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Abstract

Purpose Several in vitro systems have been reported to model human implantation; however, the molecular dynamics of the
trophoblast vs. the epithelial substrate during attachment have not been described. We have established an in vitro model which
allowed us to dissect the transcriptional responses of the trophoblast and the receptive vs. non-receptive epithelium after co-
culture.

Methods We established an in vitro system based on co-culture of (a) immortalized cells representing receptive (Ishikawa) or
non-receptive (HEC-1-A) endometrial epithelium with (b) spheroids of a trophoblastic cell line (JEG-3) modified to express
green fluorescent protein (GFP). After 48 h of co-culture, GFP+ (trophoblast cells) and GFP— cell fractions (receptive or non-
receptive epithelial cells) were isolated by fluorescence-activated flow cytometry (FACS) and subjected to RNA-seq profiling
and gene set enrichment analysis (GSEA).

Results Compared to HEC-1-A, the trophoblast challenge to Ishikawa cells differentially regulated the expression of 495 genes,
which mainly involved cell adhesion and extracellular matrix (ECM) molecules. GSEA revealed enrichment of pathways related
to cell division, cell cycle regulation, and metabolism in the Ishikawa substrate. Comparing the gene expression profile of
trophoblast spheroids revealed that 1877 and 323 genes were upregulated or downregulated when co-cultured on Ishikawa
substrates (compared to HEC-1-A), respectively. Pathways favorable to development, including tissue remodeling, organogen-
esis, and angiogenesis, were enhanced in the trophoblast compartment after co-culture of spheroids with receptive epithelium. By
contrast, the co-culture with less receptive epithelium enriched pathways mainly related to trophoblast cell proliferation and cell
cycle regulation.

Conclusions Endometrial receptivity requires a transcriptional signature that determines the trophoblast response and drives
attachment.
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Introduction
Electronic supplementary material The online version of this article Despite the efforts to develop in vivo and in vitro approaches
(https://doi.org/10.1007/s10815-019-01442-9) contains supplementary to study human implantation, the molecular mechanisms

material, which is available to authorized users. directing this process are still poorly understood. Successful

implantation requires a highly orchestrated process dependent
on correct coordination of the molecular crosstalk between the
different cellular compartments involved, namely, the tropho-
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a stronger, irreversible interaction (attachment). After the ini-
tial interaction with, and breaching of, the luminal epithelium,
the trophoblast must invade the underlying stromal compart-
ment to establish a pregnancy [5]. Studies focused on the
stroma have highlighted its relevance to the implantation suc-
cess; this is mainly due to the unique activity of decidualized
cells, which act as a biosensor of embryo quality and trigger a
transient pro-inflammatory response linked to endometrial re-
ceptivity [6-8]. How these processes are controlled in the
cycling endometrium is still unknown, although it has been
proposed that uterine NK cells and the decidualization-
associated senescence in endometrial tissue are responsible
for endometrial receptivity and remodeling [9]. Knowledge
of the molecular mechanisms governing the initial attachment
of the embryo to the epithelial surface is more limited. Using
an in vitro model for attachment between mouse blastocysts
and carcinoma-derived epithelial cells, Ruane et al. have dem-
onstrated that endometrial molecular signals critically regulate
the trophoblast differentiation needed for breaching and inva-
sion [10].

The study of implantation is essential to understand and
characterize implantation failure, a frequent cause of human
infertility [11]. Impaired endometrial receptivity is an impor-
tant limiting factor of IVF success when high-quality embryos
are transferred [12]. Since it is not possible to study implanta-
tion in vivo, the biological mechanisms underpinning this
process are difficult to access; further, in vitro assays are ham-
pered by low availability of human embryos and fresh endo-
metrial tissue to establish primary cultures. A number of pub-
lications have approached the study of implantation using
knock-out mice models (as reviewed in [13]). However, the
mechanistic details of implantation are species-specific and
limit the usefulness of mice studies to describe human implan-
tation [5, 14]. In particular, the rapid sequence of implantation
events and the differences with the human mechanisms of
attachment, invasion, and placentation do not make the mouse
a good model for studying early implantation [ 14—16]. A com-
mon approach to overcome these limitations is the use of cell
lines. The epithelial cell lines Ishikawa (receptive) and HEC-
1-A (minimally receptive) have been widely used to model
different aspects of human implantation due to their differen-
tial response to embryo attachment [17-21]. In vitro systems
have allowed the study of different stages of implantation by
co-culturing both compartments to detect specific molecules
at the mRNA transcript or protein levels [20, 22], to test the
effect of candidate drugs [19, 23, 24] or to describe morpho-
logical changes during implantation [25]. Importantly, most
in vitro approaches employed to date analyze the response
of the whole co-culture system, without dissecting the re-
sponse of each compartment. To overcome this limitation,
we have devised a system to dissect the transcriptional dynam-
ics of the trophoblast and the epithelium during the attachment
and initial invasion. Using the cell line JEG-3 as a proxy for
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the trophoblast, and the cell lines Ishikawa and HEC-1-A as
receptive and non-receptive endometrial epithelia, respective-
ly, our in vitro model allows for an efficient separation of both
compartments by fluorescence-activated cell sorting (FACS).
Through RNA-seq transcriptomic analysis, we quantified the
transcriptional changes occurring in the trophoblast and the
epithelium (receptive vs. minimally receptive) after 48 h of
co-culture in a 2-D in vitro system.

