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Abstract

The emergence of the placenta is a revolutionary event in the evolution of therian mammals, to which some LTR
retroelement-derived genes, such as PEG10, RTL1, and syncytin, are known to contribute. However, therian genomes
contain many more LTR retroelement-derived genes that may also have contributed to placental evolution. We con-
ducted large-scale evolutionary genomic and transcriptomic analyses to comprehensively search for LTR retroele-
ment-derived genes whose origination coincided with therian placental emergence and that became consistently
expressed in therian placentae. We identified NYNRIN as another Ty3/Gypsy LTR retroelement-derived gene likely
to contribute to placental emergence in the therian stem lineage. NYNRIN knockdown inhibited the invasion of
HTR8/SVneo invasive-type trophoblasts, whereas the knockdown of its nonretroelement-derived homolog
KHNYN did not. Functional enrichment analyses suggested that NYNRIN modulates trophoblast invasion by regulat-
ing epithelial-mesenchymal transition and extracellular matrix remodeling and that the ubiquitin-proteasome sys-
tem is responsible for the functional differences between NYNRIN and KHNYN. These findings extend our knowledge
of the roles of LTR retroelement-derived genes in the evolution of therian mammals.

Key words: evolutionary genomics, ancestral state reconstruction, placenta, LTR retrotransposon.

are derived from trophectoderm cells residing in the exter-
nal layer of therian embryos (fig. 1A). Trophoblast-lineage
cells in therian mammals differentiate into specialized
trophoblast cells that transform the uterine environment
for maternal acceptance and embryonic support (Jones
et al. 2014; Martinez et al. 2015; Kolahi et al. 2017;
Pollheimer et al. 2018). The emergence of such a special

Introduction

The emergence of the placenta is an important event in
the evolutionary history of therian mammals. Although
therian placentae vary in shape, form, and degree of inva-
siveness, placentotrophy is assumed to have originated
only once in the evolutionary history of mammals

(Blackburn 2015) and is believed to be a key factor behind
the survival of mammals during the K-Pg extinction event.
The process of placental attachment requires the invasion
of fetal tissues into the maternal uterine endometrium for
the subsequent establishment of fetomaternal adhesive
forces. The invasion of therian fetal placentae is led by
the collective invasion of trophoblast-lineage cells that

system is an evolutionary innovation whose genomic bases
are of general interest in evolutionary and developmental
biology (Griffith and Wagner 2017).

LTR retroelements are repetitive genetic elements uni-
versally found in vertebrate genomes (Chalopin et al.
2015). In mammalian genomes, such as human and mouse
genomes, LTR retroelements account for 8% and 10% of
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Fic. 1. Many LTR retroelement-derived genes could be involved in therian placental evolution. (A) Schematic differentiation of
trophoblast-lineage cells in the tammar wallaby (nearly full-term) and human (third trimester) placentae from blastocyst trophectoderm cells,
as examples of the differentiation in marsupials and that in placentals, respectively. (B) A simplified phylogeny and the numbers of tetrapod
genomes or transcriptomes that were used in this study. (C and D) Schematic representations of transition events regarding (C) gene sequence
and expression gain or loss or (D) integration of LTR retroelements. (E) A schematic diagram showing the reconstruction of ancestral states of
genes and interpretation of transition events from character state changes. (F) Numbers of identified ortholog groups whose ancestral gene
originated in the stem lineage of each clade but was not expressed in the placenta or chorioallantoic membrane of its MRCA (state 0 — 1)
and those whose ancestral gene originated in the stem lineage of the MRCA and became expressed in the placenta or chorioallantoic membrane
of that MRCA (state 0 — 2). (G) Numbers of identified ortholog groups whose ancestral gene in the stem lineage of each clade was newly in-
tegrated by at least an LTR retroelement, and all the integrated LTR retroelements became introns (state A — I) or at least an LTR retroelement
became an exon (state A — E) in the gene of the MRCA of that clade. (H) Numbers of ortholog groups of LTR retroelement—derived genes that
may have contributed to the placental evolution in the therian, marsupial, and placental lineages (states 0 — 2 and A — E).

the total length, respectively (Lander et al. 2001; Waterston
et al. 2002). Although the roles of most LTR retroelements
in mammalian genomes remain elusive, several LTR retro-
element—derived genes, such as PEG10, RTL1, and syncytin,

2

have been shown to play crucial roles in the placental de-
velopment of therian mammals (Ono et al. 2006; Sekita
et al. 2008; Dupressoir et al. 2009; Cornelis et al. 2015)
and Mabuya lizards (Cornelis et al. 2017). PEG10 functions
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in trophoblast stem-cell lineage specification (Abed et al.
2019) and trophoblast proliferation and invasion (Chen
et al. 2015), whereas syncytin functions in trophoblast fu-
sion (Mi et al. 2000; Cornelis et al. 2015; Cornelis et al.
2017). Altogether, their origination is considered to be a
key evolutionary event that underlies the functional evolu-
tion of the placenta in therian mammals and placental
reptiles.

The recent increase in the number of tetrapod genomes
and transcriptomes in public databases provides us with
an opportunity to comprehensively investigate the evolu-
tionary history and expression pattern of LTR retroele-
ment—derived genes across therian genomes. More than
250 curated tetrapod genomes are available in the NCBI
RefSeq (O’Leary et al. 2016) and Ensembl (Howe et al.
2021) databases. Transcriptomes from the placenta of 13
therian mammals (Bernstein et al. 2010; Wang et al.
2013b; Armstrong et al. 2017; Guernsey et al. 2017) and
the chorioallantoic membranes of a saurian species
(Griffith et al. 2017) are also available. In addition, recent
bioinformatics tools, such as PastML (Ishikawa et al.
2019), enabled the rapid reconstruction of ancestral states
of genomes and transcriptomes from large-scale informa-
tion of extant species. Because placental development re-
quires a complex intermingling of cells from both the
mother and fetus, which would have to be driven by a
multitude of new factors, we expected that additional
LTR retroelement—derived genes that have contributed
to the evolution of the therian placenta would remain to
be discovered.

In this study, we conducted comparative evolutionary
genomic and transcriptomic analyses and revealed that
NYN domain and retroviral integrase containing (NYNRIN,
formerly called CGIN), an LTR retroelement—derived
gene, originated in the therian stem lineage and became
consistently expressed in therian placentae in parallel
with the therian placental emergence. Furthermore,
NYNRIN knockdown (KD) and RNA-seq experiments con-
firmed that NYNRIN functions in trophoblast invasion and
would be another key factor that contributed to the emer-
gence of the therian placenta.

