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Among eutherian (placental) mammals, placental embedding into
the maternal endometrium exhibits great differences, from being
deeply invasive (e.g., humans) to noninvasive (e.g., cattle). The
degree of invasion of placental trophoblasts is positively corre-
lated with the rate of cancer malignancy. Previously, we have
shown that fibroblasts from different species offer different levels
of resistance to the invading trophoblasts as well as to cancer cell
invasion. Here we present a comparative genomic investigation
revealing cis-regulatory elements underlying these interspecies
differences in invasibility. We identify transcription factors that
regulate proinvasibility and antiinvasibility genes in stromal cells.
Using an in vitro invasibility assay combined with CRISPR-Cas9
gene knockout, we found that the transcription factors GATA2
and TFDP1 strongly influence the invasibility of endometrial and
skin fibroblasts. This work identifies genomic mechanisms explain-
ing species differences in stromal invasibility, paving the way to
therapies targeting stromal characteristics to regulate placental
invasion, wound healing, and cancer dissemination.
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C ollective epithelial invasion into the stromal compartment is a
recurrent phenomenon in physiology (e.g., placentation) and
pathology (tumor dissemination). The stroma has long been con-
sidered as a passive barrier which must be breached by cancer cells
as the first step toward the transformation of a benign tumor into
a metastatic disease (1). Invasion of fetal trophoblasts into the
maternal endometrium has been similarly studied as a phenome-
non with trophoblast being the active participant. We have recently
shown that the endometrial stromal fibroblasts (ESFs) are key reg-
ulators of trophoblast invasion, explaining species differences in
placentation among mammals (2). The extent of placental invasion
and the rate of cancer malignancy are correlated among mammals,
suggesting that evolutionary changes in endometrial regulation of
placental invasion may be mechanistically linked to stromal control
of cancer dissemination (3, 4). In this paper we aim to identify
some of the genetic factors that underlie species differences in the
invasibility of endometrial and skin stroma.

Placentation presents a remarkable phenotypic diversity
between different eutherian (placental) mammals (5). This varia-
tion is often attributed to the fact that placentation involves the
interaction of genetically distinct maternal and fetal tissues
(6-8). The maternal-fetal interface is classified by the depth of
invasion into the endometrium as epitheliochorial (e.g., cattle
and dugong), endotheliochorial (e.g., dogs, cats, and other carni-
vores), and hemochorial (e.g., humans and other primates, and
rodents) (9-11). The rate of malignancy in melanoma is much
lower in species with epitheliochorial placentation (e.g., cows
and horses) vs. those with hemochorial placentation (e.g.,
humans and rodents) (3, 4). This interspecies diversity of inva-
sion presents opportunities to delineate molecular mechanisms
that control stromal reactions to invasion.
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For long, it was posited that the higher stromal invasion
during hemochorial placentation (including in humans) is due
to higher invasive capability of placental trophoblasts (12, 13).
Genomically informed ancestral state reconstruction showed,
however, that epitheliochorial placentation has evolved more
recently from the ancestral hemochorial placentation, which is
present in the stem lineage of eutherian mammals (10, 14,
15). We have hypothesized and experimentally validated that
the evolution of epitheliochorial placentation is in part the
result of stromal fibroblasts evolving increased resistance to
invasion by placental trophoblasts (2). This hypothesis,
termed the evolved levels of invasibility (ELI), posits that stro-
mal invasibility itself is an evolving phenotype, resulting in
higher resistance to trophoblast invasion within bovines (and
likely other species with epitheliochorial placentation). The
ELI model also assumes that evolution of endometrial resis-
tance to invasion can have pleiotropic effects on stromal cells
in the rest of the body. A consequence of lower invasibility in
other stromal tissues is limited cancer dissemination (Fig. 14)
(2, 16). Species differences in stromal invasibility, therefore,
present an attractive model to explore mechanisms which
influence stromal invasibility in pregnancy, as well as in cancer
dissemination.

Significance

Cellular invasion into adjacent tissue is observed in preg-
nancy, where the fetal placenta invades the mother’'s endo-
metrium, and in cancer, where tumor dissemination into
stroma is a necessary step before metastasis. The behavior
of the surrounding tissue, and its role in either facilitating or
resisting this invasion, has not been as deeply studied as the
role of the invading cells. The degree of placental invasion
into the endometrium varies significantly between different
eutherian mammals. Having previously shown that the
endometrium of different mammals is significantly responsi-
ble for these differences, we identify cis-regulatory elements
underlying these differences and show the functional effect
of the corresponding transcriptional factors in regulating
invasion.
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Fig. 1. Modeling the genomic basis of interspecies expression differences using cis-regulatory elements. (A) lllustration showing the observation that pla-
cental invasibility and cancer malignancy are inversely related, along the epitheliochorial to hemochorial axis. (B) Schematic showing the gain and loss of
binding sites in the promoter regions of a given gene in different species and its effect on gene expression. p is a coefficient estimating the extent of
effect gain of a binding site has on gene expression. (C) The distribution of P values for individual TFBS motifs, when fit using the model described in B
where occurrence is tested for an effect on interspecies gene expression differences. The overrepresentation of low P values beyond the distribution
expected by chance (red line) is evidence of a real effect. (D) Histogram for the effect size (beta) found for different TFBS motifs that were found to be
statistically significant (FDR < 0.05). Beta represents the amount the scaled (square root of TPM) expression changes with one binding site, on average.
Positive beta implies an enhancer effect, while negative beta implies a repressor effect on gene expression of downstream genes. (E) TFs whose putative
binding sites affect the variation in expression across selected eutherian species. Each point represents a single TF binding motif. The statistical signifi-
cance is plotted in terms of the FDR on the y axis, while the effect size beta (increase or decrease in expression) for additional binding sites is plotted on
the x axis. Statistically significant motifs are labeled in green. (F) Illustration of the effect of downstream effect of MGA binding sites on the expression of
individual genes. Here each point represents a gene whose expression was independently tested for a linear relationship to the number of binding MGA
binding sites. The gene-specific effect size (beta) and significance (FDR) are plotted on the x and y axes, respectively. (G) Distribution of the number of
binding site motifs matched in the promoter regions of genes in different species, shown here for the MGA binding site motif. (H) lllustration of the
effect of MGA binding sites on the expression of LRCH3, across different species listed in the order of placental invasiveness. (/) The R-squared (fraction of
variance explained) for the most statistically significant TFs affecting global ESF gene expression across species. The colors correspond to the effect size,
with blue for an overall increase of gene expression with the particular TF binding in its promoter region and orange for an overall decreasing effect for
additional binding.
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In this paper, we identify genes whose expression in endome-
trial fibroblasts is correlated with placenta phenotype (ELI
genes). We then characterize the gain or loss of transcription
factor (TF) binding sites (TFBSs) in the promoter region of
ELI genes to explain the variation in gene expression between
these species. We found that differences in TFBS number could
explain a many times higher fraction of variance in gene expres-
sion for ELI genes compared to other genes. We also found
candidate TFs which antagonistically act as potential enhancers
of proinvasibility genes and repressors of antiinvasibility genes
across eutherians and vice versa. Finally, we experimentally
show that GATA2 and TFDP1 control the capacity of stromal
fibroblasts to resist invasion. CRISPR-based knockout (KO) of
these TFs in stromal cells not only results in decreased invasi-
bility of endometrial and skin fibroblasts by trophoblast or mel-
anoma cells, but also changes the migratory characteristics of
the invading cells, without any manipulation to the invading
trophoblasts or melanoma cells themselves. Our work high-
lights the importance of stromal biology in regulating tissue
invasion in placentation and cancer and presents genes driving
the evolution of stromal resistance to invasion, with implica-
tions for personalized cancer medicine, wound healing, and
pregnancy.

