1duasnue Joyiny vd-HIN 1duasnue Joyiny vd-HIN

1duasnue Joyiny vd-HIN

éPL "VS)))\

NIH Public Access

Y (A
] a2 & Author Manuscript

o
R s

Published in final edited form as:
Genomics. 2009 January ; 93(1): 33-41. doi:10.1016/j.ygeno.2008.09.005.

Adaptive history of single copy genes highly expressed in theterm
human placenta

Zhuocheng Hou®>5, Roberto RomeroP.*, Monica UddinP, Nandor Gabor Than2.d, and
Derek E. Wildman&P:C;

a Perinatology Research Branch, NICHD/NIH/DHHS, Detroit, MI, 48201

b Center for Molecular Medicine & Genetics, Wayne State University School of Medicine, Detroit,
Ml, 48201

¢ Department of Obstetrics & Gynecology, Wayne State University School of Medicine, Detroit, Ml,
48201

d 1st Department of Obstetrics & Gynecology, Semmelweis University, Budapest, H-1088, Hungary

¢ Department of Animal Genetics, China Agricultural University, Beijing, China

Abstract

The chorioallantoic placenta is a shared derived feature of “placental” mammals essential for the
success of eutherian reproduction. Identifying the genes involved in the emergence of the placenta
may provide clues for understanding the biology of this organ. Here we identify among 4960 single
copy genes in mammals, 222 that show high expression levels in human placentas at term. Further,
we present evidence that 94 of these 222 genes evolved adaptively during human evolutionary history
since the time of the last common ancestor of eutherian mammals. Remarkably, the majority of
positive selection occurred on the eutherian stem lineage suggesting that ancient adaptations have
been retained in the human placenta. Of these positively selected genes, 28 have been shown to play
a role in human pregnancy and placental biology, and at least 26 have important pregnancy-related
phenotypes in mice. Adaptations in genes highly expressed in human placenta are attractive
candidates for functional and clinical studies.
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Introduction

The placenta is the first organ to be differentiated during development in eutherian mammals,
and during its life it performs functions analogous to those of lung, intestine, kidney, liver,
ovary, pituitary, and hypothalamus [1-3]. Failures in placentation and pathology of the placenta
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often result in human reproductive disorders and pregnancy complications including
spontaneous abortion [4], pre-eclampsia [5], and intrauterine growth restriction [6]. Because
placental anatomy is so variable, much research has focused on the evolution, development,
and pathology of the placenta within eutherian mammals. Here we ask what genes may have
been involved in the emergence of the chorioallantoic placenta and their subsequent
evolutionary modifications during human descent.

Studies of gene expression in the placenta are one of the key sources for discovering the genes
controlling placental development [7]. One of the significant differences between the
choriovitelline marsupial placenta and the chorioallantoic eutherian placenta is extravillous
trophoblast invasion of the placenta into the eutherian uterus [8]. Recently [9], we suggested
that many key features of the human placenta (e.g. hemochorial interface, discoid shape)
represent the ancestral character state among placental mammals, and these features have been
maintained throughout human descent since the time of the last common ancestor (LCA) of
placental mammals. Furthermore, there is evidence that many genes expressed in the placenta
originated well before the emergence of the organ [10]. In addition to these ancient genes,
subsequent gene duplication and divergence have likely contributed to changes in placental
morphology during mammalian evolution [10,11]. For example, adaptive evolution has been
detected in pregnancy-associated glycoproteins (PAG) [12], and many placenta-specific genes
are uniquely found in specific mammalian clades [11].

Considerable variation in traits involved in placentation exists among placental mammals.
During the evolution of extant placental mammals four major clades have emerged, although
the relationship among them remains controversial [13,14]. Because of the placenta’s
importance in reproductive success, it is likely that intense selective pressure has shaped
changes in placental anatomy and function during mammalian cladogenesis. Investigations of
genes involved in the biology of the placenta are crucially important for understanding both
placenta-related diseases and the evolutionary history of variation in the anatomy and
physiology of the mammalian placenta. While much genomic research has examined human
placental expression data to identify placenta related genes (e.g. [7]), this approach is limited
by the fact that > 15,000 genes are expressed in the human term placenta [15]. Mouse mid-
gestation placenta and embryo expression profiles have also identified thousands of expressed
genes [16]. Thus, the sheer number of expressed genes makes it a challenge to identify the
genes most important in placental biology based on expression data alone.