Results

Nineteen LTR Retroelement-Derived Genes may
have Contributed to the Placental Evolution in the
Therian, Marsupial, or Placental Lineages

We first screened for LTR retroelement—derived genes that
have potentially contributed to therian placental evolu-
tion. Screening started by using OrthoFinder (Emms and
Kelly 2019) to reconstruct ortholog groups across 267
tetrapod species (fig. 1B). From the 41,884 ortholog groups
that were identified, we assigned the states of genes in
each ortholog group to each extant tetrapod species based
on the presence/absence of gene sequences, their expres-
sion in the placenta or chorioallantoic membrane, and
the presence/absence of LTR retroelements that became

gene introns or exons (fig. 1C-E). Then, we inferred the
states of the ancestral species using the maximum
parsimony—-based = DOWNPASS and  maximum
likelihood—based marginal posterior probability approxi-
mation methods in PastML (Ishikawa et al. 2019). Both
methods concordantly estimated 45, 85, and 311 ortho-
log groups whose ancestral genes originated in the ther-
ian, marsupial, and placental stem lineages, respectively,
and became expressed in the placentae of the most re-
cent common ancestor (MRCA) of therians, marsupials,
and placentals (fig. 1F). Moreover, the ancestral gene of
1, 1, and 17 of these ortholog groups in the stem lineages
of therian, marsupial, and placental mammals were, re-
spectively, estimated to be newly integrated with (an)
LTR retroelement(s) and at least an LTR retroelement
became exon(s) in the gene of their MRCA (fig. 1G and
H; supplementary table S1, Supplementary Material
online).

NYNRIN is Another LTR Retroelement—Derived Gene
that may have Contributed to the Therian Placental
Emergence

Among the 19 LTR retroelement—derived genes, we fo-
cused on NYNRIN because its origination coincided with
the emergence of the therian placenta (fig. 2A and B).
NYNRIN originated from a duplication of a pre-existing
gene, KH and NYN domain containing (KHNYN), and a sub-
sequent fusion of the duplicate with the Ty3/Gypsy pol
gene—derived segment that contained a reverse transcript-
ase ribonuclease H (RNase H) domain and an integrase
(INT) domain (fig. 2G; Anantharaman and Aravind 2006;
Marco and Marin 2009; Llorens et al. 2011). NYNRIN has
been shown to be associated with a predisposition to
Wilms tumor (Mahamdallie et al. 2019) and metastasis
of melanoma (Leonard et al. 2021). Since cancer metastasis
and placental invasion could be evolutionarily linked in the
therian lineage (Kshitiz et al. 2019; Wagner et al. 2022), we
hypothesized that NYNRIN, like PEG10, RTL1, and syncytin,
may also play a role in placental development in therian
mammals.

Reconstructions of the ancestral states of NYNRIN con-
sistently showed that NYNRIN originated in the therian
stem lineage and became expressed in placental tissues of
the therian MRCA. NYNRIN was present in all extant therian
species, except for the tammar wallaby (Notamacropus euge-
nii; supplementary table S2, Supplementary Material online).
Comparative transcriptomic analysis also revealed that
NYNRIN was actively expressed (zFPKM average > —3) in
the placental tissues of all therian species whose data were
available, except for the tammar wallaby. The absence of
NYNRIN in the genome and transcriptome of the tammar
wallaby could be due to the low data quality, where 22.2%
of the conserved proteins were missing (supplementary
fig. S1, Supplementary Material online). In addition, al-
though a protein in a common garter snake (Thamnophis
sirtalis) was annotated as NYNRIN (XP_013909250.1), this
was likely a misannotation because its sequence similarity
to other NYNRIN proteins was < 31.5%.
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Fic. 2. NYNRIN originated in the therian stem lineage and its expression was recruited into the placenta of the therian MRCA. (A and B)
Reconstruction of the ancestral states of NYNRIN in terms of (A) the presence/absence of gene sequences and their expression in the placenta
or chorioallantoic membrane or (B) the presence/absence of LTR retroelements that became exons of NYNRIN. Marginal posterior probability
approximation method was used. Node color represents the estimated states. Blue arrow: species whose transcriptome data from the placenta
or chorioallantoic membrane were available, crescent: mammalian MRCA, star: therian MRCA. (C) Domain architecture of the human NYNRIN,
KHNYN, and other phylogenetically related NYN-containing N4BP1, ZC3H12C, and ZC3H12A proteins. KH-like, K homology-like domain; NYN,
Nedd4-BP1 YacP nuclease domain; INT, integrase domain; CUBAN, cullin-binding domain associating with NEDD8 domain; CoCUN, cousin of

CUBAN domain; UBA, ubiquitin-associated domain.

NYNRIN Proteins Localized in Trophoblast-Lineage
Cells and its KD Inhibited Trophoblast Invasion
Next, we experimentally investigated whether NYNRIN
functions in placental development and, hence, was likely
to contribute to the therian placental emergence. First, the
expression and localization pattern of NYNRIN in human
placental tissues were identified by immunostaining of
placental tissues from healthy individuals and patients
with preeclampsia and intrauterine growth restriction
(fig. 3A). NYNRIN localized in the cytoplasm of human
trophoblast-lineage cells, including cytotrophoblasts,
syncytiotrophoblasts, and extravillous trophoblasts, rather
than in cells in the mesenchymal core of placental villi or
decidual stromal cells. The localization pattern of
NYNRIN was consistent with our hypothesis that
NYNRIN contributes to placental development.

4

We also investigated the roles of NYNRIN in two im-
portant processes during placental development, tropho-
blast fusion, and trophoblast invasion, using siRNA KD.
The role of NYNRIN in trophoblast fusion was explored
by performing in vitro cell fusion assay in human BeWo
trophoblastic choriocarcinoma cells. Three sets of
NYNRIN siRNA (siNYNRIN) effectively reduced NYNRIN
expression in BeWo cells compared with that in the con-
trol (n=3; supplementary fig. S2A, Supplementary
Material online). However, there were no clear morpho-
logical differences in cell fusion, induced by dibutyryl
cAMP (Db), between BeWo cells treated or untreated
with siNYNRIN (fig. 3B). The expression of CGB, a molecu-
lar marker gene of trophoblast fusion, in Db-treated
BeWo cells was also unchanged by NYNRIN KD (n=4;
supplementary fig. S2B, Supplementary Material online).
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Fic. 3. NYNRIN promotes trophoblast invasion rather than trophoblast fusion. (A) Human placental tissues from a healthy individual and those
from a patient with preeclampsia and intrauterine growth restriction (IUGR) stained with anti-NYNRIN, anti-HLA-G (a marker of extravillous
trophoblast), or normal rabbit IgG (negative control) (20X). ET (red arrow): extravillous trophoblast in decidual tissue, CT (yellow arrow): cyto-
trophoblast, ST (blue arrow): syncytiotrophoblast layer. (B) BeWo cells treated with siCtrl (control), siCtrl + Db, or siNYNRIN3 + Db (20x). Blue:
nuclei, red: cell membranes, white arrow: fused syncytium. (C) Microscopic images (10X) and (D) proportions of HTR8/SVneo cells that invaded
through Matrigel after treatment with siCtrl or each of the three siNYNRINs (siNYNRIN2 for the microscopic image). Blue: nuclei, *P < 0.05, **P <
0.01, ****P < 0.0001, orange lines: 95% confidence intervals for the median.

We then investigated the role of NYNRIN in trophoblast
invasion using HTR8/SVneo invasive-type trophoblast
cells. Although HTR8/SVneo cells were often described
as extravillous trophoblasts, we assume that their
cytotrophoblast-like characteristics, including progenitor
cell-like self-renewal properties (Weber et al. 2013), the
ability to undergo cell-cell fusion by forskolin induction
(Liu et al. 2015), and the ability to undergo epithelial-
mesenchymal transition under normal culture conditions
(Abou-Kheir et al. 2017; Msheik et al. 2020) make

HTR8/SVneo cells good representatives of invasive
trophoblast-lineage cells rather than only being represen-
tatives of extravillous trophoblasts. We confirmed that
all the three sets of sINYNRIN reduced NYNRIN expression
in HTR8/SVneo cells compared with that in the control
(n=3; supplementary fig S2C, Supplementary Material on-
line) and that NYNRIN KD significantly reduced the me-
dian proportion of invasive HTR8/SVneo cells compared
with that in the control (n =10; 11.7-44.7%; Dunn’s post
hoc, adjusted P <0.0233; fig. 3C and D). These results
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suggest that NYNRIN may have contributed to the emer-
gence of the therian placenta by promoting trophoblast
invasion, rather than trophoblast fusion.