Results

TFBS Abundance Is Correlated with Gene Expression. The ELI
hypothesis states that bovine (and other epitheliochorial) stro-
mal fibroblasts have evolved to be more resistant to trophoblast
invasion and that endometrial invasibility also is correlated
with susceptibility to cancer malignancy between species (2)
(Fig. 14). In this study, we use ESFs from nine species with
invasive and noninvasive placentation (Fig. 14). We use a linear
regression model to estimate the extent to which cis-regulatory
TFBS numbers could statistically explain gene expression dif-
ferences across species (Fig. 1B). Using gene expression quanti-
fied as transcripts per million (TPM), of 8,639 genes with 1-1
orthology among our species sample, we first calculated their
square root TPM values to decrease the influence of extremely
high expression values. We then subtracted the gene-wise mean
sqrt(TPM) across all species from the square root of the species
specific sqrt(TPM). This scaled expression measure was fit to a
linear model with the number of TFBSs in promoter regions as
the predictor variable.

Regressing the TFBS number for 572 TFs for which consen-
sus binding site motifs are available in the JASPAR database
(17), we identified 187 TFs at a false discovery rate (FDR) less
than 0.05, which could explain a significant portion of the inter-
species differences in gene expression in endometrial stromal
cells (Fig. 1C). A large fraction of TFBSs statistically influence
interspecies gene expression variation, indicating that the gene
expression profile of endometrial stromal cells has evolved, in
part, through changes in cis-regulatory elements (Fig. 1C).

We found that B, the regression coefficient describing the
extent to which TFBS abundance could explain variation in
gene expression, was positive for most TFs (Fig. 1D). A positive
p indicates that the gain of TFBS is correlated with increased
expression of the target gene, suggesting that most TFs acted as
positive regulators of gene expression (i.e., activating TFs) in
ESFs. The range of p values was similar for positive and nega-
tive regression coefficients (Fig. 1D). We found that for many
TFs, |B| was above 0.025 for the whole transcriptome, with high
significance (FDR < 1072%) (Fig. 1E and Dataset S1). Notably,
averaged p over all genes did not reflect the large effect a single
TF may have on the expression of individual genes (Fig. 1 E
and F). For example, the regression coefficient |B| for the TF
MGA could be 20 times higher for some genes than the aver-
age B over all genes, demonstrating specificity for particular
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target genes (Fig. 1F). The interspecies distribution of the num-
ber of binding sites for the same TF for all genes showed that
enrichment for specific TFBS was high for a small number of
genes among hemochorial species (Fig. 1G). As an example,
Fig. 1H shows the expression of the target gene LRCH3, as a
function of the number of binding sites for MGA.

Line NoWe then identified the top TFs with the highest R?
values (Fig. 17). These TFs consisted of various nuclear receptors
including NR2F®6, a steroid receptor which is also a repressor of
IL17, the Estrogen Receptor ESR1, as well as SREBF]1, the sterol
regulatory element binding TF 1 (18). NR2F6 coregulates and
inhibits thyroid receptor (19) and oxytocin receptor (OXTR) (20,
21), while ESR1 directly regulates OXTR expression (22) and is
considered essential for uterine receptivity and endometrial
decidualization (23, 24). In addition, among the top candidates an
important factor with a negative f value was FOXA2, the Fork-
head Box A2, an essential TF for fertility and uterine function
(25, 26). In addition, other top TFs with high p values were Max
Dimerization Protein MGA, a negative regulator of MYC path-
way and implicated in endometrial cancers (27, 28), and PAXS is
involved in gene regulation in many tissues. Overall, we found
that differences in TFBS numbers could explain variation in gene
expression to a modest extent overall, while there are also many
TFs explaining a large extent of interspecies variation for specific
genes. Next, we sought to identify stromal genes whose expression
correlates with the invasive phenotype.

Identifying Gene Expression Signatures Correlated with Placental
Invasibility. To explore the evolutionary history of genes that
have changed expression along with the advent of noninvasive
epitheliochorial placentation, we expanded the number of
eutherian species in our transcriptomic analysis (2). We isolated
and cultured the stromal fibroblasts from endometrial tissues of
rabbit, guinea pig, rat, cat, horse, humans, sheep, dog, and cow.
This selection of species comes from two eutherian clades, the
Euarchontoglires (primates, rodents, and others) and Laurasia-
theria (ungulates, carnivores, and others), together forming the
clade of Boroeutheria (9). This balanced taxon sample con-
tained species with invasive placentation (human, rabbit, rat,
and guinea pig) and less-invasive endotheliochorial or epithe-
liochorial placentation (cat, dog, horse, sheep, and cow)
(Fig. 24). Our aim was to uncover genes that render hemocho-
rial species to be more invasible (ELI'P genes) or endow the
stroma of epitheliochorial species with the resistance to tropho-
blast invasion (ELI‘" genes) (Fig. 2B). We created a rough
invasibility index based on the anatomical presentation of the
fetal-maternal interface in these species (9, 29). Specifically,
species with epitheliochorial placentation were given a rank of
0, i.e., no invasion (cow, sheep, and horse); carnivores with
endotheliochorial placentation were ranked 1 (cat and dog);
and rodents with hemochorial placentation ranked as 2 (rabbit,
guinea pig and rats), while humans, which along with primates
have a particularly invasive hemochorial placentation, were
ranked 3 (Fig. 24). In order to identify genes that correlate
with the placental invasibility phenotype, we calculated the cor-
relation between gene expression and the placental invasion
phenotype with both a naive linear model and a phylogenetically
informed linear model (Methods) (Fig. 2C and Dataset S2). The
phylogenetic linear model corrects for correlations that arise due
to shared descent (30). As expected, the phylogenetic linear
model showed less significant P values than the naive model
since it allows for fewer degrees of freedom. Nevertheless, the
same genes show high correlations in either model showing
that confounding effect of phylogenetic relatedness is minimal
(Fig. 2C). Therefore, either model can be used to prioritize can-
didate genes correlated with invasibility.