In the present study, we integrated DNA sequence and gene expression data using evolutionary
analysis methods to implicate single copy genes involved in placental evolution. Specifically,
we tested whether adaptations in single copy genes highly expressed in the term human placenta
occurred predominantly in earlier periods of human evolution, defined here as prior to the
divergence of the human and chimpanzee lineages [7,9]. Single copy genes were chosen
because techniques for their analysis are exceptionally robust (see Materials and Methods).
Highly expressed genes were chosen based on the assumption that genes expressed at high
levels in a given tissue likely contribute to the development and function of that tissue [17,
18]. Our expectation was that a proportionally greater number of genes highly expressed in the
human placenta would show evidence of adaptive evolution during the emergence of the
chorioallantoic placenta on the eutherian stem lineage (i.e., after the divergence from
marsupials but before the last common ancestor of extant placental mammals; Fig. 1) than
would be found in subsequent descendant lineages leading to humans. Our rationale for this
prediction is that many anatomical features of the human placenta are phylogenetically ancient.
Nevertheless, in subsequent human evolutionary history, different genes might then have
undergone adaptations associated with the modifications of placental functions and/or
phenotypes that distinguish the human placenta from placentae of other mammals.
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While this scenario has an intuitive appeal and genes important in placental development and
function have been shown to evolve adaptively in mammalian lineages [19,20], no statistical
evidence on a genome-wide scale has yet been offered in support of the idea that positive
selection on genes highly expressed in the human placenta occurred during the emergence of
this vital organ. Our findings provide statistical support for the proposal that single copy genes
important in human placentation underwent a burst of adaptive change in the more ancient
lineages within the mammalian clade, in particular the eutherian stem lineage. This study
illustrates the power that evolutionary and comparative genomics methods have to categorize
the genes initially involved in the emergence of novel organs. In addition, it demonstrates the
utility of an evolutionary approach in identifying candidate genes involved in organ-specific
disorders.

Identifying single copy and highly expressed genes in human placenta

In total we identified 4960 single-copy genes within Eutheria that met with our strict sequence
quality control rules (see Materials and Methods). We then intersected the single copy genes
with microarray data from 44,775 human transcripts in 79 tissues/cell lines [15]. Those single
copy genes that had placental expression values = 3 times the median value among all tissues/
cell lines were included in further evolutionary analysis. With this consideration in mind, we
identified a total of 243 single copy genes in Eutheria that were also highly expressed in the
term human placenta. To conduct evolutionary analysis on the stem of Eutheria, we required
opossum orthologs as an outgroup. Two hundred and twenty-two of the 243 genes met this
criterion. The complete workflow of this study is presented in Fig. 2.

Evolutionary analysis identifies ancient adaptively evolved genes

The ratio w = dy/ds is acommonly used metric for testing the rate of protein sequence evolution
and is also a robust analytical method for testing positive selection. In order to detect adaptive
evolution during human ancestry, we used a statistical method to infer lineage-specific w values
[21] for all the eutherian lineages leading to human terminal (Fig. 1). By using this method,
we identified candidate genes showing the signature of positive selection that may have
contributed to the evolution of the placenta during the transformation of the ancient placenta
to its current form in humans. Likelihood ratio tests (LRTs) revealed that a total of 94 unique
genes showed this signature on one or more lineages during eutherian descent (Tablel and
Table S1 show LRT parameters; Table S2 lists positively selected sites (PSS). While these
positively selected genes (PSGs) represent a large proportion (42.3%) of all single copy, highly
expressed genes, even more remarkable is the proportion of PSGs whose signature of selection
occurs on the eutherian stem lineage: 62 of the 94 PSGs, or 66%, show this pattern.

The number of PSGs detected on the eutherian stem lineage was significantly different when
compared sequentially to the number of PSGs detected on each descendant branch of human
ancestry, even when accounting for multiple corrections (two-tail Fisher’s exact test, p<0.01
in all cases) (Table 1). Among the 62 PSGs showing strong evidence for positive selection on
the eutherian stem, 50 were selected only on that lineage. In contrast to this pattern of selection
on a single branch, 44 of the 94 PSGs showed evidence of positive selection on two or more
of the tested lineages. These genes exhibited one of two modes of selection during human
descent from the LCA of therian mammals: continuous or interval selection. Eighteen genes
were selected on at least two adjacent lineages (continuous selection) and twenty-six genes
exhibited interval selection such that the initial lineage in which positive selection was detected
was followed by either purifying selection or neutral evolution, and subsequently positively
selected on a descendent lineage (Table S1).
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In order to test the relationship between tissue-specificity of placentally expressed genes and
positive selection, we compared the tissue specificity index  between PSGs and non-PSGs. A
larger 7 value indicates higher tissue specificity for a given gene. Results of this test showed
that mean 7 values for PSGs and non-PSGs are similar (zps = 0.8810 + 0.1125, 7pgn — ps =
0.8792 + 0.0981, p=0.9036, two-tail t-test). Therefore, tissue specificity alone is not an
indicator of adaptive potential at coding sequences. The tissue specificity index for every tested
gene is shown in supplementary data (Table S1).

Functional annotation analysis of the PSGs

To identify functional groups of genes with over representation of PSGs, we used the DAVID
[22] classification tool. The highest enrichment score for the complete list of PSGs is the signal
group (enrichment score=14.42, Table 2). Other top scores for the total list of PSGs are
extracellular matrix group and collagen group. In examinations of PSGs on individual
branches, the annotations signal and/or glycoprotein have the highest enrichment scores for
four of the five analyzed lineages (i.e., all but the human-chimpanzee stem). Analysis of
enrichment scores shown in Table 2 indicates a significant difference among branches
(Kruskal-Wallis statistic=12.23; p=0.016). However, the statistical difference is due
exclusively to the comparison of enrichment scores from two lineages - the eutherian stem and
human terminal lineages (Dunn’s multiple comparison test, p<0.05). Indeed, post hoc tests
comparing the eutherian stem and human-chimpanzee stem lineage, which has the same
number of PSGs (n=11) as the human terminal, failed to detect a similar significant difference.
These results further emphasize the ancient nature of adaptations relevant to human placental
biology.