Materials and methods
Cell culture

The human endometrial adenocarcinoma cell lines Ishikawa
(ECACC 99040201) and HEC-1-A (ATCC HTB-112) and the
human trophoblast choriocarcinoma cell line JEG-3 (ATCC
HTB-36) were cultured as indicated by the provider.
Ishikawa cells were maintained in MEM (MEM «, nucleo-
sides, no phenol red) supplemented with 5% fetal bovine se-
rum, 10 mM of non-essential amino acids (MEM Non-
Essential Amino Acids Solution), and 100 mg/ml streptomy-
cin and 100 IU/ml penicillin (PenStrep). HEC-1-A were main-
tained in McCoy’s SA (McCoy’s 5A (Modified) Medium,
GlutaMAX™ Supplement) supplemented with 10% fetal bo-
vine serum and 100 mg/ml streptomycin and 100 IU/ml pen-
icillin (PenStrep). JEG-3 cells were cultured in DMEM
(DMEM, high glucose, GlutaMAX™ supplement) containing
10% fetal bovine serum, 1 mM sodium pyruvate, and
100 mg/ml streptomycin and 100 IU/ml penicillin
(PenStrep). All cell lines were kept at 37 °C and media was
changed every other day. Unless otherwise indicated, all re-
agents were purchased from Gibco, Thermo Fisher Scientific,
USA.

Generation of fluorescent JEG-3 spheroids

Recombinant lentiviral particles (third-generation self-
inactivating vector system) expressing green fluorescent pro-
tein (GFP) from a PGK promoter were produced as described
[26] and used to transduce the JEG-3 trophoblast cells.
Briefly, trophoblast cells were plated on 12-well plates and
cultured to 70% confluence. Aliquots of lentiviral particles
were diluted to achieve an estimated multiplicity of infection
(MOI) of 10 in a final volume of 500 ul. After 24 h, cells were
rinsed with Dulbecco’s phosphate-buffered saline (DPBS
without calcium or magnesium) and fresh medium was added.
Cells were cultured and passaged three times to avoid lentivi-
rus carryover. Trophoblast cells with the highest GFP levels
were sorted and collected for further culture by fluorescence-
activated cell sorting (FACS). Cell suspensions of GFP-
positive JEG-3 cells were diluted to a final concentration of
3 x10* cells/ml. One hundred microliters of the cell
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suspension (3000 cells) were seeded in U-bottom ultra-low
attachment 96-well plates (Corming, NY, USA). Plates were
centrifuged at room temperature during 10 min at 250xg and
cultured for 48 h at 37 °C and 5% CO, generating fluorescent
spheroids of 250-300 uM (10,000 cells).

In vitro attachment assay

An in vitro model of implantation was established to mimic
the molecular changes during attachment and initial invasion.
The cell line Ishikawa was used as a model of receptive epi-
thelium, while the cell line HEC-1-A represented the non-
receptive epithelium. Both Ishikawa and HEC-1-A were cul-
tured in 96-well plates (Nunc, Thermo Fisher Scientific, USA)
until the cells reached confluence. GFP-positive JEG-3 spher-
oids formed by around 10,000 cells were added to each 96-
well (one spheroid per well). Our experimental design (see
Fig. 1) used pools of small wells containing a single spheroid
to increase trophoblast to epithelium ratio, and optimize the
detection of transcriptional changes induced by the interaction
in those areas of the substrate far from the spheroid. Co-
cultures were maintained for 48 h in 1:1 mix of MEM/
DMEM in case of the Ishikawa-JEG-3 co-culture and 1:1
mix of McCoy’s SA/DMEM in case of the HEC-1-A-JEG-3

co-culture. In parallel, 96-well plates of confluent Ishikawa,
HEC-1-A, and JEG-3 spheroids cultured without addition of
any other cell type for 48 h were used as experimental controls
for the effect of time of co-culture. After 48 h, all the mono-
cultures and co-cultures were washed with DPBS and cells
were harvested from the 96-well plates using TrypLE™
Express Enzyme and pooled before cell sorting. All reagents
were purchased from Gibco, Thermo Fisher Scientific, USA.
Co-culture experiments were performed three times as inde-
pendent biological triplicates.