Fig. 2D shows an example of a gene with higher expression
correlated with increased placental invasiveness (defined as
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Fig. 2. Finding genes correlated with the ELI of the endometrial stroma across eutherian mammals. (A) Phylogenetic hierarchical representation of
selected eutherian species whose ESFs were analyzed in the manuscript. The tree is balanced for invasive and less invasive placental species. Color legend
denotes the extent of placental invasion ranked from 0 to 3. (B) Schematic explaining the ELI principle, showing that among the epitheliochorial placental
mammals, the stroma has evolved to resist trophoblast invasion with secondary manifestation in other tissues resulting in decreased cancer malignancy.
(C) Statistical significance of the expression of individual genes for correlation with invasibility among different species, evaluated using a simple linear
model (x axis) and a phylogenetic linear model (y axis). P values are larger under the phylogenetic linear model, but similar ordering of the genes under
the two methods is visible. (D) Illustration of the linear fit test used to probe whether the gene expression of a particular gene (in this case, PKD1) in ESFs
across species is correlated with the invasibility. (E) Illustration of a gene whose expression is anticorrelated with invasibility. (F and G) Heat maps of expression
across species for the genes most correlated with the invasibility phenotype across species, either positively (ELI'P genes) or negatively (ELI®" genes).

ELI" gene) while Fig. 2F shows an example of a gene whose  variance explained (Figs. 1/ and 3C) were substantially
expression is anticorrelated to invasibility (defined as ELI'"  higher than for the whole gene set, with most TFs exhibiting
gene). The ELI"P genes are purportedly proinvasible as their a positive p value. Many of these TFs were related to the
stromal expression 1ncreases along with increase in placental myosin enhancer family of TFs, with all major MEF TFs,
invasion, while ELI" genes are purportedly antiinvasible as  e.g., MEF2A-D, showing significant effects. In addition, we
they increase in expression with reduced stromal invasion. found that GATA TFs were highly enriched among the TFs
Fig. 2 F and G show the top 10 genes ranked in order of their ~ showing significant effects. These included GATA1l and
positive and negative influence on invasibility, respectively. We ~ GATAZ2, which are classically referred to as hemotopoeitic
selected a balanced set of 200 statistically most significant genes  TFs (31), and GATA5 and GATAG (32), which are classically
(all had FDR < 0.05), with 100 of them from the ELI"P set and  referred to as cardiac specific TFs. Crucially, GATA1 and
100 from ELI®". This gene set, termed “ELI gene set,” is a  GATA2 are key TFs up-regulated in cancer associated fibro-
rank ordered set of genes which show consistent differences  blasts and induce increased cancer dissemination (33). All
across species from the least invasive to the most invasive pla- four GATA factors are also important in trophoblast devel-
centation. This gene set was used to identify candidate TFs that ~ opment (34), and GATA2 acts as a key TF regulating decidu-
regulate stromal invasibility. alization (16, 35). These data highlight genomically encoded
transcriptional regulation of decidual genes in species with
TFBS Numbers Statistically Explain Expression of Genes Correlated increased endometrium—trophoblast interaction. Notably, we
with Stromal Invasibility. Modeling specifically the ELI-specific ~ found relatively few TFs with significant negative p values,
set of 200 genes, we found that TFBS could statistically  but they included key developmental TFs like PAX6, SOX10,
explain a much higher fraction of gene expression differences  and SIX2.
than for all 1-1 orthologous genes (Fig. 3 A and B). For TFs displaying the highest statistical significance showed R?
many TFs, both the absolute f values and the fraction of values 50 times higher than for similar calculations aggregated
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Fig. 3. Genomic basis for the regulation of genes correlated with stromal invasibility among eutherian species. (4) The distribution of P values for the
effect of individual TFBS motifs, tested for the effect on expression of ELI-related genes, with the red line representing the distribution expected by
chance. (B) The TFs whose binding sites affect the expression of genes purportedly involved in the invasibility of the endometrium (the ELI-related genes).
Statistical significance (y axis, FDR) with the effect size (x axis, beta). (C) The fraction of variance (R-squared) of the expression across genes explained
only by the occurrence of a particular binding motif aggregated over a balanced set of the most significant 100 ELI"P and 100 ELI" genes, shown here
for the most significant TF binding motifs. The colors of the bars represent the effect size, green being higher. (D) Illustration of the linear fit used to cal-
culate the statistical significance and effect size for an affected gene, UACA. Shown are the changes in gene expression across species with increasing
binding sites for the TF GATA2. Species are ordered on the basis of their extent of placental invasion. (E) Specific genes likely to be regulated by GATA2.
The fraction of variance explained (y axis) and the effect size (x axis, beta) are calculated for a linear model relating the (scaled) gene expression across
species for a single gene to the number of GATA2 binding site motifs in the promoter regions among the different species. (F) ELI-correlated (ELI*P) and
(G) ELl-anticorrelated (ELI") genes whose variance is most explained by the number of specific binding site sequences. Beta is the common effect size
found for the binding site sequence found for all ELI genes. For individual TF-gene pairs, a large extent of interspecies variance in the direction (or
against the direction) of placental invasiveness could be explained by the cis-regulatory TFBS elements. (H) qPCR analysis showing reduction in expression
of GATA2 72 h after Cas9/sgRNA transfection, (/) resulting in reduced expression of two genes with the highest R2 values, Sash1, Stdb1. n = 3 samples;
error bars represent SEM. Statistical significance for H and / established at *P < 0.05, **P < 0.01, ***P < 0.001. (J) TFBSs whose occurrence is related to the
expression of genes experimentally tested (2) for their role in modulating invasibility. Each point represents a binding site sequence motif, with the mean
variance explained on the y axis and the number of genes with P < 0.05 for the correlation on the x axis.
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over all genes (Figs. 1/ and 3 B and C). Individual genes likely
to be involved in regulating placental invasibility (such as
UACA) can be seen to be affected by differences in the number
of binding sites of particular TFs (such as GATA2) (Fig. 3D).
Further, as for the whole transcriptome, an aggregated R~ value
for a TF over all ELI genes masked the substantial effect of
TFBS in explaining the variance in gene expression for individ-
ual target genes (Fig. 3E). As an example, binding sites for
GATAZ2 could explain more than 50% of the interspecies vari-
ance for many ELI genes. Interestingly, GATA?2 is acting as an
enhancer for some genes and a repressor of gene expression
for others (Fig. 3E). For many ELI genes, a substantial extent
of the interspecies transcriptional difference is explained by
changes in the number of cis-regulatory binding sites (Fig. 3 F
and G and Dataset S3). We then sought to experimentally test
whether these TFs could affect the downstream gene expres-
sion. As predicted, qPCR confirmed that gene KO of TF
GATA2 by CRISPR/Cas9 gRNAs significantly reduced the
expression of Sashl and Setdbl, both implicated in preeclamp-
sia (Fig. 3 H and I).

