal epithelial
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Simplified phylogeny of amniote vertebrates. The sister taxon of mammals is Reptilia, consisting of conventional “reptiles” and birds.
The mammals consist of three main clades: monotremes, marsupials, and eutherian (placental) mammals. Major changes in
reproductive biology are noted at the phylogenetic branches where they occurred (also see text for more detail).
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cells (46), but does not lead to implantation because of the brevity of pregnancy. This is also the
case for most non-macropod marsupials (47). This observation is important when considering
the cancer rate among mammals (see below). Macropodids (kangaroos and wallabies) are re-
markable in having both a longer gestation period and not-even-slightly invasive trophoblasts
(48). Given the derived status of macropodids in the marsupial tree (49), this is likely a derived
characteristic within marsupials.

In eutherians, three types of tissue organization at the fetal-maternal interface can be distin-
guished (40). The least invasive is called epitheliochorial, where the epithelium of the placenta, the
trophoblast, is attached to the uterine luminal epithelium. This form is found in hoofed animals
and their relatives, as well as in tarsiers, i.e. in an early branching primate lineage. In endothelio-
chorial placentation, the uterine epithelium is eroded and the trophoblast is next to the maternal
blood vessels, but the maternal blood vessels remain intact. This form is found, for instance, in car-
nivores. Finally, the most invasive placenta type is hemochorial, as seen in humans and most other
primates, as well as rodents, where the maternal blood is in direct contact with the trophoblast.

Surprisingly, in the 2000s it was found that the most likely ancestral form of eutherian placenta
was hemochorial, or at least endotheliochorial (50-52). A corollary of this finding is that the less
invasive forms of placentation, as found in hoofed animals, secondarily evolved from a more in-
vasive condition. The latter fact is important for the placenta—cancer connection with respect to
malignancy rate (see Section 6).

From this short overview, we can conclude that trophoblast invasiveness is an ancestral condi-
tion for therian mammals (marsupials and eutherians) (Figure 1). This follows from two obser-
vations: (#) that the opossum trophoblast penetrates the uterine epithelium shortly before birth
and elicits a quasi-inflammatory process (42, 44) and (¥) that the ancestral condition for eutherian
mammals is a hemochorial or endotheliochorial placenta (50-52), i.e., one where maternal tissue
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is greatly modified by the embryo. Marsupials and eutherians deal with trophoblast invasiveness
quite differently. In basal marsupials, the invasion of the uterus is ended by parturition, whereas
in basal eutherians, the mother evolved mechanisms to tolerate the injury caused by placenta-
tion (42). In summary, the evolutionary history of mammalian placentation involves the origin of
an invasive trophoblast early in therian phylogeny; then, in eutherians, the evolution of mater-
nal tolerance mechanisms, as a prerequisite for extended placentation (anti-inflammatory activity
and delay of the wound healing process); and finally, the elaboration of the placenta, including
adaptations for immune evasion (Figure 1).

4. PHYLOGENETIC PATTERNS OF CANCER
AND MALIGNANCY INCIDENCE

The main sources of information about the incidence rate of cancer and malignancy are necropsy
reports from farm and zoo animals (53-55). Although these reviews contain a lot of detailed data,
the quantitative aspects of data reporting are often incomplete; for instance, the data sets often
lack numbers of total necropsies per species. In addition, zoo necropsies tend to be done on older
animals that die of natural causes, whereas slaughterhouse data cover mostly young animals with
the occasional exception of milk cows, for instance. Nevertheless, these are the data we have to
interrogate for species and clade differences in neoplasm and malignancy rates. This is also the
only evidence we have to investigate correlations with the evolution of placental biology. Here we
focus first on comparisons between species with and without a placenta to assess whether the evo-
lutionary origin of placentation affected cancer incidence. Then we compare species with different
forms of placentation to assess whether these affect malignancy rates.

4.1. Incidence of Neoplasms in Mammals Compared with Other Amniotes

Neoplasm incidence rates for broad taxonomic groups, such as mammals (mostly therian mam-
mals) and birds, are problematic because incidence rates can vary greatly between species. For
instance, the Virginia opossum (Didelphis virginiana), in some data sets, has a reported neoplasm in-
cidence rate of above 60%, but only two neoplasms and no malignancies out of 67 necropsies (3%)
were reported in the armadillo (Dasypus novemcinctus) (56), and even lower rates were reported in
the naked mole-rat (57, 58). Hence, the average reported cancer incidence rate for large taxonomic
groups will be influenced by nonrandom sampling of taxa (i.e., whatever animals happened to live
and die in a particular zoo). Nevertheless, some remarkably robust patterns arise.

Let us first compare the neoplasm incidence rate of therian mammals with that of birds. Birds
never in their evolutionary history had viviparous ancestors. In addition, both mammals and birds
have higher metabolic rates than reptiles and thus should be expected to have higher cancer rates
than other reptiles (birds are technically reptiles), given the genotoxic effects of high metabolic
rate and the incidental production of reactive oxygen species. Here we review two summaries of
necropsy reports from two zoos (54, 55).

Ratcliffe (55) reported pathology data from the Philadelphia Zoo and found a 2.6% (89/3,400)
neoplasm incidence rate for mammals and a rate of 1.2% (81/6,898) for birds (Fisher’s exact
test p < 10%).2 Effron et al. (54) reported necropsy results from the San Diego Zoo and found
a neoplasm incidence rate for mammals of 2.9% (92/3,127) and 1.9% (111/5,957) for birds.

2 Using standard statistical tests on data from different species is problematic because the degrees of freedom
are less than the number of observations (minus whatever the test requires), as observations from different
species are not stochastically independent. Nevertheless, the majority of the observations in these pathology
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The data for mammals in these two papers are statistically indistinguishable (Fisher’s exact test
p = 0.451), whereas the data for birds are distinguishable (p = 0.0016). Both studies suggest a
higher incidence of neoplasms in mammals than in birds, which is consistent with, though not
proof of, an effect of the origin of placentation on cancer rate, where mammals have a higher rate
than birds (from 1.5 x to 2 x). Specifically, the data are consistent with the idea that the evolution
of placentation makes available to cancer cells molecular pathways that are beneficial, in one way
or another, to cancer cell viability (see below).

A recent analysis of newer San Diego Zoo necropsy data by Boddy et al. (56) reported a high
10% neoplasia incidence rate for eutherian mammals, with an average of 21% for marsupials and
13% for therian mammals overall. This neoplasm rate for mammals is much higher than that
reported by Ratcliffe (55) and Effron et al. (54). The reason for this difference is unclear, but
more thorough necropsy standards in recent years could be a factor. The most striking feature of
the data reported by Boddy and colleagues is the difference between macropodid marsupials and
other marsupials, such as opossum and koala. Whereas the overall neoplasm incidence in the 229
marsupial necropsies was 21%, the macropodids had a rate of only 3.7% (4/109), and the other
marsupials had a rate of 38% (46/120). This is interesting given the fact that the placental biology
of macropodids is quite different from that of other marsupials, as mentioned above. Macropodids
have evolved a longer gestation period (48) and have a not even minimally invasive placenta (47)
and no clear inflammatory reaction to the presence of the embryo/fetus (Oliver Griffith, personal
communication). Although whether the lack of invasion is due to evolutionary changes in the
maternal tissue or the trophoblast is unclear, that such a striking difference in cancer rate coincides,
evolutionarily, with this change in placental biology is nevertheless intriguing.

4.2. Malignancy Rate Among Mammals with Different Placentas

Malignant cancer frequency was reported by Priester & Mantel (53) for farm animals and pets
[analyzed by D’Souza & Wagner (35)] and Effron et al. (54) for mammals and birds (as well as
reptiles, but with too small a sample size) and in Boddy et als (56) recent study on mammals.
Malignancy rates can be reported in two ways. On the one hand, Boddy et al. (56) reported the
incidence rate of malignant cancers, estimated as the number of malignant cancers divided by the
total number of necropsies. On the other hand, one can calculate the malignancy rate, estimat-
ing the probability that a benign cancer turns into a malignant cancer. Malignancy rate can be
estimated by dividing the number of malignant cancers by the total number of neoplasms found.
In this way, one avoids conflating the malignancy rate and neoplasm rate, which is confounded in
calculating the malignancy incidence rate. Still, estimating the true malignancy rate is complicated
given the fact that animals with malignant cancer are more likely to die than those that had benign
tumors but died for other reasons. But without additional detailed information, the malignancy
rate is the closest we can get to estimating a tumor’s propensity to become malignant.