Cell sorting and RNA extraction

FACS (BD FACS Aria Fusion II cell sorter, BD Biosciences,
USA) was used to separate GFP-positive trophoblast cells
from unlabeled epithelial substrates after co-culture. The fol-
lowing cell fractions were collected: Ishikawa control (I-c),
HEC-1-A control (H-c¢), JEG-3 spheroids control (S-c),
Ishikawa substrates co-cultured with JEG-3 spheroids (I-co-
S), HEC-1-A substrates co-cultured with JEG-3 spheroids (H-
co-S), JEG-3 spheroids co-cultured with Ishikawa substrates
(S-co-I), and JEG-3 spheroids co-cultured with HEC-1-A sub-
strates (S-co-H) (Fig. 1). To minimize RNA degradation, all
handling procedures were performed on ice; the cytometer
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FACS FACS
Time:
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RNA-seql RNA-seql RNA—squ RNA-seql RNA-seql RNA—seql RNA-seql
E ’ H-c ‘ ’ S-c ‘ ‘ I-co-S ‘ ’ S-co-1 ‘ ‘ H-co-S ‘ ‘ S-co-H ‘

Fig. 1 Scheme of the experimental design; monolayers of receptive
(Ishikawa) and non-receptive (HEC-1-A) epithelia were co-cultured
with trophoblast spheroids (JEG-3) for 48 h, or maintained in
monocultures for the same time as controls. Likewise, single spheroids
were co-cultured or cultured for 48 h in absence of any substrate as
controls. All the JEG-3 spheroids depicted express GFP. After 48 h,
GFP+ (trophoblast) and GFP— (receptive or non-receptive epithelia)

were separated by FACS and analyzed by RNA-seq. The transcriptomic
profiles of the following cell fractions were obtained: Ishikawa control
(I-c), HEC-1-A control (H-c), JEG-3 spheroids control (S-c), Ishikawa
substrates co-cultured with JEG-3 spheroids (I-co-S), HEC-1-A
substrates co-cultured with JEG-3 spheroids (H-co-S), JEG-3 spheroids
co-cultured with Ishikawa substrates (S-co-I), and JEG-3 spheroids co-
cultured with HEC-1-A substrates (S-co-H)
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chamber was cooled to 4 °C before cell sorting. Cell suspen-
sions were filtered through a 70-pum mesh to eliminate cellular
aggregates before sorting. One hundred micrometer sorter
nozzles were used to minimize clog formation during cell
sorting. Dead cells were identified by diamidino-2-
phenylindole (DAPI) staining and excluded from the sorted
populations. GFP-positive and GFP-negative fractions were
collected in 50 pl of DPBS without calcium or magnesium
on ice, centrifuged and cell pellets were stored at — 20 °C until
processed. RNA from each fraction of the three independent
experiments was isolated using the RNeasy Mini Kit (Qiagen
N. V., Netherlands) following the manufacturer’s recommen-
dations and eluted in 30 pl nuclease-free water. RNA was
purified using RNase-Free DNase Set (Qiagen N. V.,
Netherlands) and concentration was measured by fluorometric
quantitation (QuBit, Thermo Fisher Scientific, USA). RNA
integrity number (RIN) was 8.5 to 10 in all samples as deter-
mined by Bioanalyzer 2100 System (Agilent Technologies,
USA).

cDNA library preparation and RNA-seq

A total of 21 RNA samples (3 replicates of each of the 7
experimental cell populations) were used for cDNA library
preparation and RNA-seq analysis.

After performing the quality control of the 21 samples,
polyA mRNA was isolated using NEBNext Poly(A) mRNA
Magnetic Isolation Module (https://www.neb.com/products/
¢7490-nebnext-polya-mrna-magnetic-isolation-module#
Product%?20Information) following the manufacturer’s
instructions. Once mRNA was purified, cDNA generation,
End repair, and Ligate Adaptor for Illumina were done using
the kit NEBNext Ultra I RNA Library Prep for Illumina
following the manufacturer’s instructions. Samples were
amplified with SYBR green to establish the minimum
number of cycles required. During the amplification, each
sample was labeled with a specific barcode using the
NEBNext Multiplex Oligos kit for Illumina (Index Primers
Set 1). Finally, three equimolar 7 sample pools were
generated, and each pool was sequenced in a single 50 nt
Single Read lane of an Illumina Hiseq 2500 system, getting
more than 30 million reads per sample.