Genes involved in human pregnancy and placentation show evidence of ancient positive

selection

In total, 90 of the 94 positively selected genes show evidence of ancient adaptation (i.e. prior
to the time of the last common ancestor of humans and chimpanzees). We surmised that if
ancient PSGs are really important in the human placenta, these PSGs might be associated with
certain placenta or pregnancy-related phenotypes in humans. Indeed, literature searches for
PSGs found that at least 30% (28/94) have been shown to be involved in human pregnancy
and placentation (Table S3, S4). Notably, all of these 28 genes are also ancient PSGs. This
finding leads us to propose that among the single copy genes we studied, ancient PSGs play a
more prominent role in human pregnancy or pregnancy-related phenotypes than genes with
evidence for selection on the human terminal lineage (p<0.01). Moreover, 22 genes show
evidence of positive selection on only one lineage (ngyTt=13, Neya =4, Nothers=2) and are
associated with pregnancy-related phenotypes (Table S3, S4). While these findings highlight
the potential importance of ancient adapatation, we note that a considerable proportion of the
newly identified PSGs (56.4%=53/94 of all PSGs; 55.5%=50/90 of ancient PSGs; Fig. 3, Table
S4) have not yet been studied in the context of the placenta or pregnancy-related phenotypes.

Adaptive evolution of genes associated with pregnancy-related phenotypes in mouse

models

To further identify placental and/or pregnancy-related phenotypes for these PSGs, we
investigated the prevalence of PSGs in the mouse knock-out gene database [23]. Twenty-six
PSGs have pregnancy-related phenotype records in the mouse gene phenotype database (MGI);
furthermore, 13 of these 26 genes also have been shown to be involved in human pregnancy
and placentation. Among the 26 PSGs with MGI pregnancy-related records, mutations in 18
of the PSGs in the MGI database are lethal (Table S4). MGI database searches identified 20
non-PSGs with pregnancy-related records. There is a greater proportion of PSGs
(26/94=27.66%) with pregnancy-related phenotypes than non-PSGs (20/128=15.62%);
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however, the difference between the two groups is not significant (one tail Fisher’s exact test,
p=0.055). Fifteen PSGs with known human placental and pregnancy-related phenotypes lack
MGI records (Table S4, Fig. 3). Fifty-three PSGs lack both mouse mutant phenotype records
and evidence of human placental and/or pregnancy-related phenotypes (Fig. 3). An additional
19 genes are related to innate immune function (10 of which also have MGl records or human
placenta related records) and we propose these are further candidate genes that may have
important roles in placentation and/or pregnancy (see Discussion).

Discussion

The human placenta in its current form is the product of an evolutionary history that predates
the emergence of its chorioallantoic form. Indeed, recent work suggests that many genes
expressed in the placenta originated well before the emergence of this organ [10]. Nevertheless,
here we have hypothesized that genes important to human placentation underwent a burst of
adaptive change with the emergence of a novel form of this organ. One of the significant
differences between the choriovitelline marsupial placenta and the chorioallantoic eutherian
placenta is extravillous trophoblast invasion of the placenta into the eutherian uterus [8].
Finding that adaptations in genes associated with trophoblast invasion occurred on the
eutherian stem lineage suggests that the evolution of the invasive trophoblast also occurred on
the eutherian stem lineage. Recent evidence suggests that the placenta of the last common
ancestor of extant eutherians was invasive [9,24,25]. Phylogenetic reconstructions demonstrate
that the placenta of the ancestral placental mammal had a hemochorial placental interface with
a discoid shape and a labyrinthine interdigitation [9,26]. Humans maintain this anciently
evolved, invasive, hemochorial placenta. Thus, it is necessary to identify the selective pressure
(s) that favored the evolution of this highly invasive hemochorial placentation.

Analyses of single copy gene sequences and gene expression

Our current study focused on highly expressed, single copy genes in the term human placenta.
The potentially large sequence divergence among orthologs from distantly related vertebrate
genomes is a possible pitfall for positive selection analyses. This is one reason why we used
the relatively conserved single copy genes rather than members of multi-gene families as
inferred by the Ensembl comparative pipeline. If the analyzed sequences have diverged too
much, the pipeline will fail to cluster the sequences together. However, as all algorithms face
difficulties in some cases, there is still the possibility that sequence divergence may have, in
some cases, affected our alignments. We therefore manually checked the alignments to ensure
the alignment quality was acceptable (see supplemental data for aligned translated protein
sequences and aligned DNA sequences based on translated protein sequences).