RNA-seq of NYNRIN-KD HTR8/SVneo Cells Suggested
Roles of NYNRIN in Epithelial-Mesenchymal
Transition and Extracellular Matrix Remodeling

We further examined the molecular and physiological
functions of NYNRIN by comparative transcriptomic ana-
lysis of NYNRIN-KD HTR8/SVneo cells and the control.
Principal component analysis showed that the gene ex-
pression profiles of the control and NYNRIN-KD groups
clustered into two distinct groups, as expected (fig. 4A).
Between the two groups, 6,507 differentially expressed
genes (DEGs; adjusted P <0.05, zFPKM averages in all
groups > —3) were identified, including 3,174 downregu-
lated and 3,333 upregulated genes in the NYNRIN-KD
group (fig. 4B). The top 1,000 most significant DEGs (ad-
justed P < 1.89 X 107 '), including 672 and 328 downregu-
lated and upregulated genes, respectively, were selected
for functional enrichment analysis. The top ten Gene
Ontology (GO; Gene Ontology Consortium, 2021) and
Kyoto Encyclopedia of Genes and Genomes (KEGG;
Kanehisa et al. 2021) terms (adjusted P < 0.05) enriched
with the NYNRIN-KD downregulated genes were related
to endoplasmic reticulum stress, extracellular matrix re-
modeling, cell motility, and Fcy receptor signaling pathway
(fig. 4C-F, supplementary table S3, Supplementary
Material online), most of which are known to be related
to trophoblast invasion (Kaloglu and Onarlioglu 2010;
Zhu et al. 2012; Lee et al. 2019), except for the Fcy receptor
signaling pathway. The top ten GO and KEGG terms en-
riched with the NYNRIN-KD upregulated genes were re-
lated to glycolysis, HIF-1 signaling pathway, and cell
cycle, all of which are known to be related to cell invasion
(Dahl et al. 2005; Kohrman and Matus 2017; Zhu et al.
2017; Tsai et al. 2021). Notably, an enrichment analysis
using the MGl Mammalian Phenotype terms (Smith and
Eppig 2009) indicated that NYNRIN KD may affect abnor-
mal embryonic growth and lethality, which are linked to
placental development (fig 4G). We additionally applied
the |log, fold change| > 0.5 cutoff criterion to investigate
the effect of highly dysregulated DEGs (supplementary
fig. S3, Supplementary Material online). The top 1,000
most significant DEGs (adjusted P-value < 1.73x107%)
were enriched to a part of the top ten ontology terms re-
lated to trophoblast invasion previously found such as
“cell-substrate junction,” “focal adhesion,” “HIF-1 signaling
pathway,” and “decreased angiogenesis,” indicating that
those functions are associated with the highly dysregu-
lated DEGs.

Additionally, we checked the changes in the expression
of genes related to epithelial-mesenchymal transition and
extracellular matrix remodeling because these processes
play a key role in trophoblast invasion (Kaloglu and
Onarlioglu 2010; Zhu et al. 2012; Oghbaei et al. 2022).
The expression of mesenchymal marker genes N-cadherin
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(CDH2), VIM, and ZEB1 was significantly decreased by
NYNRIN KD (fig. 4H), whereas the expression of epithelial
marker genes E-cadherin (CDH1), DSP, and TJP1 was un-
changed or increased. These findings suggest that
NYNRIN KD inhibited the epithelial-mesenchymal transi-
tion of HTR8/SVneo cells. The decreased expression of sev-
eral matrix metalloproteinase genes, plasminogen-related
PLAU and PLAUR genes, and the pro-inflammatory cyto-
kine IL6 gene in NYNRIN-KD HTR8/SVneo cells also sug-
gested a role for NYNRIN in inhibiting extracellular
matrix degradation. The top ten most significantly down-
regulated or upregulated genes also included HSP90AB1
(Voss et al. 2000), PRNP (Alfaidy et al. 2013), SPARC
(Tossetta et al. 2019), COL5A (Anton et al. 2014), BNIP3
(Stepan et al. 2005; Zhou et al. 2021), AGO2 (Cheloufi
et al. 2010), HIPK3 (Wang et al. 2022), and ARID3A (Rhee
et al. 2017) which are associated with or functional in pla-
cental development or placenta diseases.

A Homologous Nonretroelement—Derived Gene
KHNYN would not Function in Trophoblast Invasion
As described earlier, NYNRIN was derived from the cellular
gene KHNYN which contains the K homology-like
(KH-like) domain and Nedd4-BP1 YacP nuclease (NYN)
domain, but not the LTR retroelement—derived RNase H
nor INT domain (fig. 2C). Multiple sequence alignment
of NYNRIN, KHNYN, and other NYN-containing proteins
is provided in supplementary fig. S4A, Supplementary
Material online. To clarify whether the role of NYNRIN in
trophoblast invasion was due to its nonretroelement-
derived KH-like and NYN domains, we performed an inva-
sion assay and RNA-seq analysis of KHNYN-KD HTRS8/
SVneo cells. If KHNYN-KD cells exhibit phenotypes and
transcriptome profiles similar to those of NYNRIN-KD cells,
the function of NYNRIN in trophoblast invasion could be
attributed to the nonretroelement-derived segment, ra-
ther than the retroelement-derived segment of NYNRIN.

After confirming that all three sets of KHNYN siRNA
(siKHNYN) effectively reduced KHNYN expression in
HTR8/SVneo cells compared with that in the control
(n=3; supplementary fig. S2D, Supplementary Material
online), we performed an invasion assay. The results clearly
showed that KHNYN KD did not inhibit trophoblast inva-
sion (n =6; Dunn’s post hoc, adjusted P = 0.903; fig. 5A and
B). In addition, double KD of NYNRIN and KHNYN signifi-
cantly inhibited trophoblast invasion compared with the
control (adjusted P=0.0117), without a significant
difference from the effect of NYNRIN single KD (adjusted
P=0.820). This supports the hypothesis that the
retroelement-derived segment of NYNRIN is responsible
for its function in trophoblast invasion.