RNA-seq data analysis

Reads were aligned to the hgl19 version of the human genome
with the STAR software v2.3.0e [27] and default parameters.
The aligned reads were binarized and sorted with sambamba
v0.5.9 (http://lomereiter.github.io/sambamba/). Reads were
imported to R (https://www.R-project.org/) with the inbuilt
annotation in the Rsubread package [28]. Further
annotations were downloaded from Biomart [29] using the
corresponding R package.
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Differential expression was performed with DESeq2 [30]
with processing batch as covariate.

Enrichment analysis

Pathway enrichment was assessed through the pre-ranked ver-
sion of Gene Set Enrichment Analysis (GSEA) [31]. GSEA
was applied to the ranking defined by the log2 fold change
(log2FC) of the differential expression analysis using
DESeq2. Gene sets for analyses belonged to the Gene
Ontology (GO) [32] terms as collected in the GSEABase R
package [33], or to the Hallmark collection [34] after retrieval
from the MsigDB [35]. The significance cutoff for false dis-
covery rate (FDR) was set at 0.01.

In order to assess the enrichment of genes showing sig-
nificant interaction between HEC-1-A and Ishikawa when
comparing co-cultured and non-co-cultured control frac-
tions, we categorized genes with adjusted p value for the
interaction lower than 0.05 in the following four groups:
larger effect (either positive or negative) in HEC-1-A than
in Ishikawa (absolute value of the size estimate in Ishikawa
lower than 0.25 and size estimate higher (lower) than 0.75
(—0.75)) in HEC-1-A. Larger effect (either positive or neg-
ative) in Ishikawa than in HEC-1-A (absolute value of the
size estimate in HEC-1-A lower than 0.25 and size estimate
higher (lower) than 0.75 (—0.75)) in Ishikawa. We tested
enrichment of these gene signatures in the Gene Ontology
collections [32] and the Hallmarks gene sets from the
Broad Institute [35]. Gene sets were filtered for sizes larger
than 10 and smaller than 2000. We used a hypergeometric
test for statistical significance with Benjamin-Hochberg
adjustment for multiple testing.

Statistical analysis

Linear regression and pairwise comparison were used to ana-
lyze differential gene expression between cell populations
sorted by FACS. Statistical significance was set at an absolute
log?2 fold change (log2FC) > 1 and a g value of < 0.05 (adjust-
ed p value <0.05 with Benjamin-Hochberg correction for
multiple comparisons).

RNA-seq validation by qPCR

A molecular quantitative analysis was performed to confirm
the expression patterns of selected genes among the same
samples used in the RNA-seq. The validation was performed
using 5 ng (in triplicate) of the cDNA libraries previously
constructed in a final volume of 20 pl. Gene expressions were
quantified using 2x SsoAdvanced Universal SYBR Green
Supermix (Bio-Rad, Hercules, CA, USA) on a CFX Real-
Time PCR platform (Bio-Rad, Hercules, CA, USA). The se-
lected genes and their forward and reverse primer sequences


https://www.neb.com/products/e7490-nebnext-polya-mrna-magnetic-isolation-module#Product%20Information
https://www.neb.com/products/e7490-nebnext-polya-mrna-magnetic-isolation-module#Product%20Information
https://www.neb.com/products/e7490-nebnext-polya-mrna-magnetic-isolation-module#Product%20Information
http://lomereiter.github.io/sambamba/
https://www.r-project.org/

J Assist Reprod Genet (2019) 36:857-873

861

(5'-3") were the following: TMEM255A (ACCTGCTT
CTGCTGTGACCT and TCTTGGCAACTGCTGACATC),
EREG (CACAGTCGTCGGTTCCAC and CTCTGGAT
CCCCTGAGGT), SPDYC (TCAGCCTTCTGGAG
GACAGT and CACCATGGCCAGGAGATACT),
CYPI19A1 (GTGGACGTGTTGACCCTTCT and
CACGATAGCACTTTCGTCCA), CASCI (GGTGGGAT
GCTGAAGGTAAA and AAAGGTGTCCAGGCTGAATG
), PROMI (GCCACCGCTCTAGATACTGC and
GCTTTTCCTATGCCAAACCA), TGFA (TTCCCACA
CTCAGTTCTGCTT and ACGTACCCAGAATGGCAGAC
), CDC20B (GTAGTTGGGGCTCTGAGCTG and
GGCTACCCGAACATCGTG), and HPRTI (TGACACTG
GCAAAACAATGCA and GGTCCTTTTCACCA
GCAAGCT). The final products were analyzed using the
CFX Manager Software (Bio-Rad, Hercules, CA, USA). To
select the most stable normalizers, the Integrated Cotton EST
Database was used [36]; MAP4K4 and TBP were used as
housekeeping genes, using the following forward and reverse
primer sequences (5'-3"): CTTGGATGGTGTGTTCATGC
and AGACCGAACAGAGGCAAAGA for MAP4K4 and
TATAATCCCAAGCGGTTTGC and GCTGGAAA
ACCCAACTTCTG for TBP. Gene expression data were cal-
culated as the ratios between the gene expression values of the
selected genes and the geometric average of MAP4K4 and
TBP expressions [37]. Amplification specificity was con-
firmed by analyzing the qPCR melting curves of the final
products.