It is possible that some genes with relatively low expression levels in the placenta (e.g.
transcription factors) are also important in placental biology but were not detected by our
methodology. The role played by modestly expressed genes in the placenta needs to be
investigated in further research. Moreover, our study neglects many aspects of adaptations that
may be associated with pregnancy. For example, neutral changes that occurred early in
mammalian and vertebrate evolution may not have been subject to selective forces until the
placenta emerged. Our study design would not have identified such changes. Functionally
important, but non-PSGs may also have undergone adaptations in their regulatory sequences.
Our study design would not have detected these changes. An additional possible caveat to
consider is that the PSGs identified in our study may not be highly expressed in all mammalian
placentas, making it difficult to extrapolate whether PSGs highly expressed in human term
placenta are relevant to placental biology in other mammalian clades and stages of pregnancy.
Recently, a study by Knox and Baker [10] showed that highly expressed genes were shared by
both human and mouse placentas and that many of these genes have origins that are more
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ancient than the origin of the placenta. Thus, ancient genes that were co-opted during placental
evolution in part directed the development and functions of the placenta [10]. However, that
study also noted that both mouse and human late gestation placentas express many clade
specific gene duplicates [10]. Our results also demonstrate that genes highly expressed in the
human placenta have undergone positive selection after the emergence of the Euarchontoglires
clade (Table 1). These more recent PSGs might be associated with changes in the morphology
of primate placentas such as the emergence of villous interdigitation and an increase in the
depth of trophoblast invasion. Whether the substitutions observed in the PSGs played a role in
these morphological changes awaits further investigation.

Most adaptations occurred on the eutherian stem lineage

Our study takes an important first step towards the goal of understanding the selective pressures
favoring human placentation. We demonstrate that single copy genes highly expressed in
human placenta show significant evidence of ancient adaptations that occurred prior to the
divergence of the human-chimpanzee group (Table 1). Specifically, numbers of PSGs on the
eutherian stem lineage are significantly larger than on any other descendant branches (two tail
Fisher exact test, p<0.01, Table 1).

We used a previously published set of housekeeping genes [27] in order to test whether the
highly expressed PSGs we identified reflected an increase above the expected amount of
selection on the placental stem lineage. Using this approach, we obtained multiple sequence
alignments of 282 human housekeeping genes with our online tool OCPAT [28] as a
comparison set to the highly-placentally-expressed genes (Table S6). Branch site tests
identified 14 housekeeping PSGs after correction. The ratio of PSGs highly expressed in the
placenta and positively selected on the stem eutherian lineage (62/222=28%) is significantly
larger (Two tail Fisher’s exact test p<0.01) than for the housekeeping genes (14/282 = 4.96%).

We considered the possibility that the increased number of PSGs on the eutherian stem may
be an artifact because the eutherian stem lineage represents a relatively long period of
evolutionary time. Careful examination of Fig. 1 reveals that the branch lengths of the stem
eutherian and stem primate branches are similar. Divergence time estimates show that the stem
primate branch (63 million years) is longer than the stem eutherian branch (55 million years)
[29]. If branch length were the cause of the high number of PSGs, we would expect a similar
number of PSGs on these two branches. Instead, the primate stem has only 18 PSGs while the
eutherian stem has 62. A Fisher’s exact test shows that significantly more genes were positively
selected on the stem eutherian lineage compared to the stem primate branch (p<0.01; Table 1).
In order to further confirm the branch-site model results we also conducted site model analysis
for each gene [30]. More than 50% (50 PSGs, 53.20%) of the genes that passed the branch-
site model A test also passed the site model test (Table S2).

Most comparative genomic studies seeking to uncover the genetic underpinnings of the human
phenotype have focused primarily on recent human adaptations. Our results emphasize that if
we limit tests for selection to the human terminal lineage, a large portion of genes that are
anciently adaptively evolved and potentially crucial for human placentation would be missed.
Similarly, another recent genome scan searching for adaptation in humans also showed that
genes showing more ancient selection on the ape stem lineage are associated with human
autoimmune and aging-related diseases [31].

Functional annotation and candidate genes for future research

Because we examined single copy genes that were highly expressed in human term placenta,
our initial set of 222 genes could shed light on the importance of both PSGs and non-PSGs in
human placental biology. DAVID analysis of the PSGs and hon-PSGs found distinct functional
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differences between the two sets of genes (Table 2). For example, the first cluster determined
from the total list of PSGs has “signal” as its primary annotation. Genetic studies have
demonstrated the crucial importance of signaling interactions among the mother, the placenta,
and the embryo/fetus [32]. Therefore, further research might be warranted on the positively
selected signaling related genes. In contrast, the most enriched functional annotation cluster
among non-PSGs is negative regulation of cellular physiological process. Genes in this cluster
include distal-less homeobox 5 (DLX5), notch homolog2 (NOTCH2), and adrenomedullin
(ADM). Mutations in genes that show a consistent pattern of purifying selection are also likely
to cause dysfunction due to functional constraint, although that functional constraint precedes
the emergence of the placenta. As genes often have pleiotropic effects, some genes highly
expressed in the human placenta also play important roles in other tissues. For example,
KI1SS1 was first described as a tumor related gene [33,34] and more recently, it has been
described as a potent regulator of the neuroendocrine reproductive axis [35]. Therefore, the
adaptive benefit of the substitutions we identified requires further study. Finally, we also
consider those genes that show evidence of adaptive evolution, but which have not been studied
in the context of placental biology (n=53) as particularly promising candidates for future
genetic association and clinical research studies.