Principal component analysis of RNA-seq of KHNYN KD
showed that the gene expression profiles of the control,
NYNRIN-KD, and KHNYN-KD groups were clearly distinct
(fig. 5C), indicating that NYNRIN and KHNYN have distinct
functions. There were 8,813 DEGs (adjusted P < 0.05,
ZFPKM averages in all groups>—3) between the
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Fic. 4. NYNRIN promotes trophoblast invasion by regulating genes related to epithelial-mesenchymal transition and extracellular matrix remod-
eling. (A) Principal component plot of gene expression profiles of HTR8/SVneo cells treated with siCtrl or siNYNRIN. (B) Volcano plot showing
negative log adjusted P-values from DESeq2 and log, fold change of genes in NYNRIN-KD HTR8/SVneo cells. The top ten most significantly
downregulated or upregulated DEGs are indicated. (C-G) Functional enrichment plots showing gene ratios and adjusted P-values, from
clusterProfiler, of the top ten (C) GO Biological Process, (D) GO Molecular Function, (E) GO Cellular Component, (F) KEGG, or (G) MGI
Mammalian Phenotype terms enriched with downregulated or upregulated genes among the top 1,000 most significant DEGs in
NYNRIN-KD HTR8/SVneo cells. The number in parentheses indicates the number of DEGs that have annotations in each functional database.
(H ) Heatmap showing the differences in expression of selected genes in NYNRIN-KD (siNYNRYN) and KHNYN-KD (sikKHNYN) HTR8/SVneo cells
against the expression in the control cells. EpiM, epithelial marker genes; MesM, mesenchymal marker genes; MMP, matrix metalloproteinase;

PLAU, plasminogen; IL, interleukin.

KHNYN-KD and control groups, comprising 4,325 downre-
gulated and 4,488 upregulated genes, respectively.
Interestingly, KHNYN KD decreased the expression of
NYNRIN and vice versa (fig. 4B, supplementary fig. S5,
Supplementary Material online) despite the distinct gene
expression profiles of NYNRIN KD and KHNYN KD. It
should be noted that off-target silencing effects were un-
likely because all siRNAs had been designed to contain
at least two mismatches against the transcript of each
nontarget gene (supplementary fig. S6, Supplementary
Material online).

Thereafter, we investigated the discordance in expres-
sion changes of genes related to epithelial-mesenchymal
transition and extracellular matrix remodeling between
the two KD experiments. The expression of mesenchymal
marker genes CDH2, VIM, and ZEB1 was significantly in-
creased by KHNYN KD but decreased by NYNRIN KD
(fig. 4H). KHNYN KD also increased the expression of other
mesenchymal marker genes, ZEB2, SNAIT (SNAIL), and
SNAI2 (SLUG), whose expression was unchanged by
NYNRIN KD. These results indicate that KHNYN KD did
not inhibit the epithelial-mesenchymal transition of
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Fic. 5. NYNRIN and KHNYN regulated trophoblast invasion differently. (A) Microscopic images (10X) and (B) proportions of HTR8/SVneo cells
that invaded through Matrigel after treatment with siCtrl, siNYNRIN, sikKHNYN, or both siNYNRIN and siKHNYN. Blue: nuclei, ns: nonsignificant,
*P < 0.05, **P < 0.01, orange lines: 95% confidence intervals for the median. (C) Principal component plot of gene expression profiles of HTR8/
SVneo cells treated with siCtrl, siNYNRIN, or sikKHNYN. (D) Rank-rank hypergeometric overlap plot showing the degrees of concordance/dis-
cordance between upregulated and downregulated genes in NYNRIN-KD and KHNYN-KD HTR8/SVneo cells (negative log P-values). (E) Scatter
plot showing log, fold change of the top 1,000 genes with the highest disco scores (Domaszewska et al. 2017) whose expression was upregulated
or downregulated by either NYNRIN KD or KHNYN KD compared with the control. N-D/K-D, N-U/K-U, N-D/K-UX, and N-U/K-DX denote gene
groups with different expression regulation patterns (e.g, N-D/K-UX indicates the group of genes whose expression was downregulated in
NYNRIN-KD but upregulated or unchanged in KHNYN-KD). (F-J) Functional enrichment plots showing gene ratios and adjusted P-values,
from clusterProfiler, of the top ten (F) GO Biological Process, (G) GO Molecular Function, (H) GO Cellular Component, (I) KEGG, or (J)
MGI Mammalian Phenotype terms enriched with the top 1,000 genes with the highest disco scores shown in (E). The number in parentheses
represents the number of DEGs that have annotations in each functional database.


https://doi.org/10.1093/molbev/msac176

LTR Retroelement-Derived Genes in Evolution of Therian Placenta - https://doi.org/10.1093/molbev/msac176

MBE

HTR8/SVneo cells. In contrast, the expression of the epi-
thelial marker genes CDH1, DSP, and TJP1 was upregulated
by both KHNYN KD and NYNRIN KD. The expression of
PLAU and several matrix metalloproteinase genes was
similarly decreased in both the KD experiments.

Rank-rank hypergeometric overlap analysis revealed
sets of genes whose expression was concordantly regulated
by NYNRIN KD and KHNYN KD, possibly because of the
shared nonretroelement-derived domains as well as those
that were independently affected (fig. 5D). We identified
1,201 genes whose expression was downregulated by
both NYNRIN KD and KHNYN KD (N-D/K-D); 1,336 genes
whose expression was upregulated by both NYNRIN KD
and KHNYN KD (N-U/K-U); 1,973 genes whose expression
was downregulated by NYNRIN KD but not by KHNYN KD
(N-D/K-UX); and 1,997 genes whose expression was upre-
gulated by NYNRIN KD but not by KHNYN KD (N-U/
K-DX). We conducted a functional enrichment analysis
by comparing the top 1,000 genes with the highest abso-
lute values of disco scores (Domaszewska et al. 2017)
from each set (fig. 5E) to focus on genes whose expression
was specifically affected by NYNRIN (fig. 5F-H,
supplementary table S4, Supplementary Material online).
The ontology terms enriched with the top 1,000 N-D/
K-UX genes were related to embryonic or preweaning le-
thality (MGl Mammalian Phenotype), proteasome
(KEGG), and ubiquitin or ubiquitin-like protein ligase
binding (GO Molecular Function), which indicated a link
between NYNRIN-specific function and the ubiquitin-
proteasome system.

Losing the Ubiquitin-Binding Domain may have
Contributed to the Trophoblast Invasion Function of
NYNRIN

Furthermore, we investigated the molecular-level
differences between the KH-like and NYN domains of
NYNRIN and those of KHNYN to search for
nonretroelement-derived factors that may contribute to
the unique function of NYNRIN. The KH-like domains
have putative RNA-binding activity (Nicastro et al. 2015),
whereas the NYN domains have widely conserved nuclease
activity (Anantharaman and Aravind 2006). Both domains
have been reported to possess antiviral activity (Ficarelli
et al. 2019).

The predicted 3D structures of NYNRIN and KHNYN
generated by AlphaFold (Jumper et al. 2021) suggest that
their KH-like and NYN domains have similar overall struc-
tures (fig. 6A, supplementary fig. S7, Supplementary
Material online). Notably, both AlphaFold and IUPred3
predicted that NYNRIN and KHNYN would have substan-
tial intrinsically disordered regions with > 100 amino acids
(supplementary fig. S8, Supplementary Material online).
We also noted that NYNRIN has more hydrogen bonds
among the KH-like, NYN, and INT domains than among
the KH-like and NYN domains of KHNYN does
(supplementary fig. S9, Supplementary Material online), al-
though this might be due to structural estimation biases.

Subcellular localization prediction indicated that the inte-
gration of the LTR retroelement did not change the
localization pattern of NYNRIN from that of KHNYN.
Both were expected to localize in the cytoplasm
(supplementary fig. S10, Supplementary Material online).