Results

Transcriptional changes induced
by trophoblast-epithelium interaction

After 48 h of co-culture, the spheroids attached firmly to
the Ishikawa cells, flattened out, and expanded radially on
the substrate (Fig. 2a). In contrast, after the interaction with
the minimally receptive HEC-1-A cells, the trophoblast
spheroids adhered to the monolayer but did not expand
onto the substrate cells (Fig. 2b). After co-culture, tropho-
blast and epithelial compartments (receptive Ishikawa or
minimally receptive HEC-1-A) were isolated by FACS.
The transcriptional changes of the sorted cell populations
were individually analyzed by comprehensive RNA-seq
profiling. GFP-positive fractions corresponded to the co-
cultured JEG-3 trophoblast spheroids or controls, while
GFP-negative cell populations corresponded to co-
cultured Ishikawa or HEC-1-A, or their respective con-
trols. RNA-seq data are available in the public database
Gene Expression Omnibus (GEO) repository (accession
GSE121790).

Sample clustering and quality control

Principal component analysis (PCA) was used to identify
sample clustering and possible technical bias between ex-
perimental triplicates (Supplementary Fig. 1). PCA clearly
revealed distinctive expression patterns among sorted cell
populations and clustering of experimental triplicates by
sample group; First and second components (PC1 and
PC2) accounted for 52.5 and 36.0% of sample variability,
respectively.

Transcriptional dynamics of the epithelial substrates

Pairwise comparisons of transcriptome dynamics in both
trophoblast spheroids and epithelial compartments were
performed. In each of the three experimental replicates, a
total of seven gene expression datasets were generated
from the cell fractions collected by FACS, including tro-
phoblast or epithelial fractions after co-culture and their
correspondent non-co-cultured controls, as described in
the “Materials and methods” section and Fig. 1. We found
striking differences in gene expression profiles when com-
paring the control receptive vs. control non-receptive sub-
strates: as many as 6628 genes were differentially
expressed between I-c and H-c (3957 genes upregulated
and 2671 downregulated in I-c as compared to H-c, respec-
tively; Fig. 3a, Supplementary File S1). After co-culture
with spheroids (I-co-S), the receptive substrate
(Ishikawa), showed 608 differentially expressed genes (as
compared to I-c), of which 310 genes were upregulated and
298 genes downregulated (Fig. 3b, Supplementary File
S2). The top 10 differentially expressed genes of this set
(ranked by absolute log2FC) are listed in Fig. 4.
Interestingly, the comparison between H-co-S and H-c
yielded only nine differentially expressed genes (five
genes upregulated and four genes downregulated in H-co-
S, respectively; Fig. 3¢, Supplementary File S3). Three of
these genes were also present in I-co-S vs. I-c dataset
(SYNGR3, CYPIAI, and ANK1) (Fig. 4). Co-cultured epi-
thelial Ishikawa and HEC-1-A substrates could not be
compared directly, as their respective controls were differ-
ent cell lines; however, when we performed an analysis of
differential expression patterns between I-co-S and I-c as
compared to the differential expression patterns between
H-co-S and H-c, we found 495 genes which changed their
expression patterns among both interaction pairs
(Supplementary File S4).

Transcriptional dynamics of the trophoblast
spheroids

Comparison of transcriptome dynamics in the trophoblast
compartment after co-culture on Ishikawa (S-co-I) showed
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Fig. 2 Representative figures of
GFP+ trophoblast spheroids
attached to Ishikawa (a) and
adhered to HEC-1-A (b)
monolayers after 48 h co-culture,
visualized under x 10
magnification

important differential gene expression when compared to
non-co-cultured control (S-c): a total of 3976 genes were
differentially expressed between S-co-I and S-c (3220
genes upregulated and 756 genes downregulated in S-co-I
compared to S-c, respectively; Fig. 3d, Supplementary File
S5). Interestingly, fewer genes significantly changed their
expression levels when the transcriptomic profile of S-co-
H was compared with that of S-c (only 1038 genes showed
differential expression, with 949 genes upregulated and 89
genes downregulated, respectively; Fig. 3e, Supplementary
File S6).