Priester & Mantel (53) summarized necropsy data from 202,277 animals with 8,634 tumors
classified into 4 broad categories of neoplasms: skin cancer and glandular epithelial, nonglandular
epithelial, and connective tissue tumors. Enough data were available to calculate malignancy rates
for four species: cattle, horse, dog, and cat (35). These species represent two forms of placentation,
endotheliochorial (cat and dog) and epitheliochorial (cattle and horse). For three of the classes of
neoplasms, the malignancy rate was statistically higher in cats and dogs compared with in cattle

reports are independent reports about different animals from the same species, and thus the use of Fisher’s
exact test is not entirely irrational. We interpret the calculated p-values as lower limits of the true p-values.

Wagner et al.



and horses. Only in nonglandular cancers was the malignancy rate statistically the same across
all four species. This pattern suggests that species with more invasive placentation have a higher
malignancy rate than species with less invasive placentation, at least with respect to certain classes
of neoplasms. The evolutionary and mechanistic explanations for this pattern are discussed in
Section 6.

Effron et al. (54) reported overall malignancy rates for mammals (42%, 39 malignant out of
92 neoplasms), birds (64%, 71/111), and reptiles (54%, 15/28). The difference between mammals
and birds is significant (Fisher’s exact test, p = 2.9 10~3), but comparisons with reptiles are not
significant owing to the small number of reptiles examined. These data seem to indicate a lower
malignancy rate in mammals compared with birds, whereas the number of neoplasms is higher
in mammals (see above). Further stratification of the mammalian data into groups with different
placental biology leads to sample sizes too small to be meaningful.

Boddy et al. (56) analyzed data from 37 species and 852 necropsies of animals that died at
the San Diego Zoo between 1964 and 2015. The authors tested for a relationship between pla-
centa type and malignancy incidence and found no statistical relationship. However, this study
used malignancy incidence rather than malignancy rate; the former again conflates malignancy
rate and tumor incidence. Wagner et al. (59) reanalyzed these data by estimating the malignancy
rate (rather than incidence) for species with at least four reported neoplasms and combined it with
the data from Priester & Mantel (53). These combined data suggest a nominal trend in eutherians
toward higher malignancy rate from epitheliochorial to hemochorial placenta type. This result is
consistent with a model in which the species with less invasive placentation are also, on average,
less vulnerable to a transition to malignancy.

This brief overview of data about species differences in neoplasm incidence and malignancy
rates illustrates that more and higher-quality data are needed to arrive at a firm understanding of
the evolutionary patterns of cancer and malignancy rates. At this point, any associations between
placental and cancer biology must be considered as preliminary. Within these limits, though, it
seems that mammals have a higher incidence of neoplasms than birds, suggesting that neoplasm
incidence increases coincident with the origin of the mammalian placenta. Comparative data on
reptiles with and without placentotrophic development are currently too sparse to invite scrutiny
and must be evaluated in light of the differences between reptilian placental biology and therian
placentas. With respect to malignancy rate, the preliminary data are consistent with, but not proof
of, a positive relationship between placental invasiveness and malignancy rate. Finally, placental
biology is just one factor influencing malignancy rate, and patterns of variation between species
need not directly reflect the impact of placental evolution on tumor biology.

5. THE CO-OPTION BY THE TUMOR OF TROPHOBLAST
MECHANISMS

The core idea of a connection between the evolutionary origin of the eutherian placenta and tu-
mor biology consists of a two-step argument. First is the realization that the evolution of invasive
placentation, which is the ancestral form of placentation for eutherian mammals (see above), re-
quired the evolution of mechanisms enabling and supporting trophoblast cell invasion into the
maternal tissue and the avoidance of immune rejection of the fetus by the maternal immune sys-
tem. Second, the argument assumes that adaptations that enable the trophoblasts to invade and
avoid immune recognition can become co-opted by cancer cells to enhance their chance to escape
immune surveillance. Under this model, the evolution of eutherian placentation would have in-
creased the vulnerability of eutherians for developing manifest neoplasms as compared with, say,
birds. This is consistent with reports reviewed above that mammals tend to have higher average
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neoplasm incidence than birds. Here we summarize some of the mechanistic evidence in support
of this model.

The genetic theory of cancer emergence suggests that micro-tumors arise all the time but
become manifest only if the tumor escapes immune surveillance. Both tumors and trophoblasts
express a relatively large repertoire of tumor-associated antigens and present a remarkably high
cellular diversity relative to other tissues (60). However, most early-stage nonviral tumors do not
necessarily acquire neo-antigens, which could be recognized by neo-antigen-specific T cell recep-
tors (61).

5.1. Which Tumor Hallmarks Are Associated with Placental Evolution?

Several authors have pointed out similarities between the molecular biology of trophoblast cells
and tumor cells (7-11, 62-64). In evaluating these claims in the context of placenta—cancer coevo-
lution, we must consider that notall similarities between placenta and cancer may be attributable to
placental evolution. Some mechanisms that are shared between cancer cells and trophoblast cells
are also shared with other, phylogenetically older, biological processes. For instance, the migra-
tory behavior of cancer cells and extravillous trophoblast cells (EV'T5) is shared with mesenchymal
cells in general, which is a pan-metazoan cell phenotype. Only mechanisms used by trophoblast
cells that evolved in the context and for the purpose of establishing a sustained fetal-maternal
interface are relevant for the topic at hand, i.e., whether and how the evolution of the placenta
has affected tumor biology. Below, we summarize the claims of placenta—cancer similarities and
evaluate whether they are likely the result of placenta—cancer coevolution.

In arecentreview, Lala etal. (10) adopted a systematic approach to consider trophoblast—tumor
similarities. They used Hanahan & Weinberg’s (65) list of 10 cancer hallmarks as a reference and
asked which of these are also found in trophoblasts. Of the 10 cancer hallmarks, Lala and colleagues
identified 6 that have counterparts in trophoblast biology (Table 1). Of these 6, “avoiding immune
destruction” is most likely to be related to the evolution of invasive placentation. A caveat of this
assertion is that we are unaware of any evidence as to whether or how tumors in nonmammalian
species can avoid destruction by the adaptive immune system. The adaptive immune system is a
shared derived characteristic of jawed vertebrates (all vertebrates derived from the most recent
common ancestor of sharks and humans) (66, 67). Hence, in all vertebrates that possess jaws,
i.e., gnathostomes, tumors should be subject to immune attack by the host, and the question is
how tumors can escape immune surveillance in nonmammalian species. Interestingly, cancers in
amphibians are considered rare and difficult to induce with known cancerogenic agents (68).

The cancer hallmark “tumor-promoting inflammation” is harder to assess. Both tumors and
embryo implantation disrupt tissue integrity, in either the uterus or the tumor site. One can
thus expect that both will trigger damage-induced inflammation (69). There is evidence that the

Table 1 Six cancer hallmarks shared with trophoblast, according to Lala and colleagues (10)

Cancer hallmark shared with trophoblast Placenta-related innovation?
Sustained proliferative signaling No
Avoiding immune destruction® Yes
Tumor-promoting inflammation Insufficient data
Invasiveness Unlikely, but insufficient data
Angiogenesis No/may be vascular mimicry
Aerobic glycolysis No, a sign of proliferation

*Only “avoiding immune destruction” is clearly a placenta-related innovation co-opted by cancer cells.
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inflammatory processes related to embryo implantation are necessary for successful implantation
(31) and that they represent an evolutionarily modified inflammatory process, in both eutherians
(69, 70) and the opossum, a marsupial (33, 42). The question is thus whether the inflammatory
processes at the tumor site borrow mechanisms that evolved in the context of embryo implanta-
tion or, alternatively, represent generic damage-induced inflammation. Answering this question
will require understanding both the way implantation-related and damage-induced inflammation
differ and how inflammation in the tumor-associated stroma differs from generic inflammation.
Modified inflammation pathways could be part of the tumor-stroma interaction in eutherian
mammals, but we lack evidence that would address this question directly.