Previously, we experimentally demonstrated that human
stromal fibroblasts could be rendered more resistant to tropho-
blast invasion by modifying gene expression to match that of
bovine stromal fibroblasts (2). Here we tested whether interspe-
cies variation in these experimentally validated ELI genes could
be explained by cis-regulatory evolutionary changes (Fig. 3/).
Indeed we found that among 10 experimentally validated
ELI genes (ACVR1, BMP4, CD44, DDR2, LPIN1, MGATS,
NCOA3, STARD7, TGFB1, and WNT5B), many TFBSs corre-
lated with their interspecies expression differences. These
included homeobox TFs like PITX1 and GSC; sterol binding
factors like SREBF1, SREBF2, and NR4A1; and nuclear signal
transducers like NFKB2 and STAT6. Notably, the experimen-
tally validated genes were positively correlated with the invasi-
bility phenotype (i.e., the validated genes are ELI"P genes), and
the regulating TFs also had positive p values.

Overall, these data strongly suggest that cis-regulatory geno-
mic sequences explain variation in gene expression associated
with increased stromal invasibility or stromal resistance to pla-
cental invasion.

Evolution of Increased Resistance to Placental Invasion Is
Associated with Distinct Patterns of Genomic Regulation. Phyloge-
netic analysis has settled the debate over the evolution of non-
invasive epitheliochorial placentation in eutherians, which is
now considered to have evolved after the ancestral invasive
hemochorial placentation (10, 14, 15). However, anatomical
reports suggest that among primates, placentation has contin-
ued to evolve into a very aggressively invading form (36, 37).
We asked whether cis-regulatory genomic changes in the
stroma could specifically explain gain or loss of the phenotype
of placental invasibility. Toward this objective, we tested if the
ELI genes that correlate with increased (or decreased) placen-
tal invasion are differently influenced by TFBS.

We used the top 100 genes which were the most positively
correlated (ELI"P genes) and the top 100 genes most anticorre-
lated (ELI" genes) with the placental phenotype (FDR < 0.05
for all selected genes). Separate treatment of either gene set in
our model could be influenced by systematic interspecies differ-
ences in overall TFBS frequencies. To avoid this artifact, we
normalized the frequencies of each TFBS across the species by
subtracting the TFBS abundance in the genome from the TFBS
number at the promoter of each ELI gene. Overall, we found
that a higher number of TFs showed enhancing effects on the
expression of ELI" genes, while relatively more TFs showed
repressive effects on expression of ELI"P genes (Fig. 4A4).
According to our model, this suggests that the majority of TFs
positively regulate stromal resistance to invasion.
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For each TF, we analyzed the effect size of TFBS number
changes for either gene set (ELI"P and ELI") (Fig. 4B). We
found that while few TFs act as either enhancers or repressors
for both ELI"P and ELI'™ genes (quadrants I and III), there
were also many TFs which acted as antagonistic regulators for
ELI"? and ELI'" genes (quadrants IT and IV). The tables in
Fig. 4B show examples of TFs which regulate a given ELI"P
and ELI" gene either as an activator or a repressor. Indeed,
for many genes, a large fraction of their interspecies variation is
explained by a single TFE. The statistical significance of the regu-
lation by each TF for individual ELI genes and for the two sets
of 100 ELI"? and ELI" genes are listed in Dataset S3.

Quadrant I lists TFs activating both ELI"P and ELI" genes
and includes many GATA factors and MEF2 factors. All GATA
factors and MEF2 factors are key TFs regulating human and
mouse ESF decidualization. We speculate that these TFs may
regulate resistive genes in ESFs of epitheliochorial placentation
and also genes which are present in the more resistive decidual-
ized fibroblasts in hemochorial species. Other TFs also suggest
a link to decidualization and preparation for pregnancy includ-
ing estrogen responsive factor, HOXC10 (38), and early growth
response gene 1 (EGR1) (39). EGR1 is induced by placenta
growth factor and is an inducer of hypoxia inducible factor 1
(HIFla) necessary for early implantation (40). Quadrant III
shows TFs which acted as repressors for both ELI'P and ELI
genes.

In contrast, quadrant II shows TFs which act as repressors
for ELI'P genes and activators for ELI'" genes and thus are
positive regulators of resistance to invasion. Since ELI" genes
are more highly expressed in species with epitheliochorial pla-
centation, these TFs may act as important regulators promoting
stromal resistance, by both activating resistive genes and down-
regulating genes which promote invasion. These TFs include
POU2F2/3, SRY, Nkx3.2, and TBX19. Quadrant IV lists TFs,
including SIX3 and E2F2, which act as antagonistic repressors
of proinvasibility ELI"P and activators of antiinvasibility ELI®
genes and thus could be positive regulators of invasibility. The
presence of antagonistic transcriptional regulators suggests that
the different phenotypic outcomes are achieved partially by
shared mechanisms. These proinvasibility TFs present attractive
targets to inhibit the invasive processes by gene knockdowns.
This would, for instance, be desirable in tumor-associated fibro-
blasts as the KD of such a gene is expected to increase the resis-
tance of these cells to invasive cancer cells. Furthermore, the KD
of any one of these TF genes will affect the expression a number
of effector genes that influence stromal invasibility.

Silencing of GATA2 and TFPF1 Enhances Stromal Resistance to Invasion.
Our model has identified candidate stromally expressed TFs
regulating genes correlated with placental invasion among
mammals. We therefore asked if modulating the expression of
these TFs could influence stromal invasibility, the key pheno-
type posited to have evolved according to the ELI framework.
Unlike collective migration of cells, stromal invasion is com-
posed of complex interactions between the stromal cells and
the invading cells, as well as with the extracellular matrix (1).
Invasion into a stromal monolayer is also a kinetically slow pro-
cess requiring many days of observation to quantitatively
resolve small phenotypic differences. We have therefore previ-
ously described a quantitative stromal invasion platform com-
posed of juxtaposed populations of invasive cells and stromal
fibroblasts on a nanofabricated substrate mimicking the topog-
raphy of collagen fibers in connective tissues (2, 41). The aniso-
tropic arrangement of the submicron features not only provides
a physiological context to observe stromal invasion but also
aligns the actomyosin machinery within the cells in one direc-
tion, thereby increasing the speed of invasion and sensitivity of
observation (Fig. 54).
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Fig. 4. Differences in the TFBS explained regulation of genes correlated (ELI"P) or anticorrelated (ELI®") with placental invasiveness in ESFs. (A) Histo-
grams of the effect sizes (beta) of different binding sites, when tested on only ELI®" and ELI'P genes. Only effect sizes for TFBSs that are statistically signif-
icant (P > 0) in the respective genes (ELI™ or ELIYP). (B) Scatterplot shows the effect sizes (beta) of individual TFs for ELI9" (y axis) and ELI"P (x axis) genes.
Names of some selected TFBSs are labeled. Selected genes with a high fraction of variance explained by TFBS motif occurrences are shown as examples in

the four tables next to each quadrant.