Adaptive evolution on the eutherian stem lineage as related to preghancy

In our analysis, we found that many of the ancient PSGs are associated with pregnancy-related
phenotypes in humans and mice (Table S4), suggesting that successful placentation requires
the actions of proteins encoded by these PSGs. Examples of genes that show adaptations on
the eutherian stem lineage and are also important for placentation include COL4A2 NCOAG,
and KISS1. Collagen IV, encoded by COL4A2, is a major constituent of the trophoblast
basement membrane [36] and adaptively evolved on the eutherian stem (w =114.89,
p=0.00125, proportion of PSS=0.61%) and human terminal ( w =999, p=0.000, PSS%=1.12%)
lineages. Nuclear receptor coactivator (NCOAB) is essential for embryonic and placental
development and evolved adaptively on the eutherian stem lineage (w =13.686, p=0.00238,
PSS%=0.65%). Remarkably, Ncoa6 knockout mice do not survive past embryo day 13.5, and
histological examination of their placentas shows abnormal placental morphology and
placental development with a greatly reduced spongiotrophoblast layer (Table S4) [37]. KISS-1
metastasis-suppressor (K1SS1) also adaptively evolved on the eutherian stem lineage (e
=466.628, p=0.0056, PSS%=8.84%). The placental expression of kisspeptins, products of the
KI1SS1 gene, and their receptor are highest in the first trimester in humans and at day 12.5 in
rats [38], and known to regulate trophoblast invasion [39].

Most genes in the human genome have not yet been subject to any functional study, and among
those that have, only a subset have been studied in the context of placentation. We therefore
suspect that ascertainment bias is a potential problem when comparing the proportion of PSGs
to non-PSGs in terms of pregnancy-related phenotypes because of the lack of currently
available functional data. Instead, we used the MGI phenotypes records to compare the ratio
of the PSGs and non-PSGs related with pregnancy. There is an increasing trend for enrichment
of the PSGs with pregnancy (27.66% for PSGs v.s. 15.62% for non-PSGs), even though the
increase is not significant (one tail Fisher exact test, p=0.055).

Our finding that 19 innate immune related genes show adaptive evolution on the eutherian stem
lineage (Table S1, Table S5) warrants further discussion. This result corroborates experimental
evidence that innate immune-related genes are involved in placentation and pregnancy [40,
41]. Since the placenta is a semi-allograft [42,43], the maternal immune system must have been
challenged by the invading placenta throughout human descent from the LCA of extant
eutherians. Many studies have found that immune-related genes are highly expressed in the
placenta and fetal membranes, and that key immune-regulatory molecules have significant
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impact on the outcome pregnancy; for example, Toll-like receptors (TLR) [44], and genes
expressed in NK cells during pregnancy [45]. Examples of adaptively evolving innate immune-
related genes on the eutherian stem lineage include CFB and AXL. Complement factor B
(CFB) shows evidence of adaptive evolution on both the eutherian ( « =24.633, p=0.00414,
PSS%=3.54%) and Euarchonotoglires (w =286.319, p=0.000, PSS%=3.02%) stem lineages.
Of note, low concentrations of CFB have been detected in the circulation of patients with
recurrent pregnancy loss [46]. AXL, which encodes the AXL receptor tyrosine kinase, also
shows evidence of adaptive evolution on the eutherian stem lineage (w =27.322, p=0.0046,
PSS%=1.94%). Importantly, AXL is one of the three TAM (Tyro3, AXL and Mer) receptors
that profoundly inhibit both TLR- and cytokine-driven immune responses [47] that are known
to have immunoregulatory role in pregnancy [48]. Taken together, these examples suggest that
the 19 immune-related PSGs identified in this study are particularly interesting candidates for
studies focused on the immune responses at the maternal-fetal interface.