“Activation of invasion” is another cancer hallmark where Lala and colleagues see a similar-
ity with trophoblast biology, in particular for EVTs. In humans and other great apes, EVTs are
a prominent component of the placental bed and effect, in interaction with uterine natural killer
cells, the remodeling of the spiral arteries. EVT formation is reported for all hemochorial placen-
tas (71), with the possible exception of that in the armadillo (72, 73). Formally, the armadillo has a
hemochorial placenta, but it is minimally invasive and consists only of placental villi growing into
preformed maternal blood sinuses. However, the connection between the mechanisms of EVT
invasion and cancer invasion is complicated by the fact that epithelial-mesenchymal transitions
are common during animal development. As in the case of inflammation, the open question is
whether there are invasive mechanisms that are specific to EVTSs rather than shared with other
invasive cell behavior in development or pathology, like wound healing.

“Induction of angiogenesis and vascular mimicry” is another cancer hallmark that Lala et al.
(10) see as overlapping with placental biology. However, mechanisms that induce angiogenesis
by parenchymatic cells are a regular feature of tissue homeostasis. Thus, the trophoblast likely
co-opted angiogenetic pathways existing prior to the evolution of eutherian placentation. Mecha-
nisms for eliciting angiogenesis by tumors may not be the product of placenta—cancer coevolution.
However, the fact that EVT5 can replace endothelial cells of the maternal spiral arteries (74, 75)
may be a putative derived characteristic, which could be related to the remarkable ability of tumors
to perform “vascular mimicry” (75, 76).

Finally, Lala et al. (10) find a similarity in the so-called Warburg effect, i.e., aerobic glycoly-
sis, between cancer cells and the cyto-trophoblast, but only the undifferentiated cyto-trophoblast
cells. The Warburg effect was long understood as a cancer hallmark. But more recently, it be-
came broadly accepted that the Warburg effect is typical of proliferating cells rather than only
tumor cells (77). Hence, this cancer hallmark is also unlikely to be the product of placenta—cancer
coevolution.

Therefore, out of the six similarities between cancer and placental biology, only the escape
from immune surveillance by cancer cells is a likely product of placenta—cancer coevolution. This
is because the problem of immune tolerance in an adult organism, long after self-tolerance has
developed, is quite specific for the evolution of invasive placentation. It is thus plausible that ad-
ditional immune-modulating mechanisms had to evolve with the origin of invasive placentation.

5.2. The Similarities Between Cancer and Trophoblast Inmune Modulation

Similarities between trophoblast (placenta) immune modulation and cancer “immune editing”
have been described in several recent reviews (7, 10, 78), and only a brief overview is given here.
A widely recognized shared mechanism of immune modulation is the lack of expression of the
most specific type 1 major histocompatibility complex genes, such as HLA-A and HLA-B. Sup-
pression of these genes prevents the recognition of trophoblast cells by the mother’s cytotoxic
T cells. The suppression of HLA-A and -B genes is complemented by expression of HLA-C and
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HLA-G (79), which is thought to prevent their recognition by natural killer cells, which would
otherwise attack cells that “refuse to reveal their identity” by not displaying HLA-A and HLA-B.
Further shared mechanisms are the expression of the indoleamine 2,3 dioxygenase IDO) enzyme
(80); the expression of the inhibitory programmed cell death protein 1 (PDCD]1, also known as
PD1) receptor ligand, CD274 (also known as PDL1) (81); and the extrathymic differentiation of
regulatory T cells in the uterus and the tumor stroma (peripheral Treg or pTreg). The latter as-
pect of immune tolerance, however, already points beyond the trophoblast or cancer cell because,
as we see in the next section, the differentiation of the tolerogenic immune environment in the
uterus depends on evolutionary changes in the maternal cells rather than the trophoblast cells and
thus implies that placenta—cancer coevolution involves the coevolution of the trophoblast with its
maternal environment (82).

IDO is one of the enzymes involved in tryptophan catabolism. IDO has been implicated in
maternal immune tolerance since it was discovered that pharmacological inhibition of IDO can
lead to the resorption of allogenic fetuses in mice (83, 84). The effect of IDO was ascribed initially
to local tryptophan depletion. Tryptophan depletion specifically affects T cells, but the mechanis-
tic involvement of IDO in maternal immune tolerance seems to be more complicated (85). IDO
expression has also been linked to immune tolerance toward tumor cells (86, 87). Kynurenine is a
natural ligand of arylhydrocarbon receptor and may aid cancer progression through this mecha-
nism (88).

PD1/PDCD1 is an immune checkpoint that, when engaged with its ligand, PDL1/CD274,
causes apoptosis in cytotoxic T cells. PDLI expression has been detected in both trophoblast and
malignant cancer cells, explaining their resistance to maternal and host immune surveillance (89).
Other immune checkpoint controls also contribute to the immune tolerance (90).

The problem in explaining this convergence of immunomodulatory mechanisms between pla-
cental and cancer cells is that cancer, as such, is not an adaptive trait, because, with the exception
of a few transmissible cancers, cancer cells die with their host. One possible explanation, however,
is that cancer itself is a somatic evolutionary process whereby the somatic fitness of a cancer cell is
enhanced by its ability to escape immune surveillance. Thus, the similarity between cancer and pla-
centa immune modulation could be thought of as convergent adaptive evolution of cancer cells and
trophoblast cells. If that were true, one would expect that cancers of nonmammalian vertebrates
also evolve the same immune-editing properties as eutherian cancers. We are not aware of evidence
for noneutherians or nonmammalian animals expressing the same immune-modulatory genes.

A complementary possibility for the similarity between placental and cancer immune editing
is that the convergence between placental and cancer gene expression is made more likely because
of shared gene regulatory mechanisms (i.e., parallel evolution). Costanzo et al. (7) proposed one
such model for the similarity between trophoblast and cancer biology, noting that trophoblast and
cancer cells share functional genomic features, namely, widespread demethylation and derepressed
chromatin. This shared feature also explains the fact that both cell classes experience transposable
element activation owing to the removal of suppressive marks that normally silence transposable
elements. For cancer cells, Costanzo et al. explain these DNA and chromatin features as a conse-
quence of replicative and DNA damage stress that cancer cells tend to experience. The authors
cite evidence that these forms of stress tend to induce widespread erasure of repressive chromatin
marks (91). The core argument is that replicative stress leads to a genomic state similar to that
which exists naturally in trophoblast cells, and thus cancer cells. This similarity in genomic reg-
ulatory state may allow cancer cells to gain access to gene regulatory networks that evolved in
the trophoblast cell. This model neatly explains how cancer cells can converge to a functional
profile that is similar to trophoblast cells serving their parallel needs, namely, to escape from ma-
ternal/host immune surveillance.
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The remaining problem with these models is to explain why trophoblast cells, in contrast to
other specialized cell types, have a gene regulatory landscape characterized by widespread removal
of repressive chromatin and specific DNA modifications. Costanzo et al. explain this via the fact
that the trophoblast cell fate commitment is the first to develop after the cleavage divisions of
the fertilized egg. The alternative cell fate to that of the trophoblast is the inner cell mass, which
is the paradigm of a totipotent cell population. High potency to differentiate into many possible
cell-type identities is also associated with very few repressive chromatin modifications. Costanzo
and colleagues argue that the trophoblast has these features because of its close developmental
relationship to the totipotent inner cell mass. Finally, demethylation and transposable element
activation can lead to higher mutation rates. In this context, it is interesting that Coorens et al.
(92) recently highlighted the extensive mutations that happen in the human placenta, including
even aneuploidy, similar to the high mutation loads in cancer.