A direct comparison of JEG-3 spheroids after co-culture
on Ishikawa or HEC-1-A (S-co-I vs. S-co-H), possibly due
to the fact that both compartments have the same control
(S-¢), showed 2200 differentially expressed genes (1877
genes upregulated and 323 genes downregulated in S-co-I
vs. S-co-H, respectively; Fig. 3f, Supplementary File S7).
Some of these genes were also differentially expressed in I-
co-S vs. I-c comparison (209, listed in Supplementary File
S8, of which the top 10 differentially expressed genes are
shown in Fig. 4), and only two genes (CYPIAI and
TACSTD?2) were differentially expressed in H-co-S vs. H-
c (Fig. 4).

Enrichment analysis of the epithelial substrates

GSEA was applied to all gene set comparisons to reveal
the biological pathways enriched in each group. Gene on-
tology biological process (GOBP) and Broad Hallmarks
annotations were used to classify functionally related
genes overrepresented in co-cultured GFP+ and GFP— cell
fractions. Biological pathways overrepresented in each
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gene set comparison are showed in Tables 1, 2, 3, 4, and
5. Compared to I-c, the pathways enriched in I-co-S were
mostly related to spindle organization and cell cycle reg-
ulation (e.g., mitotic spindle organization, E2F targets, and
G2M checkpoint) (Table 1). In contrast, only one pathway
was significantly enriched in the comparison H-co-S vs.
H-c (regulation of amino acid transport) (Table 2). A
hypergeometric test was used to perform gene enrichment
analysis of epithelial substrates in both interactions (I-co-S
and I-c vs. H-co-S and H-c). Of the four gene expression
patterns included in this test, only one achieved statistical
significance; it included those genes which were upregu-
lated in I-co-S vs. I-c and downregulated or unchanged in
H-co-S vs. H-c (Table 3). The results suggested that the
transcriptional changes in the receptive and non-receptive
epithelium after the trophoblast challenge mainly involved
pathways related to cell division and cell cycle regulation
(e.g., nuclear division, chromosome segregation, and
metaphase/anaphase transition of mitotic cell cycle) as
well as metabolism (i.e., cholesterol biosynthetic process,
sterol biosynthetic process, and cholesterol homeostasis).

Fig. 3 Volcano plots of differentially expressed genes between co- P>
cultured and sorted GFP+ and GFP— cell fractions as well as non-co-
cultured controls in pairwise comparisons: a Ishikawa control (I-c) vs.
HEC-1-A control (H-c), b Ishikawa substrates co-cultured with JEG-3
spheroids (I-co-S) vs. Ishikawa control (I-c), ¢ HEC-1-A substrates co-
cultured with JEG-3 spheroids (H-co-S) vs. HEC-1-A control (H-c), d
JEG-3 spheroids co-cultured with Ishikawa substrates (S-co-I) vs. JEG-3
spheroids control (S-c), e JEG-3 spheroids co-cultured with HEC-1-A
substrates (S-co-H) vs. JEG-3 spheroids control (S-c), and f JEG-3
spheroids co-cultured with Ishikawa substrates (S-co-I) vs. JEG-3
spheroids co-cultured with HEC-1-A substrates (S-co-H)
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I-co-S vs. I-c (n=608)

H-co-S vs. H-c (n=9)
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| ALDHIL1 S-co-I vs. S-co-H (n=2200)

Fig. 4 Venn diagram representing differentially expressed genes among
the following pairwise comparisons: (pink) Ishikawa substrates co-
cultured with JEG-3 spheroids (I-co-S) vs. Ishikawa control (I-c), top
10 differentially expressed genes of this comparison ranked by absolute
log2FC listed on the left; (blue) HEC-1-A substrates co-cultured with
JEG-3 spheroids (H-co-S) vs. HEC-1-A control (H-c), all nine genes

Enrichment analysis of the trophoblast spheroids

The GSEA of the trophoblast spheroids showed involvement
of a greater number of pathways than those detected in the
epithelial compartments. In the S-co-I vs. S-co-H comparison,
pathways overrepresented in S-co-I suggested increased tissue
morphogenesis and organogenesis (e.g., cardiac muscle cell

Table 1 Biological pathways overrepresented in Ishikawa epithelial
substrate after co-culture with JEG-3 spheroids vs. Ishikawa control using
GOBP and Broad Hallmarks annotations

Annotation terms Genes (n) NES  FDR

Biological processes (GOBP)

Mitotic spindle organization 38 1.91 0.098
Sister chromatid segregation 55 1.90  0.083
Mitotic sister chromatid segregation 52 1.88  0.079
Spindle organization 86 1.87 0.084
Rhodopsin mediated signaling pathway 34 1.85  0.090
Broad hallmarks