Our primary structure analysis found that whereas
NYNRIN  of marsupials, KHNYN, and other
NYN-containing proteins, including NEDD4-binding pro-
tein 1 (N4BP1), Zinc Finger CCCH-Type Containing 12C
(ZC3H12C), and Zinc Finger CCCH-Type Containing 12A
(ZC3H12A), have strictly conserved DDDD motifs in the
active site in the NYN domain, NYNRIN of placentals has
two distal substitutions (fig. 6B, supplementary fig. S4B,
Supplementary Material online), indicating the loss of nu-
clease activity (Habacher and Ciosk 2017) during the
metatherian-eutherian split. In addition, NYNRIN lost a
ubiquitin-binding domain homologous to the cullin-
binding domain associating with NEDD8 (CUBAN) do-
main of KHNYN (fig. 2C). Although there is a region on
NYNRIN that is somewhat similar to the CUBAN domain
of KHNYN and cousin of CUBAN (CoCUN) domain of
N4BP1, their sequences were poorly aligned, and their
secondary structures were also different (fig. 6C,
supplementary fig. S4C, Supplementary Material online).
In combination with our previous observation from
RNA-seq analyses that ubiquitination-proteasome
system-related genes were differentially affected by
NYNRIN KD and KHNYN KD, the loss of the ubiquitin-
binding domain may also have contributed to the func-
tions of NYNRIN in trophoblast invasion.

Discussion

This study, which combines large-scale evolutionary gen-
omic and transcriptomic analyses with in vitro experi-
ments, revealed that another LTR retroelement—derived
gene, NYNRIN, was likely to contribute to placental emer-
gence in the therian stem lineage. Invasion assays and
RNA-seq experiments suggested that the origination of
NYNRIN may have contributed to the therian placental
emergence at the cellular level by promoting trophoblast
invasion. Comparison with KHNYN, a closely related
homolog of NYNRIN, suggested that the unique function
of NYNRIN may be attributed to the LTR retroelement—de-
rived RNase H and INT domains, as well as the loss of the
ubiquitin-binding domain. Our results shed light on an-
other critical role for exogenous sequences in the evolu-
tion of therian mammals, which is one of the most
fundamental questions in biology.

Apart from NYNRIN, our analyses also identified 18 LTR
retroelement—derived genes that originated in the stem
lineage of marsupials or placentals and became expressed
in the placenta of their MRCA. These genes include eight
zinc finger genes and four retrotransposon gag-like genes.
Whereas the Human Protein Atlas database shows that
the expression of some of these genes, including
NYNRIN, is neither limited to placental tissues nor
trophoblast-lineage cells (Uhlén et al. 2015; Karlsson
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Fic. 6. Roles of NYNRIN in promoting trophoblast invasion could be derived from its putative ubiquitin-binding domain, but not its NYN domain.
(A) A predicted 3D structure of human NYNRIN (see Materials and Methods). The circle indicates where the INT domain connects the KH-like
and NYN domains with hydrogen bonds. Purple: KH-like domain, light blue: NYN domain, blue: RNase H domain, red: INT domain, orange:
hypothetical LTR retroelement—derived segment excluding the RNase H and INT domains, light green: hypothetical nonretroelement-derived
segment excluding the KH-like and NYN domains. (B) 3D superimposition of NYN domains of NYNRIN and KHNYN showing mutations in
DDDD motifs. Light blue: NYNRIN, light green: KHNYN, blue dashed lines: hydrogen bonds. (C) Predicted 3D structures of KHNYN CUBAN
(top) and the region of NYNRIN aligned with KHNYN CUBAN (bottom). The aligned regions were colored by the rainbow rule, from blue
on the N-terminus to red on the C-terminus. Numbers represent the order of a-helices along the proteins.

etal. 2021), the identified LTR retroelement—derived genes
actually included genes that have been known for the as-
sociation with or crucial function in placental develop-
ment or diseases, which are RTL1 (Sekita et al. 2008),
PEG3 (Kim et al. 2013), LDOCT (Naruse et al. 2014),
CCDC8 (Wang et al. 2019b), and IFT88 (Ritter et al.
2020). Nevertheless, we would like to note that our ana-
lyses do not preclude the possible contribution of the
identified LTR retroelement—derived genes to the evolu-
tion of other organs in the therian lineage.

The absence of NYNRIN in the tammar wallaby genome
may be interesting to further investigate the association of
NYNRIN expression with the degree of placental invasive-
ness because the tammar wallaby placenta is vaguely inva-
sive (Jones et al. 2014). In marsupials that have invasive
trophoblasts such as gray short-tailed opossums, NYNRIN
is weakly expressed in their trophectoderm cells at the pre-
invasive epiblast stage (Mahadevaiah et al. 2020), whereas
the expression data during the invasive period is still un-
available. In placentals that have epitheliochorial placentae
such as cattle and pigs, NYNRIN is expressed in bovine tro-
phoblasts at the early blastocyst stage (Pillai et al. 2019)
but absent at the early gastrulation stage (Pfeffer et al.
2017). The expression of NYNRIN was very low in porcine
trophectoderm cells at the late blastocyst, peri-elongating,
and elongating stages (Liu et al. 2021). Compared with hu-
mans that have more-invasive hemochorial placentae, the
expression of NYNRIN was found in cytotrophoblasts, syn-
cytiotrophoblasts (Pavlicev et al. 2017; West et al. 2019),
and extravillous trophoblasts (West et al. 2019) at peri-
implantation or term periods. Although NYNRIN could
have a role in trophoblast invasion of both marsupials
and placentals, further investigation is required to indicate
whether the expression level of NYNRIN in trophoblasts of
therian mammals is associated with the degree of
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invasiveness. It would be noted that the absence of gene
expression or the low gene expression in the single-cell
RNA-Seq experiments could be attributed to technical
limitations (Bacher and Kendziorski, 2016; Hicks et al.
2018).

Comparing NYNRIN to PEG10 would be of particular
interest, as PEGT0 also originated in the therian stem lin-
eage (Kaneko-Ishino and Ishino 2012), derived from a
Ty3/Gypsy, and is known to promote trophoblast invasion
(Chen et al. 2015). Our analyses did not identify PEG10 be-
cause non-PEG10 LTR retroelement gag—derived proteins
in two lissamphibian and eight saurian species were erro-
neously clustered into the PEG10 ortholog group
(supplementary table S2, Supplementary Material online).
In terms of domain architecture, NYNRIN lacks a gag-
derived major homology domain, a gag-derived zinc
knuckle, and a pol-derived protease domain, all of which
are present in PEG10 of the representative therian species
(Clark et al. 2007). On the other hand, NYNRIN contains
RNase H and INT domains, which are mostly known for
their functions in the integration of retroelements into
host genomes (Finnegan 2012). The roles of RNase H
and INT domains in therian hosts remain unclear. Given
that the reverse transcriptase and INT proteins of HIV-1
retrovirus can interact with 37 and 136 human proteins,
respectively (Fahey et al. 2011; Jager et al. 2012), the
RNase H domain, which is required for reverse transcript-
ase to be functional (Julias et al. 2002), and the INT domain
of NYNRIN may have functions in therian hosts. Even
though the ubiquitin-binding domain of NYNRIN was
lost during the origination of NYNRIN, the INT domain
of NYNRIN may still be able to interact with host proteins
related to ubiquitination and proteasome degradation be-
cause the INT domains of HIV-1 and avian leukosis virus
are targetable by both lysine and nonlysine ubiquitination
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(Zheng and Yao 2013; Wang et al. 2017). Notably, the first
cysteine in the HHCC motifs of INT domains is conserved
in all therian species and can be targeted by nonlysine ubi-
quitination (Wang et al. 2017; supplementary fig. S4D,
Supplementary Material online).