A slightly different model arises from the detailed comparison of epigenomic profiles of mouse
extraembryonic tissues (ExEs) with those of human cancers (34). Although in the blastocyst the
inner cell mass and the trophoblasts are characterized by global hypomethylation, the subsequent
differentiation of the inner cell mass into the epiblast (leading to the embryo proper) and the ExE
leads to specific epigenomic features in the EXE that are shared with many cancer cells. During
epiblast—ExE differentiation, the EXE acquires hypermethylation of a subset of CpG islands. This
subset of CpG islands are found in promoter sequences that remain unmethylated in somatic
tissues. These promoters preferentially belong to developmentally regulated genes and thus seem
to be repressed by DNA methylation in the ExE. Interestingly, such a pattern has also been found
in many human cancers, suggesting a convergence of epigenetic regulation between placental and
cancer cells, specifically of developmental genes belonging to the Gata and Hox gene families (34).
In ExE, this methylation pattern is induced by FGF and Wnt signals, which is shedding light on
the role of these signaling pathways in cancer (93, 94).

To complement the models of Costanzo et al. (7) and Smith et al. (34), we note that the tro-
phoblast, as well as the differentiation between ExE and the embryo proper, as understood in
mouse and human embryology, is a eutherian or at most a therian novelty. As mentioned above,
in eutherian mammals, the first cell-fate decision after fertilization and cleavage divisions is that
between the trophoblast and inner cell mass (95). An embryo consisting of an inner cell mass
and a trophoblast is called a blastocyst. Next, the inner cell mass divides into an epi- and a hy-
poblast, which also give rise to additional ExEs, such as the amnion and yolk sac. Only then does
the embryo proper start to form. Already in marsupials, the sister taxon of eutherian mammals,
the early developmental stages are different (96-98). The opossum first forms a blastula-like stage
(i-e., a hollow ball of cells) without an inner cell mass and then segregates cells to populate the
inner space of the blastula. In nonmammalian amniotes, development follows a completely dif-
ferent schedule. There, the rudiments of the embryo proper develop immediately from the cells
produced during cleavage divisions, and the ExEs (amnion, chorion) come later from the yolk sac
material around the developing embryo. Hence, the outermost layer of fetal membranes is derived
from the embryonic ectoderm, whereas in eutherians, the trophoblast is never in continuity with
the embryonic ectoderm. We are not aware of molecular studies that investigate the identities
of the nonmammalian chorionic cells, but we anticipate that they might be very different from
eutherian trophoblast cells, given their different developmental histories. Hence, early eutherian
development resulted from a radical reorganization of the ancestral condition: a yolk-rich egg
with discoidal cleavage from which an embryo emerges and where the ExEs form gradually after
gastrulation and the start of somitogenesis of the embryo proper. In eutherians, ExEs form first,
and the embryo proper forms later.
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Based on the comparative embryological evidence outlined above, we must understand the
phrase “the origin of the eutherian placenta” as “the origin of the precocious segregation of the
extraembryonic cell lineages from the embryo,” and the trophoblast as a new cell type or cell-
type family (consisting of the cyto-trophoblast, syncytio-trophoblast, and extravillous trophoblast,
where they exist). The trophoblast cell-type family has strong similarities with cells under replica-
tive or DNA damage stress. One may speculate that the gene regulatory identity of trophoblast
cells may have evolved from modifying the replicative stress response network similar. If that is
the case, the origin of trophoblasts would fit into a growing pattern of evidence that shows that
other cell types also likely evolved from the co-option of stress response mechanisms. Examples
are the somatic cells of multicellular Volvox algae, the shaft cells of slime molds, the components
of the eye, and the decidual stromal cell of eutherian mammals (99-103).

In summary, a closer evaluation of the evolution of mammalian placentation suggests that the
situation in eutherians is not correctly characterized by referring to the “evolution of placenta-
tion,” because placentas of various forms have evolved in many vertebrate lineages (see 104, 105).
Rather, one must consider that the early eutherian embryo, the blastocyst, is unique among am-
niotes in being the product of a radical reorganization of early developmental events. The evidence
summarized above suggests that the evolutionary origin of the trophoblast and ExE cell lineages
may have advantaged tumor cells that were modified through the epigenetic modifications caused
by either the replicative stress response (7) or FGF/WNT signaling, as various studies (e.g., 34)
suggest. In addition, we must remember that reactivation of a trophoblast-like genetic program is
not an isolated example of cancer recruitment of developmental genes. This has also been docu-
mented for fetal genes, a process known as oncofetal gene expression (106, 107).

6. THE COEVOLUTION OF UTERINE AND CANCER-ASSOCIATED
STROMA

The process of embryo invasion into the maternal tissue and establishment of immune tolerance
is understood primarily as an interaction between trophoblast and maternal cells of the uterus and
the maternal immune system. Evolutionary changes in the fetal-maternal relationship can thus be
due to both changes in fetal trophoblast cells and evolutionary changes in maternal cell function.
Consequently, when considering evolutionary changes in the maternal—fetal relationship, we must
ask whether these changes are due to changes in trophoblast cells, or maternal cells interacting
with the embryo, or both. In the same vein, cancer progression is the result of an interaction
between the neo-plastic cells and the cells that form the cancer-associated stroma (108). Broadly
speaking, the cancer stroma, like the endometrial stroma of an implanting embryo, consists of
the host immune cells as well as fibroblasts. In the cancer stroma, the tissue fibroblasts assume
a special phenotype, called the cancer-associated fibroblast (CAF). In this section, we focus on
evolutionary changes in the maternal endometrial stroma and whether these evolutionary changes
have correlated effects on the tumor-associated stroma.

6.1. Evolutionary Changes in the Maternal Immune System

In the previous section on the co-option of trophoblast mechanisms by the tumor, we argued
that the evolutionary changes in the placenta most clearly related to the evolution of invasive
placentation are mechanisms that ensure the escape from maternal immune surveillance, such as
trophoblast suppression of HLA-A and -B gene expression. Other mechanisms mentioned above
include trophoblast expression of IDO and PDL1/CD274. However, the expression of both
IDO and PDL1 is part of a more comprehensive cell communication network that contributes
to immune tolerance toward the fetus, namely, the creation of a maternal immune environment
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dominated by extrathymic (i.e., peripheral) regulatory T cells (109). During embryo implantation,
pTreg cells in the uterus interact with invading trophoblast cells via kynurenine, thymic stromal
lymphopoietin (TSLIP), and galectin 1 (LGALS]I) to stabilize the pTreg population. In turn,
Treg cells sequester IL2 and thus prevent the local proliferation of proinflammatory Thl and
Th17 cells. Tolerogenic dendritic cells and uterine natural killer cells are recruited into the
immune-tolerant stroma by Treg cells via TGFb, IL10, kynurenine, and other signals.

The most convincing smoking gun showing that the evolution of cells of maternal origin is es-
sential for the evolution of invasive placentation is the evolution of pTreg cells active in the uterus
during pregnancy. These cells express the transcription factor FOXP3, a critically important Treg
cell-type identity factor. The expression of Foxp3 in the uterus depends on a cis-regulatory element
called CNS1 (conserved noncoding sequence 1), which, however, is dispensable for the develop-
ment of thymic Treg cells or pTreg cells in the digestive system (110). The existence of the CNS1
regulatory element is limited to eutherians, and thus plausibly evolved coincident with maternal
immune tolerance (38). In the cancer stroma, it is also the FOXP3* pTreg cells that contribute
to the immune-tolerant niche for the tumor, and their presence in the tumor stroma is associated
with worse patient outcomes (110-112). If these tumor-associated pTreg cells express FOXP3 via
the CNSI cis-regulatory element, it would be the most direct evidence that genetic elements that
evolved for the purpose of maternal immune tolerance toward the fetus have been co-opted for
the process of cancer progression. A PubMed search for “(Cancer) AND (FOXP3) AND (CNS1)”
did not yield papers that directly tested the involvement of CNSI in the development of cancer-
associated Treg cells. Nevertheless, the evolution of Foxp3 regulation via the evolutionary origin
of CNSI is the best evidence that maternal stromal cells evolved to create an immune-tolerant
environment for the fetus in the uterus, which likely also plays a role in cancer progression.