E2F targets 196 1.87  0.003
G2M checkpoint 194 1.62  0.032
Allograft rejection 188 1.58 0.033
Apoptosis 158 1.52  0.044

included in this comparison ranked by absolute log2FC listed on the
right; and (green) JEG-3 spheroids co-cultured with Ishikawa substrates
(S-co-I) vs. JEG-3 spheroids co-cultured with HEC-1-A substrates (S-co-
H), top 10 differentially expressed genes of this comparison ranked by
absolute log2FC listed on the left. The arrows show the direction of gene
expression changes (1 = upregulated, | = downregulated)

apoptotic process, middle ear morphogenesis, and regulation
of organ formation), cell differentiation and development
(e.g., peripheral nervous system neuron development, regula-
tion of stem cell differentiation and anterior/posterior axis
specification, embryo), angiogenesis (e.g., positive regulation
of blood vessel endothelial cell migration, hypoxia, and an-
giogenesis), cell signaling (e.g., calcium-mediated signaling
using intracellular calcium source, regulation of insulin-like
growth factor receptor signaling pathway, and Kras signaling)
as well as tissue remodeling (e.g., blastoderm segmentation
and epithelial to mesenchymal transition) (Table 4). By con-
trast, the pathways overrepresented in S-co-H included cell
proliferation and cell cycle regulation (e.g., DNA replication
initiation, signal transduction involved in cell cycle check-
point, and Myc targets), protein metabolism (e.g., tRNA pro-
cessing and tRNA metabolic process), and immune response

Table 2 Biological pathways overrepresented in HEC-1-A epithelial
substrate after co-culture with JEG-3 spheroids vs. HEC-1-A control
using GOBP and Broad Hallmarks annotations

Annotation terms Genes (n) NES FDR

Biological processes (GOBP)

Regulation of amino acid transport 18 1.94 0.028

NES normalized enrichment score, FDR false discovery rate
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Table3  Biological pathways overrepresented in the statistically significant gene expression pattern “upregulated in I-co-S vs. I-c and downregulated or
unchanged in H-co-S vs. H-¢” according to the hypergeometric test using GOBP and Broad Hallmarks annotations

Annotation terms

Genes (n) Genes in the

Adj

intersection (1) p-value

Genes in the intersection

Biological processes (GOBP)

Nuclear division 346
Mitosis 346
Organelle fission 373
Chromosome segregation 152
Mitotic cell cycle 816
Mitotic spindle organization 39
Mitotic sister chromatid 53
segregation
Sister chromatid segregation 56
Cell division 494
Spindle organization 88
Cell cycle process 1117
Microtubule cytoskeleton 297

organization

Microtubule-based process 456

Metaphase/anaphase transition 43
of mitotic cell cycle

Metaphase/anaphase transition 43
of cell cycle

Cholesterol biosynthetic process 44

Cell cycle 1464

32

32

33

45

31

11

49

20

26

57

0.00

0.00

0.00

0.00

0.00

0.00
0.00

0.00

0,00

0.00

0.01

0.01

0.01

0.02
0.02

0.02
0.03

AURKB, BUBI, BUBIB, CAV2, CCNA2, CCNB2, CDC25C, CDCA2,
CDCAS5, CDCA8, CENPE, CENPW, CHEK?2, CIT, DLGAPS, ERCC6L,
INCENP, KIF11, KIF23, KIF2C, KIFC1, MAD2L1, NDC80, NUSAPI,
PBK, PLK1, PSRCI, PTTG1, SPC24, SPC25, TTK, VRK1

AURKB, BUBI, BUBIB, CAV2, CCNA2, CCNB2, CDC25C, CDCA2,
CDCAS5, CDCAS8, CENPE, CENPW, CHEK?2, CIT, DLGAPS5, ERCC6L,
INCENP, KIF11, KIF23, KIF2C, KIFC1, MAD2L1, NDCS80, NUSAPI,
PBK, PLK1, PSRCI1, PTTGI1, SPC24, SPC25, TTK, VRKI

AURKB, BUBI, BUBIB, CAV2, CCNA2, CCNB2, CDC25C, CDCA2,
CDCAS5, CDCAS, CENPE, CENPW, CHEK?2, CIT, DLGAPS5, ERCC6L,
INCENP, KIF11, KIF23, KIF2C, KIFC1, MAD2L1, MTFR2, NDC80,
NUSAPI, PBK, PLK1, PSRCI, PTTG1, SPC24, SPC25, TTK, VRK1

AURKB, BUBI, CDCAS5, CENPE, CENPW, CIT, DLGAPS, ECT2, HIURP,
INCENP, KIF2C, KIFC1, MAD2L1, NDC80, NUSAPI, PLK1, PSRCI,
PTTGI, SPC25