We choose two TFs to investigate: GATA2 and TFDPI,
a dimerization partner of E2F, which were predicted to signifi-
cantly enhance expression of ELI'P genes in ESFs (P values
for ELI'P genes were 7.987 x 10" and 1.086 x 10~%). We
hypothesized that since human ESFs (hESFs) have an overall
higher constitutive expression of ELI"P genes compared to
their expression in other species, knockdown of these TFs
should increase stromal resistance to invasion. Using
CRISPR/Cas9-based gene KO, we targeted these TFs in
hESFs, as well as in BJ skin fibroblasts. Unperturbed tropho-
blasts (HTRS8), breast epithelial cells (MCF10A1), or malig-
nant melanoma cells (A375), all of human origin, were
patterned along with either the endometrial fibroblasts or skin
fibroblasts (BJ) (Fig. 5B). Morphological changes in the inter-
face were observed using live cell fluorescence and phase-
contrast microscopy for 24 h to identify the extent of aerial
invasion into the stroma. It is possible for the invasive fronts
to deeply invade the stromal monolayer without a homoge-
neous aerial movement. Invasive fronts involve specification
of a leader cell, which forges its way through the stromal
monolayer, followed by other cells maintaining cell-cell con-
nection through adherens junctions, and are commonly
described in cancer dissemination and other invasive pro-
cesses (42, 43) (Fig. 5 C and D).
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Using the stromal invasion assay, described earlier (2), we
performed experiments to measure the effect of GATA2 and
TFDP1 gene silencing in hESFs and human skin fibroblasts BJ
cells and its effect on the invasion of trophoblasts, breast epithe-
lial cells, and melanoma cells for 24 h (Fig. 5SE and Dataset S3).

We found that both GATA2 and TFDP1 gene KO in the
hESFs resulted in significant reduction in the invasion by
HTRS trophoblasts (Fig. 5SF). Furthermore, the morphological
nature of invasion by HTRS cells was also influenced by the
gene KO. To focus on the depth of stromal invasion by the inva-
sive forks (Fig. 5 C and E), we calculated the percentage of the
vertical segment occupied by the invading monolayer at every
location in the direction of invasion, showing stark differences
in the profile along the depth of invasion by TFDP1 silencing
(Fig. 5G). We also identified the tip for each invading fork and
calculated the depth forged by each fork from its initial location
(Fig. 5H), finding that TFDP1 silencing in hESFs significantly
reduced the depth of invasion by HTRS cells (Fig. 5H).

We also tested the effect of modulating stromal gene expres-
sion on invading breast epithelial MCF10A1 cells. Again,
silencing of both TFs in BJ fibroblasts showed a significant
effect in enhancing stromal resistance to MCF10A1 invasion
(Fig. 5I). Notably, TFDP1 silencing in BJ also significantly
reduced not only the overall aerial invasion of MCF10A1 but
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Fig. 5. TFs predicted to enhance invasibility of stromal fibroblasts functionally control invasion in multiple cellular contexts. (A) Method to transfer nanopat-
terns mimicking collagen fibers using polyurethane (PUA) replica mold with capillary force lithography. (B) Nanofabricated scaffolds are used as substrates to
pattern invading cells and fibroblasts using poly(dimethylsiloxane) stencils, creating an interface between two cell populations. (C) Schematic showing a direc-
tional movement of invading fronts, accompanied by formation of invasive forks, also shown in (D) phase contrast images for breast epithelial cells (ICF10A1)
invading into BJ fibroblasts within 24 h. Scale bars in D and E correspond to 400 um. (E) Live cell microscopy snapshots of invading MCF10A1 cells into the BJ
monolayer in 24 h, with BJ cells subjected to CRISPR/Cas9-based gene KOs for GATA2, and TFDP1 TFs. Scr refers to the untargeted scrambled control. (F) Quanti-
fication for the extent of aerial invasion, normalized to the initial interface length. (G) Cumulative measurement of invading fronts calculated as the fraction
of pixels occupied at every location in the direction of invasion. (Left) Schematic explains the calculation of fraction occupied at two different locations. (H)
Quantification for the depth of invasion by each fork within 24 h invading into the stromal barrier, here BJ fibroblasts with the given gene KOs. Shown is auto-
mated identification of the tip of the invading forks (red circles); solid red bar refers to the mean length of invasion, and black dashed lines refer to the 95%
confidence intervals. (/) Normalized extent of invasion of HTR8s into hESF monolayers with gene KOs. (J) Depth of invasion by each HTR8 fork within 24 h invad-
ing into hESF monolayers. (Right) Representative tips of invading forks (red circles). (K) Normalized extent of aerial invasion of A375 melanoma cells in BJ fibro-
blasts with gene KOs. In G-K, error bars represent SDs, statistical significance by t tests established at P < 0.05, and denoted by *P < 0.05, **P < 0.01; ***P <
0.001, ***P < 0.0001. Each dot represents an independent imaged interface.

also the depth forged by the invading forks (Fig. 5/). Finally, resulting in a more resistive stroma in species with epithelio-
we also showed that silencing both TFs in BJ cells significantly  chorial placentation (2). These experiments demonstrate
enhanced their resistance to invasion by malignant melanoma  that the TFs predicted by our comparative placentation anal-
cells, A375 (Fig. 5K). ysis to regulate endometrial vulnerability to placental inva-

We previously have proposed that stromal fibroblasts in  sion also regulate the invasibility of skin fibroblasts by cancer
other tissues may have coevolved with endometrial fibroblasts,  cells.

8 of 11 | PNAS Suhail et al.
https://doi.org/10.1073/pnas.2111256119 Tracing the cis-regulatory changes underlying the endometrial control
of placental invasion



Discussion

The maternal-fetal interface in placental mammals represents
an apposite model to study the broader phenomenon of epithe-
lial invasion into stroma, providing avenues to delineate and
study the role of stromal reactions to invasion (44). Phyloge-
netic analysis has led to the rejection of the long-held hypothe-
sis that the hemochorial placentation, also present in humans,
had evolved recently. Instead, hemochorial placenta is ancestral
for eutherian mammals, and the noninvasive placenta of hoofed
animals is derived (10, 15, 45). Our recently advanced hypothe-
sis, termed ELI, proposes that evolution of noninvasive epithe-
liochorial placentation was driven, in part, by changes in the
endometrial stromal cells; i.e., less invasive placentation is
caused by higher stromal resistance to invasion. We further pro-
pose that this resistance was secondarily conferred, as a pleio-
tropic effect, onto other tissues leading to correlated resistance
to cancer malignancy (2).