6.2. Evolutionary Changes in the Maternal Stromal Fibroblasts
(the ELI Hypothesis)

Another maternal innovation for accommodating an invasive placenta is the evolutionary origin of
the decidual stromal cell (DSC). The DSC differentiates from the endometrial stromal fibroblast
(ESF) of the uterus, under the influence of either progesterone alone during the secretory phase
of the menstrual cycle (apes and old-world monkeys) or signals from the implanting embryo in
addition to progesterone. The decidual cells are essential for pregnancy maintenance and regulate
the immune environment of the uterus, as well as the degree of placental invasiveness (30, 113,
114). Decidual cells exist only in eutherian mammals and thus likely evolved in the stem lineage
of eutherian mammals, coincident with the evolution of invasive placentation (51). Whether DSC
evolution has affected CAF biology is unknown currently. Is the transcriptional program for de-
cidualization replicated in the desmoplastic reaction in the tumor microenvironment? Our results
also indicate that DSCs resist EVT invasion more strongly than the undifferentiated ESF do,
suggesting that decidualization may have been a maternal adaptation to limit placental invasion
(36). However, whether these mechanisms are also deployed in cancer stroma is yet to be tested.
As mentioned in Section 3 on the evolution of mammalian placentation, the most recent com-
mon ancestor of eutherian mammals likely had an invasive hemochorial placenta (50-52). Within
the eutherian clade, however, several clades evolved a noninvasive placenta, most notably among
the hoofed animals like the cow, sheep, and pig, as well as horses and their relatives. This loss of
invasive placentation has been attributed to evolutionary changes in the endometrium, i.e., owing
to the evolution of the maternal tissue, rather than to the evolution of the trophoblast/placenta.
Two lines of evidence support this conclusion. On the one hand, ectopic embryos of the pig are
still invasive outside the uterus, even though, in the uterus, the placenta is not invasive (115).
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This shows that the pig placenta’s noninvasive nature is due to evolutionary changes in the en-
dometrium rather than in the trophoblast. The other line of evidence is based on in vitro tests of
invasibility, i.e., experiments that assess the degree to which endometrial stromal cell populations
are invaded by trophoblast cells (36) (Figure 2). Trophoblast cells placed next to endometrial
fibroblasts from the cow are unable to invade the lawn of cow ESF. In contrast, trophoblast cells
(from human or cow) placed next to human ESFs can readily invade. Hence, the in vivo difference
in terms of placental invasion is reproduced in an in vitro assay of endometrial fibroblast invasi-
bility, showing that the maternal tissue is responsible, at least in part, for the noninvasive nature
of the cow placenta. Species with less invasive placentas also have a less invasible endometrium.

The same study found that the invasibility of skin fibroblasts by cancer cells from the same
species (human and cattle) parallels that of the invasibility of the endometrial stromal cells. In
cattle, the skin fibroblasts are less readily invaded by melanoma cells than the skin fibroblasts of
humans. This finding explains, in part, the low malignancy rate found in cattle (35). In humans,
melanocytic lesions are highly likely to turn malignant (116), while in cattle very large melanocytic
lesions can be benign (117). Furthermore, manipulating the gene expression of human fibroblasts
to make them more similar to cattle cells makes human cells less invasible (36, 118). And a com-
parison of invasibility-regulating genes identified from comparison of several eutherian species
with different placental invasion showed them to be correlated to patient survival based on data
from the Tumor Cell Genome Atlas (37). These findings suggest that a systematic understanding
of differences in gene expression among species with differing placental phenotypes may aid in
identifying novel avenues of intervention to prevent malignancy in human patients.

The results of comparative studies of cells from the placental stroma and the cancer-associated
stroma show that both placentation and cancer progression result from interaction between the
invading cell population (trophoblast or cancer cells) and the surrounding stroma (see also 119
for EVT and 120 for cancer). This idea has been summarized in the ELI (Evolved Levels of
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Invasibility) hypothesis (36), which states that placental mammals evolved different levels of invasibility
of their uterine stroma due to maternal changes in the biology of the stromal cells and that these differences
bave pleiotropic effects on the likelibood of malignant progression. The prediction is that species with
less invasive placentas tend to be less vulnerable to malignant transformation (see Section 4.2
on species differences in malignancy rate). The ELI hypothesis implies that by comparing gene
expression and cell biology in cells from species with different placental phenotypes, we can
identify genes and mechanisms relevant for controlling disease progression in humans.

7. THE ROLE OF GENOMIC CONFLICT IN PLACENTA-CANCER
COEVOLUTION

Genomic conflict is considered a driving force of the evolution of reproductive mechanisms and
is also discussed in the context of the placenta—cancer coevolution (121-123). The core idea of
genomic conflict theory is that the fitness interests of the mother and those of the paternal part
of the fetal genome do not necessarily align. This theory is most successful in explaining parental
gene imprinting and has been reviewed and discussed extensively (124, 125). Nevertheless, the
mathematical theory of genomic conflict predicts that fetal-maternal conflict happens in only a
narrow range of maternal investment (126, 127). The use of conflict as an explanation for re-
productive phenomena therefore would critically require, in each instance, an argument showing
that the situation in question is indeed situated within this narrow range of parameters that lead
to genomic conflict. Uncritically assuming genomic conflict as the cause for every feature of the
reproductive process puts this theory in danger of becoming a new Panglossian paradigm, i.e., a
collection of just-so stories.

Genomic conflict can arise in mammalian evolution whenever there is a direct negotiation
between parent and offspring about the amount of resources invested in an offspring and thus is
linked to the placental mode of reproduction (or analogous situations in seed plants). Regulation
of invasiveness may be a site of conflict and is at the same time a process that might be co-opted
for cancer invasion. However, the body of evidence invoked in support of a role of genetic conflict
in the evolution of cancer risk can also be explained differently. Evolution of placental invasiveness
can affect cancer and malignancy rates (see Section 6) regardless of whether genomic conflict exists
in these cases.

8. CONCLUSIONS AND OPEN QUESTIONS

Although similarities between invasive placentation and cancer progression are noted widely in
the literature, a critical evolutionary evaluation shows that only a small subset of these similarities
can actually be explained by the evolutionary origin of the eutherian placenta or its subsequent
evolutionary modifications. The fundamental observation is that malignant cancers occur in all
multicellular forms of life, many hundreds of millions of years earlier than the evolution of mam-
malian placentation.

The best-supported links between cancer hallmarks and the evolution of eutherian placenta-
tion are (#) immune avoidance by trophoblast and cancer cells by suppressing the expression of
HLA-A and -B genes and the expression of HLA-C, -E and -G genes; (§) the evolution of mater-
nal tolerogenic peripheral regulatory T cells; and (¢) the evolution of maternal adaptations that
restrict or prevent trophoblast invasion with its pleiotropic effects on the host to prevent or limit
malignant cancer invasion. Of note, the evolution of placentation seems to contribute to both pro-
and anti-malignancy mechanisms, and the role of maternal adaptations is equally important to the
evolutionary contributions of the trophoblast.
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A systematic review of the evolution of placentation in mammals suggests potential avenues
of coevolution with cancer biology that, to our knowledge, have not been explored. These are
the questions of (#) whether evolutionary changes in uterine inflammatory processes during em-
bryo implantation have affected the nature of the inflammatory processes at the tumor niche;
(&) whether the evolution of the decidual cell type has affected the nature of the CAFs; (¢) whether
the evolution of highly invasive EV'Ts has changed the invasiveness of cancer cells compared with
cancers from species without EV'TS; and (d) whether cancer cells from nonmammalian gnathos-
tomes can immune-edit the host immune response. Answering these questions will require com-
paring the molecular cell biologies of nonmammalian and mammalian cancers to assess whether
placental evolution affected mammalian cancer biology. Unfortunately, little effort has been ex-
pended to understand the cell biology of nonmammalian cancers. However, a carefully conducted
comparative study of cancers and placentas over a wide taxonomic range could lead to a deeper
understanding of the human vulnerability to cancer malignancy and identify mechanisms that may
be targeted for therapeutic intervention.