The collective invasion of trophoblast-lineage cells in-
volves mechanisms similar to tumor migration and metas-
tasis (Kshitiz et al. 2019). Our results showed that NYNRIN
KD suppressed the invasion of HTR8/SVneo cells through
downregulation of endoplasmic reticulum stress-related
HSP90ABT and PRNP, both of which have been shown to
promote cancer cell invasion and metastasis (Wang et al.
2019a; Ding et al. 2021) and placental development
(Voss et al. 2000; Alfaidy et al. 2013). However, NYNRIN
KD was also shown to promote the invasion of human
metastatic melanoma cells (Leonard et al. 2021). These ob-
servations suggest that NYNRIN has a complex role in
trophoblast and cancer cell invasion. In addition, it re-
mains unclear how NYNRIN mechanistically promotes
trophoblast invasion. A previous study showed that mu-
tating the proximal therian-conserved aspartic acid in
the DDDD motif of the NYN domain of ZC3H12C did
not affect the invasion of ZC3H12C-overexpressing human
colorectal cancer cells (Suk et al. 2018). This indicates that
the nuclease activity of the NYN domain would not con-
tribute to trophoblast invasion in therian mammals.
Further investigation, such as conducting in vivo experi-
ments and deletion of the LTR retroelement-derived do-
mains, is required to reveal the role of NYNRIN and its
LTR retroelement—derived domains in the therian placen-
tal emergence at the organ level and to gain a broader un-
derstanding of viral-host interactions and mammalian
evolution.

Methods

Data Collection and Preprocessing

Genomic and protein sequences of 267 tetrapod species
(supplementary table S5, Supplementary Material online)
were retrieved from the NCBI RefSeq (O'Leary et al.
2016) and Ensembl (Howe et al. 2021) databases (April
20, 2021). For human and mouse genomes, alternative
loci were excluded to remove duplicated genes, and patch
annotation was applied to substitute the original one.
RNA-seq reads from placental tissues of 13 therian species
and chorioallantoic membranes of a saurian species were
retrieved from the NCBI SRA database (supplementary
table S6, Supplementary Material online). Reads from the
placentae of humans (GSE66622), whose transcriptomic
expression may be affected by drinking, infection, diabetes,
medication, and cesarean delivery were excluded.
Adapters and low-quality leading and trailing edges
(Q-score < 20) were trimmed using Trimmomatic v.0.36
(Bolger et al. 2014). Trimmed reads with lengths of < 36
base pairs were removed. The quality of the trimmed reads
was first assessed by FastQC v.0.11.7 (Andrew et al. 2018)
and then by aligning them to their reference genomic

sequences using HISAT2 v.2.1.0 (Kim et al. 2015) in default
mode. Only read samples with overall alignment rates ex-
ceeding 70% were retained for downstream analyses. We
utilized the —merge mode of StringTie v.2.0.3 (Kovaka
et al. 2019) to generate a set of nonredundant transcripts
for each species. Gene expression levels were then quanti-
fied using Salmon v.1.4.0 (Patro et al. 2017) in default mode.

LTR Retroelement Searching

We integrated three search methods (supplementary fig. S11,
Supplementary Material online) to identify LTR retroele-
ments in 267 collected genomes. First, we utilized
RepeatMasker v.4.1.1 (Smit et al. 2020) in the sensitive
mode to search for LTR retroelements using the
RMBlast search engine and tetrapod repetitive element
search library. Other repetitive elements found using
RepeatMasker ~were discarded. Second, we used
LerDetector (Valencia and Girgis 2019) to perform a de
novo search for full-length LTR retroelements in the collected
genomes. To identify and classify LTR retroelements found
from LtrDetector, we collected additional data sets including
420 profile hidden Markov models of LTR retroelement and
other related proteins from the Pfam database v.33.1 (Mistry
et al. 2021) and Gypsy database v.2.0 (Llorens et al. 20171;
supplementary table S7, Supplementary Material online),
477,258 RefSeq viral proteins from the NCBI Virus database
(Brister et al. 2015), taxonomic data of orterviruses (Order
Ortervirales; viral sources of LTR retroelements) from the
NCBI Taxonomy database (Schoch et al. 2020), and 2,636
retroelement and other related proteins from the Gypsy
core protein database (supplementary table S8,
Supplementary Material online). Open reading frames
(OREFs) in the putative full-length LTR retroelements, whose
translated proteins are at least 80 amino acids in length, were
predicted using EMBOSS getorf v.6.6.0.0 (Rice et al. 2000).
Putative LTR retroelements were then retrieved from the
predicted ORFs by performing a profile hidden Markov mod-
el search against the 420 collected models using HMMER
v.3.3 (Mistry et al. 2013) with an E-value < 1x 10>, LTR ret-
roelements were also identified by aligning the predicted
ORFs with the RefSeq viral proteins and GyDB proteins using
Diamond v.2.09 (Buchfink et al. 2021) with the —more-
sensitive mode and E-value < 1 10>, Putative LTR retroele-
ments found by HMMER and Diamond were classified, as de-
scribed in supplementary fig. S11, Supplementary Material
online. Unidentified ORFs and non-ORFs were excluded
from the downstream analysis. Third, we searched for LTR
retroelements in RefSeg-translated coding sequences
(CDSs) or Ensembl proteins using the same methods as those
used for putative LTR retroelement ORFs found in putative
full-length LTR retroelements.

Species Tree Reconstruction

We gathered CDSs of 66 genes (supplementary table S9,
Supplementary Material online) that were present in all
267 tetrapod species for species tree reconstruction. The
most optimal CDS isoform of each gene in each species
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for multiple sequence alignment was selected using IsoSel
v.1.0 (Philippon et al. 2017) with the -auto mode. The se-
lected CDSs of each gene were subjected to multiple se-
quence alignment using MAFFT v.7.427 (Katoh and
Standley 2013) with the E-INS-i method and 1,000 max-
imum iterative refinements. The aligned CDSs were then
concatenated without gap treatment to form the repre-
sentative sequences of each species. The total length of
each concatenated alignment was 324,405 base pairs,
with 137,604 parsimony-informative sites. Subsequently,
we used the maximum likelihood-based |Q-TREE v.2.0.7
(Minh et al. 2020) to reconstruct the species tree. The best-
fit nucleotide substitution models and partitioning
schemes were automatically selected by ModelFinder
(Kalyaanamoorthy et al. 2017) and PartitionFinder
(Chernomor et al. 2016) in the IQ-TREE suite, respectively.
Branch support was assessed using ultrafast bootstrap ap-
proximation (Hoang et al. 2018) with 1,000 bootstrap re-
plicates. There were 90.15% internal nodes with branch
support  values >95%  (supplementary fig.  S12,
Supplementary Material online). The reconstructed tree
was visualized using iTOL v6 (Letunic and Bork 2021).