Human and mouse pregnancy-related phenotypes/functions

28 PSGs have human pregnancy-related phenotypes (Table S3) while 26 PSGs have mouse
knock-out pregnancy-related phenotypes. Among these 41 PSGs in total, all show ancient
signatures of selection (Tables S1 and S3) and about half evolved adaptively on the eutherian
stem lineage (18 for human phenotypes/functions, 18 for mouse MGl records). However, there
are still considerable numbers of genes that evolved adaptively on other lineages and also
appear to be important in the placenta. For example, ADAM12 (a disintegrin and
metalloprotease 12) shows evidence of positive selection on the primate stem lineage ( @
=8.155, p=0.00691, PSS%=0.83%). ADAM12 mediates syncytiotrophoblastic shedding of
oxytocinase [49] and its reduced maternal serum concentrations were reported in early
pregnancies that are complicated with fetal trisomies 18 and 21 [50], and in pregnant women
who subsequently developed preeclampsia [51]. FN1 (fibroncetin 1) shows evidence for
positive selection on the Euarchontoglires stem lineage (w =170.096, p=0.0225, PSS%
=0.06%). Fibroncetin mediates the attachment of trophoblast to collagen and the extracellular
matrix [52], and patients with a positive fibronectin test have been shown to be at higher risk
for spontaneous recurrent preterm birth [53]. Evidence from gene expression profiles at the
human maternal-fetal interface [54] demonstrated that several of our newly identified ancient
PSGs including collagen encoding genes (COL1A2, COL3A1, COL6A1, and COL6A3), the
PDZ and LIM domain-containing PDLIM1, and the anti-hemophillic Von Willebrand Factor
(VWF), change expression significantly (fold value larger than 1.6) between midgestation and
term. Among these genes, one (PDLIM1) shows evidence for selection on the human terminal
lineage.

It has recently been reported that phenotypes determined from mouse models may not result
in similar phenotypes in human [55]. However, in our study, 11 of the 13 PSGs with known
mouse phenotypes but unknown human phenotypes show ancient adaptations before the last
common ancestor of the two species; suggesting the possibility that the observed mouse
phenotypes in these genes are pertinent to humans.

In conclusion, the current study provides evolutionary genetic evidence that a significantly
greater number of adaptive events occurred on the eutherian stem lineage compared with the
subsequent descendent lineages in which the human placenta evolved into its current form.
The statistical evidence obtained in the present study allows us to propose that the early
adaptations in single copy genes highly expressed in term human placentas have been largely
maintained during human descent. Moreover, examination of the mouse mutant phenotypes
and PubMed literature searches on human pregnancy revealed that a considerable portion of
ancient positively selected genes, especially on the stem eutherian lineage, have important roles
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in mammalian pregnancy and placentation. Other PSGs without functional and/or experimental
evidence are attractive and novel candidates for further study of placental biology.

Materials and Methods

Genome data sources

All sequences were obtained from the Ensembl comparative database (v. 47, Oct. 2007). We
used two Ensembl comparative homology databases (Ensembl family and Ensembl protein
homology, http://www.ensembl.org). The Ensembl family database uses all the available data
to cluster genome sequences into protein families and includes many redundant sequences.
Conversely, the protein homology database is limited to only the longest transcripts for each
gene and relies solely on Ensembl predicted gene datasets (Ensembl help desk). When genome
sequence coverage is good, inferences of protein homology are robust. However, it is not
possible to accurately infer gene duplication and loss using genomes with coverage lower than
2X [56]. Therefore, we decided to use Ensembl protein homology and only those genomes
with fold coverage > 5X (n=11) for initial orthology assessment. Genome coverage, taxon
names, and placental interface are listed in Table S7. We used established single copy genes
(i.e., 1:1 orthologs) only as determined by Ensembl. The rationale for this choice is that lineage
specific gene duplications resulting in sub- and neo-functionalization in new gene copies, along
with processes such as gene conversion, complicate interpretations of branch specific adaptive
evolution. Instead, we took the conservative approach and examined only those genes with
relatively simple evolutionary histories. All gene families with multiple copies in a given
genome were excluded from further analysis. In the second step, we included putatively
orthologs sequences from the low-fold coverage genomes of rabbit, armadillo, African elephant
and tenrec. This approach allowed us to include all four major extant eutherian mammal clades
in the analyses. Due to low-quality atlantogenatan (i.e., the elephant, tenrec, armadillo group)
sequences some genes were analyzed without inclusion of their orthologs. Finally, we also
checked whether the putative orthologs had multiple copies in the armadillo, African elephant
or tenrec. If so, these genes were excluded from our datasets.

Human housekeeping genes were used as the control group to compare the ratio of PSGs among
genes highly expressed in the placental datasets to a control group. We used a previously
published housekeeping gene list [27] and we used our online tool OCPAT [28] to obtain
multiple sequence alignments of these genes. Using this tool, we were able to obtain alignments
from 282 human housekeeping genes (Table S6).

Sequences and alignment quality control

We used two rules to strike a balance between sequence quality and statistical power.
Sequences with a proportion of ‘Ns’ greater than 10% across the length of the gene sequence
were removed from analysis. Further, any gene sequence with total length < 300bp was
excluded from further analysis. Alignment of multiple DNA sequences based on predicted
protein sequences was done using the CLUSTAL W program [57] using Bioperl modules
(http://www.bioperl.org).