DISCLOSURE STATEMENT

The authors are not aware of any affiliations, memberships, funding, or financial holdings that
might be perceived as affecting the objectivity of this review.

ACKNOWLEDGMENTS

The support for research into the evolution of cancer malignancy by the National Cancer Institute
is gratefully acknowledged (U54-CA209992).

LITERATURE CITED

1. Albuquerque TAF, Drummond do Val L, Doherty A, de Magalhaes JP. 2018. From humans to hydra:
patterns of cancer across the tree of life. Biol. Rev. 93:1715-34
2. Akdpis CA, Boddy AM, Jansen G, Hibner U, Hochberg ME, et al. 2015. Cancer across the tree of life:
cooperation and cheating in multicellularity. Philos. Trans. R. Soc. Lond. B 370(1673):20140219
3. Blackburn DG, Flemming AF. 2009. Morphology, development, and evolution of fetal membranes and
placentation in squamate reptiles. 7. Exp. Zool. B 312:579-89
4. Stewart JR, Blackburn DG. 2015. Viviparity and placentation in lizards. In Reproductive Biology and Phy-
logeny of Lizards and Tuatara, ed. JL Rheubert, DS Siegel, SE Trauth, pp. 448-563. Boca Raton, FL:
CRC
5. Van Dyke JU, Brandley MC, Thompson MB. 2014. The evolution of viviparity: Molecular and genomic
data from squamate reptiles advance understanding of live birth in amniotes. Reproduction 147:R15-26
6. Ross CA. 2015. The trophoblast model of cancer. Nutr: Cancer 67:61-67
7. Costanzo V, Bardelli A, Siena S, Abrignani S. 2018. Exploring the links between cancer and placenta
development. Open. Biol. 8:180081
8. Piechowski J. 2019. Plausibility of trophoblastic-like regulation of cancer tissue. Cancer Manag. Res.
11:5033-46
9. Manzo G. 2019. Similarities between embryo development and cancer process suggest new strategies
for research and therapy of tumors: a new point of view. Front. Cell Dev. Biol. 7:20
10. Lala PK, Nandi P, Hadi A, Halari C. 2021. A crossroad between placental and tumor biology: What
have we learnt? Placenta. In press. https://doi.org/10.1016/j.placenta.2021.03.003
11. Ferretti C, Bruni L, Dangles-Marie V, Pecking AP, Bellet D. 2007. Molecular circuits shared by pla-
cental and cancer cells, and their implications in the proliferative, invasive and migratory capacities of
trophoblasts. Hum. Reprod. Update 13:121-41
12. Murray MJ, Lessey BA. 1999. Embryo implantation and tumor metastasis: common pathways of invasion
and angiogenesis. Semin. Reprod. Endocrinol. 17:275-90

Wagner et al.


https://doi.org/10.1016/j.placenta.2021.03.003

13.

14.

15.

16.

17.

18.

19.
20.

21.

22.

23.

24.

25.

26.

27.

28.
29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Perry J, Lins R, Lobie P, Mitchell M. 2010. Regulation of invasive growth: Similar epigenetic mecha-
nisms underpin tumor progression and implantation in human pregnancy. Clin. Sci. 118:451-57
Seluanov A, Gladyshev VN, Vijg J, Gorbunova V. 2018. Mechanisms of cancer resistance in long-lived
mammals. Naz. Rev. Cancer 18:433-41

Caulin AF, Maley CC. 2011. Peto’s paradox: evolution’s prescription for cancer prevention. Tiends Ecol.
Evol. 26:175-82

Salazar-Bafiuelos A. 2019. A mathematical solution to Peto’s paradox using Polya’s urn model: implica-
tions for the aetiology of cancer in general. Theory Biosci. 138:241-50

Sulak M, Fong L, Mika K, Chigurupati S, Yon L, et al. 2016. TP53 copy number expansion is associated
with the evolution of increased body size and an enhanced DNA damage response in elephants. eLife
5:e11994

Bubanovic I, Najman S. 2004. Failure of anti-tumor immunity in mammals—evolution of the hypothesis.
Acta Biotheor. 52:57-64

Buss LW. 1987. The Evolution of Individuality. New York: Columbia Univ. Press

Nedelcu AM. 2020. The evolution of multicellularity and cancer: views and paradigms. Biochem. Soc.
Trans. 48:1505-18

Frank SA. 2007. Dynamics of Cancer: Incidence, Inberitance and Evolution. Princeton, NJ: Princeton Univ.
Press

Boddy AM, Harrison TM, Abegglen LM. 2020. Comparative oncology: new insights into an ancient
disease. iScience 23:101373

Enriquez-Navas PM, Wojtkowiak JW, Gatenby RA. 2015. Application of evolutionary principles to
cancer therapy. Cancer Res. 75:4675-80

Peto R, Roe FJ, Lee PN, Levy L, Clack J. 1975. Cancer and ageing in mice and men. Br: 7. Cancer
32:411-26

Caulin AF, Graham TA, Wang LS, Maley CC. 2015. Solutions to Peto’s paradox revealed by mathemat-
ical modelling and cross-species cancer gene analysis. Philos. Trans. R. Soc. Lond. B 370(1673):20140222
Chiari Y, Glaberman S, Lynch V]J. 2018. Insights on cancer resistance in vertebrates: reptiles as a parallel
system to mammals. Naz. Rev. Cancer 18:525

Nunney L, Maley CC, Breen M, Hochberg ME, Schiffman JD. 2015. Peto’s paradox and the promise of
comparative oncology. Philos. Trans. R. Soc. Lond. B 370(1673):20140177

Dvorak HF. 2015. Tumors: wounds that do not heal—redux. Cancer Immunol. Res. 3:1-11

Nancy P, Siewiera J, Rizzuto G, Tagliani E, Osokine I, et al. 2018. H3K27me3 dynamics dictate evolving
uterine states in pregnancy and parturition. 7. Clin. Investig. 128:233-47

Soares MJ, Varberg KM, Iqbal K. 2018. Hemochorial placentation: development, function, and adapta-
tions. Biol. Reprod. 99:196-211

Mor G, Cardenas I, Abrahams V, Guller S. 2011. Inflammation and pregnancy: the role of the immune
system at the implantation site. Ann. N.Y. Acad. Sci. 1221:80-87

Dekel N, Gnainsky Y, Granot I, Racicot K, Mor G. 2014. The role of inflammation for a successful
implantation. Am. . Reprod. Immunol. 72:141-47

Stadtmauer DJ, Wagner GP. 2020. Cooperative inflammation: the recruitment of inflammatory signaling
in marsupial and eutherian pregnancy. 7. Reprod. Immunol. 137:102626

Smith ZD, Shi J, Gu H, Donaghey ], Clement K, et al. 2017. Epigenetic restriction of extraembryonic
lineages mirrors the somatic transition to cancer. Nature 549:543-47

D’Souza AW, Wagner GP. 2014. Malignant cancer and invasive placentation: a case for positive
pleiotropy between endometrial and malignancy phenotypes. Evol. Med. Public Health 2014:136-45
Kshitiz K, Afzal J, Maziarz JD, Hamidzadeh A, Liang C, et al. 2019. Evolution of placental invasion and
cancer metastasis are causally linked. Naz. Ecol. Evol. 3:1743-53

Suhail Y, Afzal J, Kshitiz. 2021. Evolved resistance to placental invasion secondarily confers increased
survival in melanoma patients. 7. Clin. Med. 10(4):595

Samstein RM, Arvey A, Josefowicz SZ, Peng X, Reynolds A, et al. 2012. Foxp3 exploits a pre-existent
enhancer landscape for regulatory T cell lineage specification. Cell 151:153-66

Griffiths M. 1978. The Biology and Monotremes. San Diego, CA: Academic

www.annualyeviews.org o Placenta—Cancer Coevolution

275



276

40.

41.
42.

43.
. Hansen VL, Faber LS, Salehpoor AA, Miller RD. 2017. A pronounced uterine pro-inflammatory re-

45.
46.

47.
48.

49.
50.
51.
52.
53.
54.
55.
56.
57.
58.
59.
60.
61.
62.
63.
64.
65.
66.
67.