Ortholog Group Inference

The completeness of the proteome data sets was assessed
using BUSCO v.4.1.3 (Manni et al. 2021) with the
OrthoDB tetrapod reference protein set. The longest pro-
tein isoform for each gene in the 267 species was retrieved
to infer hierarchical ortholog groups (HOGs; NO.tsv) using
OrthoFinder v.2.5.2 (Emms and Kelly 2019) with default
parameters. The reconstructed species tree was input into
OrthoFinder. To ensure the accuracy of the presence/ab-
sence of homologous proteins in any species, additional
nonredundant proteins  (supplementary table S5,
Supplementary Material online) were retrieved from the
NCBI Protein (May 10, 2021) and Ensembl Release 102 da-
tabases and aligned to the proteins that OrthoFinder
already assigned to graph-based ortholog groups (GOGs;
orthogroups.tsv). Alignment was performed using
Diamond with the —more-sensitive mode and E-value <
0.001, which were the same as those used by OrthoFinder
to infer ortholog groups. Each additional protein was as-
signed to the inferred HOG of the best-match assigned pro-
tein (the protein with the highest bit score) if (1) the
best-match assigned protein did not belong to the same
species, as this implies that the two proteins are likely iso-
forms of each other; (2) the additional protein had align-
ment hits with at least 95% of all assigned proteins in the
best-match GOG; and (3) each average of identity, query
coverage, subject coverage, bit score, and alignment length
of all alignment hits between the additional protein and as-
signed proteins in the best-match GOG fell within +2SD of
the alignment statistics obtained when aligning assigned
proteins within the best-match GOG.

Reconstruction of the Gene Ancestral States
We first assigned the states of the genes in each HOG to
each extant tetrapod species. The states for the
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presence/absence of genes and their expression were cate-
gorized as “lack gene sequence and expression in placenta/
chorioallantoic membrane” (state 0), “have gene se-
quence(s) but lack expression in placenta/chorioallantoic
membrane” (state 1), and “have gene sequence(s) and ex-
pression in placenta/chorioallantoic membrane” (state 2).
The presence/absence of gene sequences was directly de-
rived from the presence/absence of homologous proteins
in each HOG. The presence/absence of gene expression
was determined by the zFPKM method using the zFPKM
R package v.1.12.0 (Hart et al. 2013; Ammar and
Thompson 2020). Genes with zFPKM averages > —3 were
considered actively expressed (have expression), and those
with zFPKM averages < —3 were considered inactive (lack
expression). For species that lacked expression informa-
tion, an ambiguous state 1/2 was assigned. If there was
more than one protein in each species, we used the right-
most possible state from the order [0 > 1— 1/2 — 2] to
represent the state of the protein group. Similarly, the
states for the presence/absence of LTR retroelements
that became gene introns or exons were categorized as
“lack LTR retroelement” (state A), “all LTR retroelements
are introns” (state 1), and “at least an LTR retroelement
is an exon” (state E). The order of the states was [A/I/E
— A/l > A—1—E]. The locations of gene introns and
exons were based on the NCBI RefSeq or Ensembl annota-
tions. Ancestral states were then estimated using the
DOWNPASS and marginal posterior probability approxi-
mation methods of PastML v.1.9.33 (Ishikawa et al.
2019) with default parameters. The gain and loss events
of gene sequence, gene expression, and integration of
LTR retroelements (fig. 1C and D) were then inferred
from the state changes from each ancestral node to
each of its immediate descendant nodes. The results
were visualized using the phytools R package v.0.7.80
(Revell 2012).

Cell Culture

The human choriocarcinoma BeWo cell line was purchased
from the JCRB Cell Bank (Osaka, Japan), whereas the human
HTR8/SVneo invasive-type trophoblast cell line was kindly
provided by Dr Charles Graham (Queen’s University
Kingston, ON, Canada). BeWo cells were cultured in
Ham'’s F-12/DMEM (1:1; Fujifilm Wako Pure Chemical
Corp., Osaka, Japan). HTR8/SVneo cells were cultured in
Roswell Park Memorial Institute 1640 medium (Fujifilm
Wako Pure Chemical Corp.). The media were supplemented
with 10% fetal bovine serum (FBS; Nichirei Biosciences,
Tokyo, Japan) and 1% penicillin-streptomycin-neomycin
antibiotic mixture (Thermo Fisher Scientificc Waltham,
MA, USA). Cells were maintained at 37 °C under 5% CO,
in a humidified incubator.

siRNA Transfection and Trial Experiments

All siRNAs for NYNRIN (siNYNRIN) and KHNYN
(siKHNYN) were commercially predesigned (Sigma-
Aldrich, Tokyo, Japan; supplementary table S10,
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Supplementary Material online). BeWo or HTR8/SVneo
cells that had been grown in 24-well plates (3 x 10 cells/
well) for 24 h were transfected with nontargeting control
siRNA (siCtrl; Thermo Fisher Scientific), siNYNRIN, or
siKHNYN using 3 pl of Lipofectamine RNAIMAX reagent
(Thermo Fisher Scientific) according to the manufacturer’s
instructions. The final concentration of each siRNA was
50 nM. The cells were subsequently collected to quantify
the expression levels of NYNRIN or KHNYN using quantita-
tive real-time polymerase chain reaction (PCR). The off-
target effects of siNYNRIN on KHNYN mRNA (XM_
011536590.2) and siKHNYN on NYNRIN mRNA
(NM_025081.3) were assessed by performing global align-
ment between the siRNA and the nontargeting gene using
the EMBOSS Needle web services of EMBL-EBI (Madeira
et al. 2019) with default parameters.

Quantification of Gene Expression Level by
Quantitative Real-Time PCR

RNA was extracted from the cultured cells using the
RNeasy Mini Kit (Qiagen, Tokyo, Japan) according to the
manufacturer’s protocol. mRNA was reverse transcribed
using the ReverTra Ace qPCR RT Kit (Toyobo, Osaka,
Japan), and the ¢cDNA produced was subjected to
quantitative real-time PCR amplification in a PowerUP
SYBR Green Master Mix (Thermo Fisher Scientific
supplementary table S11, Supplementary Material online).
GAPDH was used as the reference gene. The cycle thresh-
old of each gene was determined using Sequence
Detection System software v2.3 (Thermo Fisher
Scientific). The relative expression level of each target
gene was quantified with regard to the amplification effi-
ciencies of the target and reference genes.

Cell Fusion Assay

BeWo cells that had been grown in 24-well plates (3 X
10 cells/well) for 24 h were transfected with siCtrl or
each of the three siNYNRINs as described earlier. Fusion
of BeWo cells in noncontrol groups was induced by treat-
ment with dibutyryl cAMP (Db; 500 uM; Tokyo Chemical
Industry Co., Tokyo, Japan) for 72 h. The BeWo cells were
then fixed with methanol and stained with an
antidesmoglein-1 antibody (clone 32-2B; 1:200; Merck
Millipore, Burlington, MA, USA) together with an Alexa
Fluor 594 goat antimouse antibody (Thermo Fisher
Scientific) to distinguish cell surfaces. Nuclei were counter-
stained with 4’,6-diamino-2-phenylindole-2HCI (DAPI).
The stained cells were examined under a digital micro-
scope (BZ-X810; Keyence, Osaka, Japan). The cells for
measuring CGB expression were collected separately with-
out fixation and staining.