We used an ordinal metric of placental invasiveness to iden-
tify candidate genes which potentially regulate invasibility
among eutherian mammals using transcriptomic data of ESFs
from nine species. Both a linear regression model and a phylo-
genetically informed model suggested a set of 200 genes, called
ELI genes, strongly correlated with placental phenotype.
Among these are genes that are positively correlated with inva-
sive placenta called ELI"P, where higher expression in the stro-
mal cells is correlated with higher invasibility. The complement
of these is ELI'" genes, where higher expression is correlated
with lower invasibility, i.e., stronger resistance to invasion. We
hypothesized that species differences in ELI gene expression
might be caused, in part, by cis-regulatory changes, i.e., changes
in the number of TFBSs. We tested this hypothesis by regress-
ing gene expression levels onto the number of TFBSs in the
genomic neighborhood of the genes.

We found that the gain or loss of TFBSs in promoter regions
could, to a limited extent, statistically explain interspecies varia-
tion in gene expression. Previous work has speculated that
changes in cis-regulatory elements may be occurring up to 10
times faster than protein evolution following speciation and
about 3 times faster following gene duplication in the same spe-
cies (46). Therefore, cis-regulatory elements are an appropriate
signal to start exploring interspecies differences in gene expres-
sion. TFBS abundance explained a much larger fraction of
interspecies variation in ELI genes compared to other stromally
expressed genes. Notably, for individual TF/target gene pairs,
the number of TFBSs could explain a large portion of expres-
sion changes along the trajectory toward the evolution of
reduced placental invasion, also confirmed experimentally for a
key TE GATAZ2, and the predicted downstream genes. Many
TFs explaining large ELI-correlated transcriptomic differences
belonged to the myocyte enhancer binding factor 2 (MEF2)
family and the GATA-binding factor family. MEF2 proteins, in
particular, MEF2B and MEF2D, are central players in muscle
cell differentiation (47, 48), cardiac hypertrophy, and fibrosis
(49). Similarly, GATA? is a central factor in endothelial cell dif-
ferentiation (50) and decidual differentiation in humans and
mice (16, 35). The stroma of hemochorial species may be more
prepared to interact with invasive trophoblasts, and indeed,
GATA2 has been reported to regulate genes associated with
decidualization, and decidua—trophoblast interactions (51),
including placental lactogen synthesis (52, 53), proliferin (51),
and prolactin-like protein-A (54). Epitheliochorial placentation
among ruminants is a more recent derivation than the ancestral
hemochorial placentation. Therefore, it is worth noting that
ruminants lost binding sites for GATA2 and MEF2D.

In addition to the TFs which acted as positive regulators for
proinvasibility genes, we found many TFs which acted antago-
nistically on ELI"P and ELI’" genes. Many of these antagonistic

Suhail et al.
Tracing the cis-regulatory changes underlying the endometrial control
of placental invasion

TFs (F1g 4B, quadrant IT) acted as enhancers for antiinvasibil-
ity (ELI ™) genes, while also acting as repressors for the proin-
vasibility (ELI"P?) genes. What do these TFs tell us about the
evolution of epitheliochorial placentation" Since evolutionarily,
epitheliochorial placentation is more recent, our analysis sug-
gests that both ELI*" and ELI"P genes have recruited these
TFBSs, but their effects on ELI'" and ELI"P genes are oppo-
site. Indeed we also found examples of antagonism wherein
certain TFs (e g., E2F2 in Fig. 4B, quadrant IV) act as repress-
ors of ELI" genes, while activating ELI'P genes. We under-
score that while the effect of these antagomsnc TFs is opposite
upon the expression of ELI'P and ELI" genes, the effect on
the phenotype of invasibility is consistent. This is because a TF
with repressmg effects on ELI"P genes and activating effects on
ELI‘" genes is going to be have an antiinvasive effect; i.e., these
TFs are Consistently increasing the stromal resistance to inva-
sion. The opposite is the case with TFs that have an activating
effect on ELI'P genes and a repressive effect on ELI" genes.
These TFs have a consistent proinvasibility effect.

Our analysis identifies attractive candidates for exploring the
mechanisms of stromal invasibility. We sought to experimen-
tally test the capability of TFs, predicted to enhance invasibility,
to regulate stromal invasibility. Targeting of GATA2 and
TFDP1 for KO resulted in increased resistance to invasion by
trophoblasts and cancer cells. Crucially, we demonstrated that
stromal gene expression state influenced the characteristics of
collective invasion, even though the invading cells were unper-
turbed, highlighting that cancer dissemination, or placental
invasion, may be more directly influenced by the stromal envi-
ronment than is currently appreciated.

We speculate that these effects are caused by decreased
expression of ELI"P genes which these TFs are expected to pos-
itively regulate. Understanding the molecular functions of these
TFs in stromal cell-trophoblast interaction will reveal the
mechanisms that enable stromal cells to resist invasion by both
placental and cancer cells. The presented model is relatively
straightforward and highly interpretable, suggesting a mecha-
nistic link between the evolution of cis-regulatory elements and
stromal invasibility in various cellular contexts: trophoblast
invasion during pregnancy, epithelial invasion in wound heal-
ing, and cancer dissemination. Although the experimental iden-
tification of downstream genes of the KO TF (e.g., GATA2)
was beyond the scope of this study, future studies could harness
these TF-target gene pairs to specifically modulate stromal
invasibility and treat diseases of pregnancy or cancer dissemina-
tion. Our work provides a roadmap inspired by evolutionary
medicine to target human diseases, including cancer and
pregnancy-related pathologies, through a better understanding
of species differences.

Methods

Cell Sourcing. hESFs were immortalized by the Charles Lockwood laboratory
and obtained from the Gil Mor group. Human SFs (BJ) were purchased from
American Type Culture Collection (ATCC) (CRL-2522). ESFs from cow (Bos tau-
rus), dog (Canis lupis), guinea pig (Cavia porcellus), horse (Equus caballus), cat
(Felis catus), rabbit (Oryctolagus cuniculus), sheep (Ovis aries), and rat (Rattus
norvegicus) were obtained by enzymatic digestion of uterine tissues and
attachment-based positive selection.

RNA Isolation and Sequencing. RNA was isolated using RNeasy micro kit (QIA-
GEN) and resuspended in 15 pL of water. RNA integrity number of over 8 was
observed in the samples measured by Agilent Bioanalyzer 2100. mRNA librar-
ies prepared using TruSeq RNA Library (lllumina) were sequenced on lllumina
HiSeq to generate 30 to 40 million reads per sample (single-end 75 base pair
reads), and a high Q score was observed (Q > 30) for the sequenced data. A
transcript-based quantification approach was used to analyze RNA sequenc-
ing (RNA-seq) data using the program kallisto (55). The Ensembl release 99
(56) gene annotation model was used to align raw reads. In order to facilitate
comparative gene expression across species, a one-to-one ortholog dataset
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consisting of 8,639 species was formulated (composed of human, rat, rabbit,
horse, guinea pig, cat, sheep, cow, horse, dog, and opossum) such that the
sum of TPMs across these 8,639 genes for each species totals to 108.