68.
69.

Grosser O. 1909. Vergleichende Anatomie und Entwicklungsgeschichte der Eibiute und der Placenta. Vienna:
W. Braumiiller

Mossman HW. 1987. Vertebrate Fetal Membranes. New Brunswick, NJ: Rutgers Univ. Press

Griffith OW, Chavan AR, Protopapas S, Maziarz ], Romero R, Wagner GP. 2017. Embryo implantation
evolved from an ancestral inflammatory attachment reaction. PNAS 114:E6566-E75

Selwood L. 2000. Marsupial egg and embryo coats. Cells Tissues Organs 166:208-19

sponse at parturition is an ancient feature in mammals. Proc. Biol. Sci. 284(1865):20171694

Griffith OW, Chavan AR, Pavlicev M, Protopapas S, Callahan R, et al. 2019. Endometrial recognition of
pregnancy occurs in the grey short-tailed opossum (Monodelphis domestica). Proc. Biol. Sci. 286:20190691
Enders AC, Enders RK. 1969. The placenta of the four-eye opossum (Philander opossum). Anat. Rec.
165:431-49

Hughes RL. 1974. Morphological studies on implantation in marsupials. 7. Reprod. Fertil. 39:173-86
Tyndale-Biscoe CH, Renfree MB. 1987. Reproductive Physiology of Marsupials. Cambridge, UK:
Cambridge Univ. Press

Nilsson MA, Churakov G, Sommer M, Tran NV, Zemann A, et al. 2010. Tracking marsupial evolution
using archaic genomic retroposon insertions. PLOS Biol. 8:1000436

Wildman DE, Chen C, Erez O, Grossman LI, Goodman M, Romero R. 2006. Evolution of the mam-
malian placenta revealed by phylogenetic analysis. PNAS 103:3203-8

Mess A, Carter AM. 2006. Evolutionary transformation of fetal membrane characters in Eutheria with
special reference to Afrotheria. 7. Exp. Zool. Part. B 306B(2):140-63

Elliot MG, Crespi B]. 2009. Phylogenetic evidence for early hemochorial placentation in Eutheria.
Placenta 30:949-67

Priester WA, Mantel N. 1971. Occurrence of tumors in domestic animals. Data from 12 United States
and Canadian colleges of veterinary medicine. 7. Natl. Cancer Inst. 47:1333-44

Effron M, Griner L, Benirschke K. 1977. Nature and rate of neoplasia found in captive wild mammals,
birds, and reptiles at necropsy. 7. Natl. Cancer Inst. 59:185-98

Ratcliffe HL. 1933. Incidence and nature of tumors in captive wild mammals and birds. Am. 7. Cancer
17:116-35

Boddy AM, Abegglen LM, Pessier AP, Aktipis A, Schiffman JD, et al. 2020. Lifetime cancer prevalence
and life history traits in mammals. Evol. Med. Public Health 2020(1):187-95

Shepard A, Kissil JL. 2020. The use of non-traditional models in the study of cancer resistance—the
case of the naked mole rat. Oncogene 39:5083-97

Delaney MA, Ward JM, Walsh TF, Chinnadurai SK, Kerns K, et al. 2016. Initial case reports of cancer
in naked mole-rats (Heterocephalus glaber). Vet. Pathol. 53:691-96

Wagner GP, Kshitiz, Levchenko A. 2020. Comments on Boddy et al. 2020: Available data suggest posi-
tive relationship between placental invasion and malignancy. Evol. Med. Public Health 2020(1):211-14
Liu Y, Fan X, Wang R, Lu X, Dang YL, et al. 2018. Single-cell RNA-seq reveals the diversity of tro-
phoblast subtypes and patterns of differentiation in the human placenta. Ce// Res. 28:819-32

Jiang T, Shi T, Zhang H, Hu J, Song Y, et al. 2019. Tumor neoantigens: from basic research to clinical
applications. 7. Hematol. Oncol. 12:93

Louwen F, Muschol-Steinmetz C, Reinhard J, Reitter A, Yuan J. 2012. A lesson for cancer research:
placental microarray gene analysis in preeclampsia. Oncotarget 3:759-73

Wilson RL, Jones HN. 2021. Targeting the dysfunctional placenta to improve pregnancy outcomes
based on lessons learned in cancer. Clin. Ther. 43:246-64

West RC, Bouma GJ, Winger QA. 2018. Shifting perspectives from “oncogenic” to oncofetal proteins:
how these factors drive placental development. Reprod. Biol. Endocrinol. 16:101

Hanahan D, Weinberg RA. 2000. The hallmarks of cancer. Cel/ 100:57-70

Cooper EL. 1985. Comparative immunology. Amz. Zool. 25:649-64

Boehm T, Swann JB. 2014. Origin and evolution of adaptive immunity. Annu. Rev. Anim. Biosci. 2:259-83
Ruben LN, Clothier RH, Balls M. 2007. Cancer resistance in amphibians. Altern. Lab. Anim. 35:463-70
Chavan AR, Griffith OW, Wagner GP. 2017. The inflammation paradox in the evolution of mammalian
pregnancy: turning a foe into a friend. Curr. Opin. Genet. Dev. 47:24-32

Wagner et al.



70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.
94.

Chavan AR, Griffith OW, Stadtmauer DJ, Maziarz J, Pavlicev M, et al. 2021. Evolution of embryo
implantation was enabled by the origin of decidual stromal cells in eutherian mammals. Mol. Biol. Evol.
38:1060-74

Carter AM, Enders AC. 2004. Comparative aspects of trophoblast development and placentation. Reprod.
Biol. Endocrin. 2:46

Chavan AR, Wagner GP. 2016. The fetal-maternal interface of the nine-banded armadillo: Endothelial
cells of maternal sinus are partially replaced by trophoblast. Zool. Lett. 2:11

Enders AC. 1960. Development and structure of the villous haemochorial placenta of the nine-banded
armadillo (Dasypus novemcinctus). 7. Anat. 94:34-45

Velicky P, Knofler M, Pollheimer J. 2016. Function and control of human invasive trophoblast subtypes:
intrinsic versus maternal control. Cel/ Adh. Migr: 10:154-62

Albrecht ED, Pepe GJ. 2020. Regulation of uterine spiral artery remodeling: a review. Reprod. Sci.
27:1932-42

Dunleavey JM, Dudley AC. 2012. Vascular mimicry: concepts and implications for anti-angiogenic ther-
apy. Curv: Angiogenes 1:133-38

Vander Heiden MG, Cantley LC, Thompson CB. 2009. Understanding the Warburg effect: the
metabolic requirements of cell proliferation. Science 324:1029-33

Flint TR, Jones JO, Ferrer M, Colucci F, Janowitz T. 2018. A comparative analysis of immune privilege
in pregnancy and cancer in the context of checkpoint blockade immunotherapy. Semzin. Oncol. 45:170-75
Ferreira LMR, Meissner TB, Tilburgs T, Strominger JL. 2017. HLA-G: at the interface of maternal-
fetal tolerance. Tiends Immunol. 38:272-86

Durr S, Kindler V. 2013. Implication of indolamine 2,3 dioxygenase in the tolerance toward fetuses,
tumors, and allografts. 7. Leukoc. Biol. 93:681-87

Zhang YH, Sun HX. 2020. Immune checkpoint molecules in pregnancy: focus on regulatory T cells.
Eur. 7. Immunol. 50:160-69

Stadtmauer DJ, Wagner GP. 2020. The primacy of maternal innovations to the evolution of embryo
implantation. Integr. Comp. Biol. 60:742-52

Munn DH, Zhou M, Attwood JT, Bondarev I, Conway SJ, et al. 1998. Prevention of allogeneic fetal
rejection by tryptophan catabolism. Science 281:1191-93

Mellor AL, Munn DH. 2001. Tryptophan catabolism prevents maternal T cells from activating lethal
anti-fetal immune responses. 7. Reprod. Immunol. 52:5-13

Sedlmayr P, Blaschitz A. 2012. Placental expression of indoleamine 2,3-dioxygenase. Wien. Med.
Wochenschr. 162:214-19