Cell Invasion Assay

HTR8/SVneo cells that had been grown in 24-well plates
(3% 10* cells/well) for 24 h were transfected with siCtrl
or each of the three siNYNRINs or siKHNYNs as described
earlier. An invasion assay of HTR8/SVneo cells was then

performed using the transwell system (Chemotaxicell;
Kurabo, Osaka, Japan) equipped with 8-um-pore polycar-
bonate filters. The HTR8/SVneo cells were resuspended
in the basal medium containing 2% FBS and loaded into
the upper compartment of the filter, which had been
coated with Matrigel (Corning, Inc, Corning, NY, USA).
The filters were then placed into the 24-well plate contain-
ing the basal medium supplemented with 2% FBS for 48 h.
Cells that invaded beyond the lower surface of the filters
were fixed with cold methanol, stained with DAPI, and ex-
amined under the digital microscope. In each experiment,
the number of cells in five randomly chosen microscopic
fields per filter was counted.

Statistical Tests for Cell Invasion Assay and
Quantitative Real-Time PCR

All statistical tests were performed using R v.4.0.3 (R Core
Team 2020). Normality and homogeneity of variances of
data were initially tested using the Shapiro—Wilk test
and Levene’s test, respectively. The a-value for both tests
was set to 0.05. Based on the test results, the Kruskal-
Wallis test was selected to compare differences between
medians of samples in each experimental group, followed
by Dunn’s post hoc test. Benjamini-Hochberg correction
was applied for multiple comparisons. The 95% confidence
interval for the median was calculated by the
groupwiseMedian function of the rcompanion R package
v.2.4.1 (Mangiafico 2021) using 5,000 bootstrap replicates.

Immunohistochemistry

Placental tissues of normal patients and those of patients
with preeclampsia and intrauterine growth restriction
were obtained in their third trimester (32 weeks of gesta-
tion; n = 3) during cesarean sections. The use of the tissues
was approved by the Clinical Research Ethics Committee
of Kyushu University and Tokyo University of Pharmacy
and Life Sciences (#1512), and informed consent was ob-
tained from the participants. The tissues were directly
fixed in 0.2 M phosphate buffer (pH 7.45, room tempera-
ture) containing 4% paraformaldehyde for 8 h before
being embedded in paraffin and sectioned into 6-um sec-
tions. Before the tissues were immunostained for NYNRIN
or major histocompatibility complex class I, G (HLA-G),
the sections had been deparaffinized, rehydrated, and
boiled in 10 mM citrate buffer (pH 6.0) for 20 min. The sec-
tions were then incubated overnight at 4 °C with a rabbit
polyclonal anti-NYNRIN antibody (HPA018945; 1:100;
Atlas Antibodies, Stockholm, Sweden), a mouse monoclo-
nal anti-HLA-G antibody (ab52455; 1:100; Abcam, Tokyo,
Japan), or a normal rabbit IgG (sc-2027; 1:100; Santa Cruz
Biotechnology, Dallas, TX, USA). The sections were subse-
quently incubated with Histofine Simple Stain MAX-PO
(Nichirei Biosciences) and DAB (Fujifilm Wako Pure
Chemical Corp.), counterstained with hematoxylin, and
examined under the digital microscope.
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Gene Functional Comparisons

RNA samples from HTR8/SVneo cells transfected with
siCtrl, siNYNRIN2, or sikKHNYN1 (n=3) were submitted
to Macrogen Japan (Tokyo, Japan) for sequencing. The in-
tegrity of the RNA samples was assessed using Agilent
Technologies 2200 TapeStation. All RNA samples passed
the minimum criterion for RNA integrity. A ¢cDNA library
was then generated from each RNA sample using
TruSeg-stranded mRNA and subjected to paired-end read
sequencing using the Illumina NovaSeq 6000 platform.
Transcriptomic reads of HTR8/SVneo cells were prepro-
cessed, assessed for quality, and quantified in the same man-
ner as those of placental tissue samples (see Data Collection
and Preprocessing). Differential expression analyses were
performed using DEseq2 (Love et al. 2014) with the apeglm
method (Zhu et al. 2019) to estimate the fold change in
gene expression. Genes were considered differentially ex-
pressed if their Benjamini-Hochberg adjusted P-values
were < 0.05. Principal component analysis of gene expres-
sion profiles was performed using the PCAtools R package
v.2.3.13 (Blighe and Lun 2020). Volcano plots were gener-
ated using the EnhancedVolcano R package v.1.9.13
(Blighe et al. 2018). Concordant and discordant gene expres-
sion signatures were identified and visualized using the
RRHO2 R package v.1.0 (Cahill et al. 2018). The levels of con-
cordance/discordance in gene regulation across the two
RNA-seq experiments were ranked by absolute values of
disco scores (Domaszewska et al. 2017) which were
calculated from the equation |disco score| = |log,FChynrin -
log,FChinyn - (108 Prnynrin + 108 Piiinyn)|, where FC is the
gene expression fold change and P is the significant value
of the differential expression from DESeq2. The libraries of
2021 GO and KEGG terms and 2019 MGl Mammalian
Phenotype Level 4 terms were retrieved from the Enrichr
website (https://maayanlab.cloud/Enrichr/#libraries). Gene
set enrichment analyses were performed and visualized
using the clusterProfiler R package v.3.18.1 (Yu et al. 2012).
Ontology terms were considered significantly enriched if
their Benjamini—-Hochberg adjusted P-values were < 0.05.

Protein Structural and Functional Comparisons

Protein sequences of NYNRIN, KHNYN, N4BP1, ZC3H12C,
and ZC3H12A in 267 tetrapod species were subjected to
optimal protein isoform selection using IsoSel with the
-auto mode (supplementary table S12, Supplementary
Material online). Multiple sequence alignment of the se-
lected proteins was performed using MAFFT with the
L-INS-i method and 1,000 maximum iterative refinements.
Multiple sequence alignment results were analyzed and vi-
sualized using AliView v.1.27 (Larsson 2014) or Jalview
v.2.11.1.14 (Waterhouse et al. 2009). The residue positions
of the KH-like, NYN, RT, and INT domains were defined
based on the annotations of the human NYNRIN
(UniProt ID: Q9P2P1) and KHNYN (UniProt ID: O15037)
collected from the Pfam and InterPro databases. The resi-
due positions of the human KHNYN CUBAN and N4BP1
CoCUN domains have been previously identified
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(Castagnoli et al. 2019). The residue positions of DDDD
motifs in the NYN domains and HHCC motifs in the INT
domains of NYNRIN were determined from the residue
positions of the DDDD motif in the human ZC3H12A
NYN domain (Habacher and Ciosk 2017) and the HHCC
motifs in human and short-tailed opossum NYNRIN INT
domains (Marco and Marin 2009), respectively. The 3D
structures of human NYNRIN and KHNYN were retrieved
from the AlphaFold protein structure database (Jumper
et al. 2021). Intrinsically disordered regions of both pro-
teins were predicted using the IUPred3 web server
(Erdés et al. 2021) with long disorder and medium
smoothing options. Structural alignments of specific do-
mains were performed using the RaptorX Structure
Alignment web server (Wang et al. 2013a). All 3D protein
structures were visualized using Chimera-X v.1.2.5
(Pettersen et al. 2021). Protein subcellular localization
was predicted using the DeepLoc-1.0 web server with the
protein profiles option (Armenteros et al. 2017).

Supplementary Material

Supplementary data are available at Molecular Biology and
Evolution online.
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