Finding Genes Related to the Modulation of Placental Invasibility. We
obtained the gene expression e, of gene g in species s in TPM. For each spe-
cies, we also rated the degree of placental invasibility rs, with a value from 0
to 3. In order to find the stromal genes likely involved in modulating the
degree of invasibility, we fit the linear model

Is = Vg€g,s +€g,s,

where ¢gs is the residual. This is fitted independently for each gene, and posi-
tive 7, represent genes that are up-regulated in species with more invasive
placenta, while negative y, indicates the opposite. The statistical significance
is calculated for testing against the null hypothesis of y, = 0. The P values for
all genes are corrected for multiple testing using the false discovery rate
method. In addition, this linear model was also fitted using a phylogenetic lin-
ear model, with an assumption of Brownian motion processes producing both
the traits (gene expression and species invasibility). The phylogenetic linear
model was fitted using the phylolm package (30).

1. Y. Suhail et al., Systems biology of cancer metastasis. Cell Syst. 9, 109-127 (2019).

2. Kshitiz et al., Evolution of placental invasion and cancer metastasis are causally
linked. Nat. Ecol. Evol. 3, 1743-1753 (2019).

3. A.W.D'Souza, G. P. Wagner, Malignant cancer and invasive placentation: A case for
positive pleiotropy between endometrial and malignancy phenotypes. Evol. Med.
Public Health 2014, 136-145 (2014).

4. G.P. Wagner, Kshitiz, A. Levchenko, Comments on Boddy et al. 2020: Available data
suggest positive relationship between placental invasion and malignancy. Evol. Med.
Public Health 2020, 211-214 (2020).

5. E.M.Ramsey, The Placenta: Human and Animal (Praeger Inc., Santa Barbara, CA, 1982).

6. A. M. Carter, Evolution of placental function in mammals: The molecular basis of gas
and nutrient transfer, hormone secretion, and immune responses. Physiol. Rev. 92,
1543-1576 (2012).

7. A. Mess, Placental evolution within the supraordinal clades of Eutheria with the per-
spective of alternative animal models for human placentation. Adv. Biol. 2014,
639274 (2014).

8. H. Soma et al., Review: Exploration of placentation from human beings to ocean-
living species. Placenta 34 (suppl.), S17-523 (2013).

9. W. E. Gundling, D. E. Wildman, A review of inter- and intraspecific variation in the
eutherian placenta. Philos. Trans. R. Soc. Lond. B Biol. Sci. 370 20140072 (2015).

10. D. E. Wildman et al., Evolution of the mammalian placenta revealed by phylogenetic
analysis. Proc. Natl. Acad. Sci. U.S.A. 103, 3203-3208 (2006).

11. H.Flenker, Orthology and pathology of the human placenta. 2. Pathology of the pla-
centa. Fortschr. Med. 92, 381-386 (1974).

12. V. Costanzo, A. Bardelli, S. Siena, S. Abrignani, Exploring the links between cancer
and placenta development. Open Biol. 8, 180081 (2018).

13. M. J. Murray, B. A. Lessey, Embryo implantation and tumor metastasis: Common
pathways of invasion and angiogenesis. Semin. Reprod. Endocrinol. 17, 275-290
(1999).

14. A. Mess, A. M. Carter, Evolutionary transformations of fetal membrane characters in
Eutheria with special reference to Afrotheria. J. Exp. Zoolog. B Mol. Dev. Evol. 306,
140-163 (2006).

15. M. G. Elliot, B. J. Crespi, Phylogenetic evidence for early hemochorial placentation in
eutheria. Placenta 30, 949-967 (2009).

16. K. Kin, M. C. Nnamani, V. J. Lynch, E. Michaelides, G. P. Wagner, Cell-type phyloge-
netics and the origin of endometrial stromal cells. Cell Rep. 10, 1398-1409 (2015).

17. A.Khan etal., JASPAR 2018: Update of the open-access database of transcription fac-
tor binding profiles and its web framework. Nucleic Acids Res. 46, D1284 (2018).

18. X. Wang, R. Sato, M. S. Brown, X. Hua, J. L. Goldstein, SREBP-1, a membrane-bound
transcription factor released by sterol-regulated proteolysis. Cell 77, 53-62 (1994).

19. Z.Zelenko, L. Aghajanova, J. C. Irwin, L. C. Giudice, Nuclear receptor, coregulator sig-
naling, and chromatin remodeling pathways suggest involvement of the epigenome
in the steroid hormone response of endometrium and abnormalities in endometri-
osis. Reprod. Sci. 19, 152-162 (2012).

20. K. Chu, H. H. Zingg, The nuclear orphan receptors COUP-TFIl and Ear-2 act as silencers
of the human oxytocin gene promoter. J. Mol. Endocrinol. 19, 163-172 (1997).

21. M. F. W. te Pas, H. Woelders, A. Bannink, Eds., Systems Biology of Livestock Sciences
(John Wiley & Sons, 2011).

22. F.W.Bazer, R. C. Burghardt, G. A. Johnson, T. E. Spencer, G. Wu, Interferons and pro-
gesterone for establishment and maintenance of pregnancy: Interactions among
novel cell signaling pathways. Reprod. Biol. 8, 179-211 (2008).

23. J.Tan, B. C. Paria, S. K. Dey, S. K. Das, Differential uterine expression of estrogen and
progesterone receptors correlates with uterine preparation for implantation and
decidualization in the mouse. Endocrinology 140, 5310-5321 (1999).

24. T. E. Spencer et al., Effects of recombinant ovine interferon tau, placental lactogen,
and growth hormone on the ovine uterus. Biol. Reprod. 61, 1409-1418 (1999).

10 of 11 | PNAS
https://doi.org/10.1073/pnas.2111256119

Stromal Invasion Assay. For the cell patterning, a PDMS (polydimethylsilox-
ane) mold, which was fabricated by a stereolithographic plastic mold, was
used. To fabricate a PDMS stencil, the monomer and cross-linker (with a ratio
of 10:1) of PDMS were mixed and cured at 80°C for 4 h and then cast in the
predesigned mold. The stencil was placed on the substrate after washing with
isopropanol and drying with N, steam. The device was kept in a vacuum to
remove air bubbles under the stencil. The Invasive cells were labeled by cell
tracker green and were seeded at a density of 5 x 10° cells and attached to
the surface overnight. The stencil was removed carefully using blunt-end
tweezers. The unlabeled stromal cells were seeded at a density of 5 x 10° to
fill and attach that area covered by the stencil before. The unattached cells
were washed off after 5 h of incubation. The plate was mounted on the live
microscopy stage.

Data Availability. RNA-seq data have been deposited in the National Center
for Biotechnology Information BioProject (PRJNA564062). All other study data
are included in the article and/or supporting information.

ACKNOWLEDGMENTS. We thank the National Cancer Institute (NCI; Grant
R37CA248161-01) and NCI Center for Systems Biology at Yale (U54; Grant
U54CA209992) for their funding support to complete this study.