Munn DH, Mellor AL. 2007. Indoleamine 2,3-dioxygenase and tumor-induced tolerance. 7. Clin.
Investig. 117:1147-54

Uyttenhove C, Pilotte L, Theate I, Stroobant V, Colau D, et al. 2003. Evidence for a tumoral im-
mune resistance mechanism based on tryptophan degradation by indoleamine 2,3-dioxygenase. Nat.
Med. 9:1269-74

Opitz CA, Litzenburger UM, Sahm F, Ott M, Tritschler I, et al. 2011. An endogenous tumour-
promoting ligand of the human aryl hydrocarbon receptor. Nature 478:197-203

Sabapatha A, Gercel-Taylor C, Taylor DD. 2006. Specific isolation of placenta-derived exosomes from
the circulation of pregnant women and their immunoregulatory consequences. Anz. 7. Reprod. Immunol.
56:345-55

Schust DJ, Bonney EA, Sugimoto J, Ezashi T, Roberts RM, et al. 2021. The immunology of syncytialized
trophoblast. Int. 7. Mol. Sci. 22(4):1767

Hauer MH, Gasser SM. 2017. Chromatin and nucleosome dynamics in DNA damage and repair. Genes
Dev. 31:2204-21

Coorens THH, Oliver TRW, Sanghvi R, Sovio U, Cook E, etal. 2021. Inherent mosaicism and extensive
mutation of human placentas. Nature 592:80-85

Zhan T, Rindtorff N, Boutros M. 2017. Wnt signaling in cancer. Oncogene 36(11):1461-73

Xie Y, Su N, Yang ], Tan Q, Huang S, et al. 2020. FGF/FGFR signaling in health and disease. Signal
Transduct. Target Ther. 5:181

www.annualyeviews.org o Placenta—Cancer Coevolution

277



278

95.
96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

Carlson BM. 2014. Human Embryology and Developmental Biology. Philadelphia: Elsevier

Selwood L, Johnson MH. 2006. Trophoplast and hypoblast in the monotreme, marsupial and eutherian
mammal: evolution and origins. BioEssays 28:128-45

Morrison JT, Bantilan NS, Wang VN, Nellett KM, Cruz YP. 2013. Expression patterns of Oct4, Cdx2,
Tead4, and Yap1 proteins during blastocyst formation in embryos of the marsupial, Monodelphis domestica
Wagner. Evol. Dev. 15:171-85

Niwa H, Sekita Y, Tsend-Ayush E, Grutzner F. 2008. Platypus PouSf1 reveals the first steps in the evo-
lution of trophectoderm differentiation and pluripotency in mammals. Evol. Dev. 10:671-82
Erkenbrack EM, Maziarz JD, Griffith OW, Liang C, Chavan AR, et al. 2018. The mammalian decidual
cell evolved from a cellular stress response. PLOS Biol. 16:¢2005594

Wagner GP, Erkenbrack EM, Love AC. 2019. Stress-induced evolutionary innovation: a mechanism for
the origin of cell types. BioEssays 41:¢1800188

Nedelcu AM, Michod RE. 2020. Stress responses co-opted for specialized cell types during the early
evolution of multicellularity: The role of stress in the evolution of cell types can be traced back to the
early evolution of multicellularity. BioEssays 42:¢2000029

Schaap P. 2021. From environmental sensing to developmental control: cognitive evolution in dic-
tyostelid social amoebas. Philos. Trans. R. Soc. Lond. B 376:20190756

Swafford AJM, Oakley TH. 2019. Light-induced stress as a primary evolutionary driver of eye origins.
Integr: Comp. Biol. 59:739-50

Ramsey EM. 1982. The Placenta: Human and Animal. Santa Barbara, CA: Praeger Inc.

Wooding FBP, Burton GJ. 2008. Comparative Placentation. Berlin/Heidelberg, Ger.: Springer
Boyerinas B, Park SM, Shomron N, Hedegaard MM, Vinther ], et al. 2008. Identification of let-7—
regulated oncofetal genes. Cancer Res. 68:2587-91

Erenpreisa J, Salmina K, Anatskaya O, Cragg MS. 2020. Paradoxes of cancer: survival at the brink. Sezin.
Cancer Biol. In press. https://doi.org/10.1016/j.semcancer.2020.12.009

Gascard P, Tlsty TD. 2016. Carcinoma-associated fibroblasts: orchestrating the composition of malig-
nancy. Genes Dev. 30:1002-19

Robertson SA, Care AS, Moldenhauer LM. 2018. Regulatory T cells in embryo implantation and the
immune response to pregnancy. 7. Clin. Investig. 128:4224-35

Wing JB, Tanaka A, Sakaguchi S. 2019. Human FOXP3* regulatory T cell heterogeneity and function
in autoimmunity and cancer. Immunity 50:302-16

Kobayashi N, Hiraoka N, Yamagami W, Ojima H, Kanai Y, et al. 2007. FOXP3* regulatory T cells
affect the development and progression of hepatocarcinogenesis. Clin. Cancer Res. 13:902-11

Saleh R, Elkord E. 2020. FoxP3™" T regulatory cells in cancer: prognostic biomarkers and therapeutic
targets. Cancer Lett. 490:174-85

Gellersen B, Brosens JJ. 2014. Cyclic decidualization of the human endometrium in reproductive health
and failure. Endocr: Rev. 35:851-905

Knofler M, Haider S, Saleh L, Pollheimer J, Gamage T, James J. 2019. Human placenta and trophoblast
development: key molecular mechanisms and model systems. Ce/l. Mol. Life Sci. 76:3479-96

Samuel CA, Perry JS. 1972. The ultrastructure of pig trophoblast transplanted to an ectopic site in the
uterine wall. 7 Anat. 113:139-49

Rastrelli M, Tropea S, Rossi CR, Alaibac M. 2014. Melanoma: epidemiology, risk factors, pathogenesis,
diagnosis and classification. In Vivo 28:1005-11

Pandey MK, Tripathi RM, Tripathi SM, Raghuvasnshi PDS, Gupta N. 2016. Benign melanocytoma in
a non-descript cow: a case report. Indian J. Anim. Res. 50(4):632-33

Novin A, Suhail Y, Ajeti V, Goyal R, Wali K, etal. 202 1. Diversity in cancer invasion phenotypes indicates
specific stroma regulated programs. Husm. Cell 34:111-21

Pollheimer J, Vondra S, Baltayeva ], Beristain AG, Knofler M. 2018. Regulation of placental extravillous
trophoblasts by the maternal uterine environment. Front. Immunol. 9:2597

Sahai E, Astsaturov I, Cukierman E, DeNardo DG, Egeblad M, et al. 2020. A framework for advancing
our understanding of cancer-associated fibroblasts. Nat. Rev. Cancer 20:174-86

Summers K, da Silva J, Farwell M. 2002. Intragenomic conflict and cancer. Med. Hypotheses 59:170-79

Wagner et al.


https://doi.org/10.1016/j.semcancer.2020.12.009

122.

123.

124.
125.
126.
127.

Crespi BJ, Summers K. 2006. Positive selection in the evolution of cancer. Biol. Rev. Cambridge Philos.
Soc. 81:407-24

Haig D. 2015. Maternal-fetal conflict, genomic imprinting and mammalian vulnerabilities to cancer.
Philos. Trans. R. Soc. Lond. B 370(1673):20140178

Haig D. 1993. Genetic conflicts in human pregnancy. Q. Rev. Biol. 68:495-532

Michod RE, Roze D. 2001. Cooperation and conflict in the evolution of multicellularity. Heredity 86:1-7
Trivers RL. 1974. Parent-offspring conflict. Am. Zool. 14:249-64

Haig D.2015. Fertile soil or no man’s land: cooperation and conflict in the placental bed. In Placental Bed
Disorders: Basic Science and Its Translation to Obstetrics, ed. R Rijneborg, I Brosens, R Romero, pp. 165-73.
Cambridge, UK: Cambridge Univ. Press

www.annualyeviews.org o Placenta—Cancer Coevolution

279