Evolutionary analysis

The ratio between the relative rate of non-synonymous substitution to the relative rate of
synonymous substitution (w =dy/ds) measures the strength of selection acting on a protein-
coding gene. Assuming synonymous mutations are subjected to almost strictly neutral
selection, w <1, w =1, and w >1 represents negative selection, neutral evolution, and positive
Darwinian selection, respectively. Maximum likelihood analysis of the sequence evolution was
performed with CODEML program in the PAML 3.15 software package [58]. The improved
branch-site model A (TEST-II) [59] was used to test for positively selected sites along specific
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lineages. TEST-II is an LRT that compares a null hypothesis with fixed w,=1 with model A
that allows w»>1 in the foreground lineage. TEST-II is a direct test for positive selection on
the foreground lineages and can discriminate relaxed selective constraint from positive
selection [21]. A Bayes Empirical Bayes (BEB) method of analysis, introduced to answer the
criticisms that branch-sites tests have an excessive false positive rate [60], was used to detect
positively selected sites. However, any genome-scale study that surveys for positive selection
is susceptible to false positives arising from uncertainty in parameter estimation [61]. When
multiple branches on a tree are tested for positive selection using the same data, correction for
multiple testing is required. We used the conservative Bonferroni correction procedure for
multiple tests as recommended by Yang [61]. Six separate foreground branches were tested
for evidence of positive selection: stem of Eutheria, stem of Boreoeutheria, stem of
Euarchontoglires, stem of Primates, stem of the human-chimp clade, and the human terminal
(Fig. 1) according to a presumed phylogeny [13]. As an additional validation test, Site model
(M7 v.s. M8) was used to test selection across the whole tree [30].

In order to reduce the amount of phylogenetic gene tree inference bias in genome level analysis
that can be introduced, for example, when either only the gene tree or only the species tree is
used, we used a newly developed gene tree construction method called TreeBest [62] to infer
individual gene trees. TreeBest was specifically designed for reconciling gene trees with
species trees and has been widely used in both the Ensembl comparative and Treefam [62]
databases. TreeBest minimizes the number of gene duplications and losses by reconciling an
inferred neighbor joining gene tree with a presumed species tree. If the best tree topology is
different from user-determined criteria, the gene is discarded for the specific lineage test. We
applied an inclusion criterion that required the basic tree topology recovered by TreeBest to
follow the species tree such that for each tested branch, the closest outgroup species must be
the same as observed in the presumed species tree. For example, in any given TreeBest gene
tree, we required the opossum gene as the closest outgroup to eutherian mammals in order to
test for selection on the stem eutherian lineage.

Expression and phenotype data

Gene expression data were obtained from the Human GNF1H, gcRMA indexed by SymAtlas
[15]. The annotation files were also downloaded from SymAtlas [15] to map to the expression
value to the Ensembl Transcripts IDs. Placental expression data were used to identify those
genes highly expressed in the human placenta. Tissue-specific expression patterns were
measured as tissue specificity index z [63]. The formula (1) was used for z value calculation.

DEACEED)
n, — 1 (1)

TII

In this formula ny is the number of examined tissues and x; is the expression profile component
normalized by the maximal component value. In the current study, we used all 79 tissues/cell
lines to calculate the 7 value. If a gene was expressed in only one tissue, its z value would be
close to 1. In contrast, if a gene is equally expressed in all tissues, 7 =0. If two or more probes
mapped to a single gene, we averaged the expression values for each tissue and then calculated
the 7 value. Highly expressed genes were defined as three times or greater than the median
value of the 79 tissues/cell lines.

Because human and mouse placentas are both discoid and hemochorial, mouse mutants can
provide important information for human placenta research. Mouse gene mutant phenotype
data were obtained from the MGI_4.0 database
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(http://www.informatics.jax.org/phenotypes.shtml) [23]. In the current research, we used
MGI_4.0 database and literature searches to define pregnancy-related phenotypes. Pregnancy-
related phenotypes were assumed for a particular PSG if: 1) The mouse phenotype for a certain
gene caused significant changes in A) placental/extraembryonic tissue development; B)
embryonic/fetal development; C) embryonic/fetal lethality; D) angio-/vasculogenesis; or 2)
Current literature searches suggested important roles in human pregnancy and placentation
(Table S4).

Functional Annotation Clustering and Tests of Statistical Significance

Functional annotation clusters were determined using the DAVID functional annotation
clustering tool [22], with the kappa similarity threshold set to 0.7 and all other options set to
default values. The tool calculates an associated enrichment score for each cluster based upon
the geometric mean (in negative log scale) of the p values determined for each of its component
annotations, as determined via a modified Fisher’s exact test. To compare the tissue specificity
for the PSG and the non-PSG both highly expressed in the human placenta, the two tail t-test
was used to check possible tissue specificity difference between two groups. Non-parametric
ANOVASs and post-hoc tests were performed using GraphPad Prism software
(http://www.graphpad.com/prism/Prism.htm). The GO term for immune related genes were
annotated by using the GO official website annotated immune system
(http://www.geneontology.org/). Numbers of PSGs reported in total and for each lineage have
been corrected for multiple testing as recommended by [49].