25. F. W. Bazer et al., Novel pathways for implantation and establishment and mainte-
nance of pregnancy in mammals. Mol. Hum. Reprod. 16, 135-152 (2010).

26. A. M. Kelleher et al., Forkhead box a2 (FOXAZ2) is essential for uterine function and
fertility. Proc. Natl. Acad. Sci. U.S.A. 114, E1018-E1026 (2017).

27. C.J. Walker et al., MAX mutations in endometrial cancer: Clinicopathologic associa-
tions and recurrent MAX p.His28Arg functional characterization. J. Natl. Cancer Inst.
110, 517-526 (2018).

28. P. Llabata et al., Multi-omics analysis identifies MGA as a negative regulator of the
MYC pathway in lung adenocarcinoma. Mol. Cancer Res. 18, 574-584 (2020).

29. M. Garratt, J. M. Gaillard, R. C. Brooks, J. F. Lemaitre, Diversification of the eutherian
placenta is associated with changes in the pace of life. Proc. Natl. Acad. Sci. U.S.A.
110, 7760-7765 (2013).

30. Ls.Ho, C. Ané, A linear-time algorithm for Gaussian and non-Gaussian trait evolution
models. Syst. Biol. 63, 397-408 (2014).

31. M. Pimkin et al., Divergent functions of hematopoietic transcription factors in line-
age priming and differentiation during erythro-megakaryopoiesis. Genome Res. 24,
1932-1944 (2014).

32. J. F. Reiter et al., Gata5 is required for the development of the heart and endoderm
in zebrafish. Genes Dev. 13, 2983-2995 (1999).

33. A. Siletz, E. Kniazeva, J. S. Jeruss, L. D. Shea, Transcription factor networks in
invasion-promoting breast carcinoma-associated fibroblasts. Cancer Microenviron. 6,
91-107 (2013).

34. H. Bai, T. Sakurai, J. D. Godkin, K. Imakawa, Expression and potential role of GATA
factors in trophoblast development. J. Reprod. Dev. 59, 1-6 (2013).

35. C. A. Rubel et al., A Gata2-dependent transcription network regulates uterine pro-
gesterone responsiveness and endometrial function. Cell Rep. 17, 1414-1425 (2016).

36. A. M. Carter, Comparative studies of placentation and immunology in non-human
primates suggest a scenario for the evolution of deep trophoblast invasion and an
explanation for human pregnancy disorders. Reproduction 141, 391-396 (2011).

37. A. M. Carter, R. Pijnenborg, Evolution of invasive placentation with special reference
to non-human primates. Best Pract. Res. Clin. Obstet. Gynaecol. 25, 249-257 (2011).

38. K. I. Ansari, I. Hussain, S. Kasiri, S. S. Mandal, HOXC10 is overexpressed in breast can-
cer and transcriptionally regulated by estrogen via involvement of histone methyl-
ases MLL3 and MLL4. J. Mol. Endocrinol. 48, 61-75 (2012).

39. B. Guo et al., Expression, regulation and function of Egr1 during implantation and
decidualization in mice. Cell Cycle 13, 2626-2640 (2014).

40. N. Patel, V. K. Kalra, Placenta growth factor-induced early growth response 1 (Egr-1)
regulates hypoxia-inducible factor-1alpha (HIF-1alpha) in endothelial cells. J. Biol.
Chem. 285, 20570-20579 (2010).

41. Kshitiz et al., Control of the interface between heterotypic cell populations reveals the
mechanism of intercellular transfer of signaling proteins. Integr. Biol. 7, 364-372 (2015).

42. S. P. Carey, A. Starchenko, A. L. McGregor, C. A. Reinhart-King, Leading malignant
cells initiate collective epithelial cell invasion in a three-dimensional heterotypic
tumor spheroid model. Clin. Exp. Metastasis 30, 615-630 (2013).

43. K. J. Cheung, E. Gabrielson, Z. Werb, A. J. Ewald, Collective invasion in breast cancer
requires a conserved basal epithelial program. Cell 155, 1639-1651 (2013).

44. R.D. Martin, Evolution of placentation in primates: Implications of mammalian phy-
logeny. Evol. Biol. 35, 125-145 (2008).

45. A. Mess, A. M. Carter, Evolutionary transformation of fetal membrane characters in
Eutheria with special reference to Afrotheria. J. Exp. Zool. Part B 306, 140-163 (2005).

46. C. |. Castillo-Davis, D. L. Hartl, G. Achaz, cis-Regulatory and protein evolution in
orthologous and duplicate genes. Genome Res. 14, 1530-1536 (2004).

47. C.Karamboulas et al., Disruption of MEF2 activity in cardiomyoblasts inhibits cardio-
myogenesis. J. Cell Sci. 119, 4315-4321 (2006).

48. J. D. Molkentin et al., MEF2B is a potent transactivator expressed in early myogenic
lineages. Mol. Cell. Biol. 16, 3814-3824 (1996).

Suhail et al.
Tracing the cis-regulatory changes underlying the endometrial control
of placental invasion


http://www.ncbi.nlm.nih.gov/bioproject?term=PRJNA564062

50.

51.

52.

. L. A. Gossett, D. J. Kelvin, E. A. Sternberg, E. N. Olson, A new myocyte-specific
enhancer-binding factor that recognizes a conserved element associated with multi-
ple muscle-specific genes. Mol. Cell. Biol. 9, 5022-5033 (1989).

Kshitiz et al., Matrix rigidity controls endothelial differentiation and morphogenesis
of cardiac precursors. Sci. Signal 5, ra41-ra41(2012).

G. T. Ma et al., GATA-2 and GATA-3 regulate trophoblast-specific gene expression
invivo. Development 124, 907-914 (1997).

R. Liang, S. W. Limesand, R. V. Anthony, Structure and transcriptional regulation of
the ovine placental lactogen gene. Eur. J. Biochem. 265, 883-895 (1999).

Suhail et al.
Tracing the cis-regulatory changes underlying the endometrial control

of

placental invasion

53.

54.

55.

56.

G. S. Kim et al., Identification of trophoblast-specific binding sites for GATA-2 that
are essential for rat placental lactogen-I gene expression. Biotechnol. Lett. 31,
1173-1181(2009).

G. T. Ma, D. I. Linzer, GATA-2 restricts prolactin-like protein A expression to
secondary trophoblast giant cells in the mouse. Biol. Reprod. 63, 570-574
(2000).

N. L. Bray, H. Pimentel, P. Melsted, L. Pachter, Near-optimal probabilistic RNA-seq
quantification. Nat. Biotechnol. 34, 525-527 (2016).

F. Cunningham et al., Ensembl 2019. Nucleic Acids Res. 47, D745-D751 (2019).

PNAS | 110of11
https://doi.org/10.1073/pnas.2111256119

EVOLUTION