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Phylogenetic relationships among study species

The phylogenetic relationships and divergence time estimates among eutherian mammals are
from the literature [13,14]. Branch lengths outside Theria are not drawn to scale. Stem lineages
that were tested for positive selection among the set of placentally highly expressed protein
coding genes during human descent from the LCA of therian mammals are indicated and
abbreviated as follows: Eutheria (EUT), Boreoeutheria (BOR), Euarchontoglires (EUA),
primates (PRI), Homo-Pan group (HC), and human (H). Superordinal clades discussed in the
text are also indicated.
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Fig. 2. Workflow for this study
This workflow includes the relationship among the single copy gene inference, MGI database

searching, literature searching, gene expression and evolutionary analyses.
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S0=4960

HE=222

Fig. 3. Relationship among orthologs, expression data, positively selected genes (PSGs), and human
and mouse pregnancy-related phenotypes

SO =ssingle copy ortholog; HE = highly expressed gene in placenta; MOU_PHE = PSG with
pregnancy-related mouse gene phenotypes; HUM_REP = PSGs with human pregnancy-related
phenotypes. NMH: PSGs that have neither (N) mouse (M) nor known human pregnancy-related
phenotypes (H) by literature searching.

Genomics. Author manuscript; available in PMC 2010 January 1.



Page 18

Hou et al.

‘eluage|d uewny ayy ul passaidxa Alybiy sOSd 404 (anjea ueipaw)/(anjeA uoissaldxa) ay s198}Ja UMOYS Jaquinu :(X) uoissaidx3

#

'saouanbas awouasb J00d Aq paniwi| Buiuuni YOg (T 24nbi4 98s 0s[e) [eulw.al
uewny :NNH ‘dnoib sazuedwiyo-uewny :QH ‘serewid :14d ‘saajboluoyoiend (N3 ‘elsyineoaiog :4Og ‘eLByINg ;1 N3 "UOID81I00 1U0JIajuog Ja1fe SayourIqg [eNPIAIPUI UO SHSJ 10 Jaquinu ay |
*

44 0zz 612 €8t ey eee pazAfeuy [eoL

€zt T T 81 0z T 29 $95d [B10L

oy g € S ot 1 £ 0T<X

9% € S 8 ¥ 0 91 0T > X>S

or € € S 9 0 vz 5SX>¢
95d 101 WNH OH 1d vn3 dog 1n3 g(X)uoissaidx3

uo119313s aAIISOd 10} PaIsal sayouelg
¥

NIH-PA Author Manuscript

S8UoURIQ JUBJSLIIP BY) UO [9A3] UOISSaIdXa J18Y) pue SHSJ JO Jaguinu ay) Jo Arewwing

T alqel

NIH-PA Author Manuscript

NIH-PA Author Manuscript

Genomics. Author manuscript; available in PMC 2010 January 1.



Page 19

Hou et al.

‘Buryaseas ainyessi| Aq (H) Aoueubaid uewny ui ssjos paryiuapl Jou (N) sadArouayd asnow (N) Jayiau aaey 12yl SOSd :HIANIN "PazAjeue saush Jo Jaquunu |[ews ay} 40 asnedsq pajunod Jou :4Og ‘abeaul| T<
uo aunjeubis sIy} MoYS swos pue pajas)as AlaAisod ale sauab anbiun 6 (T 81nbi4 83s os[e) [euiwus) uewny :H ‘dnolb sazuedwiyd-uewny :QH ‘sajewd :|4d ‘saijbouoydend :wn3J ‘elsying :1N3
*

6T € L XlJew Jejn||aoenx3
TC 14 €L uoredIUNWWOI |18D
S8 v 64T [eubis K444 [e10L
S € 28T 111 8dA1 ‘unosuouqi4
194 9 4 auelquiswsuel |
ssao0.d
0¢ <] vZ'e [eaibojoisAyd tejnjja9 Jo uonenbai snebaN 8zT 9Sd UON
1% 6 GS'T 1eadal YoL-auiona
% ¥ 9'T Jeadal you-sulona]
61 4 v9'C [eubis v HAN
€ 14 100 a|jauebio punog-sueiquiaw Jejn||adenu|
S € €0 wsijogeIsiN
S L 90 [eubis 1 WNH
L S G50 a|jauebio punog-sueiquiaw Jejn||adenu|
8 % 150 ssaoo.d [ea1bojoisAyd Jejnjied
14 S 290 uoIezI[es0 ] 11 IH
6 1 690 auelquiswsuel |
€ ¥ 2L0 SISAYIUASOIQ 3]NJ3|OWOIIRIN
45 € €9C u19104dodA|9 8T 14d
1% € 6€C uonejAioydsoyd
S 8 S6'C uoisaype |20
97 € S.'8 u19104dodA|9 0z vN3
0T ST 607 uabe|j0D
81 6 ¥5'S uonoeiauIl 101d828I-N DT
13 % 80'6 leubis 29 1n3
6 1T Ly uabe|j0D
14 6 €29 XUjew Jen||aoenxg
€S 14 142" [eubis 6 [eloL 93d
SOUdD) # suoleouuy # 9409S JUBWYdIIUg J131sn|D aUdD # *Emommu 40 polisd sse|n

NIH-PA Author Manuscript

SaYoURIq JUBJBHIP UO pUE [10] Ul Sausl Jo BulIgIsN|d UoIeIoUUR [eUOIoUNS

¢ dlqel

NIH-PA Author Manuscript

NIH-PA Author Manuscript

Genomics. Author manuscript; available in PMC 2010 January 1.