AURKB, BUBI, BUBIB, CAV2, CCNA2, CCNB2, CDC25C, CDCA2,
CDCA5, CDCA8, CDKN3, CENPE, CENPI, CENPW, CEP152, CHEK2,
CIT, DLGAPS, ERCC6L, GINS4, ID2, INCENP, IQGAP3, KIF11,
KIF20A, KIF23, KIF2C, KIFC1, LMNA, MAD2L1, NDC80, NUSAPI,
PBK, PIM1, PLK1, PLK2, PSRCI, PTTG1, SPC24, SPC25, TTK,
TUBB4A, TUBG2, USHIC, VRK1

AURKB, CHEK2, KIF11, KIF23, NDC80, PLK2, PSRC1, SPC25, TTK

CDCAS5, CENPE, CIT, DLGAPS, KIFC1, MAD2L1, NDC80, NUSAPI,
PLK1, PSRCI

CDCAS5, CENPE, CIT, DLGAPS, KIFC1, MAD2L1, NDC80, NUSAPI,
PLKI, PSRCI

AURKB, BUBI, BUBIB, CCNA2, CCNB2, CDC25C, CDCA2, CDCA?S,
CDCAS8, CENPE, CENPW, CHEK?2, CIT, ECT2, ERCC6L, INCENP,
KIFI11, KIF20A, KIF23, KIF2C, KIFC1, MAD2L1, NDC80, NUSAPI,
PLKI, PSRCI, PTTGI, SPC24, SPC25, TXNIP, VRK1

AURKB, BUBIB, CHEK2, KIF11, KIF23, NDC80, PLK2, PSRCI,
SPC25, TACC3, TTK

AURKB, BUBI, BUBIB, CAV2, CCNA2, CCNB2, CDC25C, CDCA2,
CDCAS5, CDCA8, CDKN3, CENPE, CENPW, CEP152, CGREF1,
CHEK?2, CIT, DLGAPS, ECT2, ERCC6L, EXOI, ID2, INCENP,
10GAP3, KIF11, KIF20A, KIF23, KIF2C, KIFC1, LMNA, MAD2L1,
MKI67, NDC80, NUSAPI, PBK, PIMI1, PLKI1, PLK2, PSRCI, PTTGI,
SPC24, SPC25, TACC3, TRIP13, TTK, TUBB4A, TUBG2, USHIC, VRK1

AURKB, BUBIB, CAPN6, CEP152, CHEK2, ECT2, KIF11, KIF20A,
KIF23, KIF2C, LMNA, NDC80, NUSAPI, PLK1, PLK2, PSRCI,
SPC25, TACC3, TTK, TUBG2

AP3B2, AURKB, BUBIB, CAPN6, CENPE, CEP152, CHEK2, DLGAPS,
DNHDI, ECT2, KIF11, KIF20A, KIF23, KIF2C, KIFC1, LMNA, NDCS0,
NUSAPI, PLK1, PLK2, PSRC1, SPC25, TACC3, TTK, TUBB4A, TUBG?2

BUBI, BUBIB, CIT, DLGAP5, MAD2L1, PLKI1, TTK
BUBI, BUBIB, CIT, DLGAP5, MAD2L1, PLKI, TTK

FDFTI, FDPS, HMGCSI, IDI1, INSIG1, MSMOI1, MVD

AURKB, BUBI, BUBIB, CAV2, CCNA2, CCNB2, CDC25C, CDCA2,
CDCAS5, CDCA8, CDKN3, CENPE, CENPI, CENPW, CEP152,
CGREFI, CHEK2, CIT, DLGAPS, ECT2, ERCC6L, EXOI, FANCI,
GINS4, HJURP, ID2, ID3, INCENP, IQGAP3, KIF11, KIF20A, KIF23,
KIF2C, KIFCI, LMNA, MAD2L1, MKI67, NDC80, NUSAPI,
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Table 3 (continued)

Annotation terms Genes (n) Genes in the Adj

intersection (n) p-value

Genes in the intersection

PBK PIM1, PLKI, PLK2, PSRC1, PTTGI, RASSF2, RASSF4, SPC24,
SPC25, TACC3, TRIPI13, TTK, TUBB4A, TUBG2, TXNIP, USHIC, VRKI

Sterol biosynthetic process 50 7 0.04 FDFTI, FDPS, HMGCSI, IDI1, INSIG1, MSMO1, MVD

Broad Hallmarks

E2F _targets 200 23 0.00 AURKB, BUBIB, CCNB2, CDCA8, CDKN3, CENPE, CHEK?2, CIT,

DIAPH3, DLGAPS, GINS4, KIF2C, MAD2L1, MKI67, MXD3, PLK]1,
PTTGI, RAD5IAPI, SPC24, SPC25, TACC3, TK1, TRIP13

G2M_checkpoint 200 22 0.00 AURKB, BCL3, BUBI, CCNA2, CCNB2, CDKN3, CENPE, EXOI,

INCENP, KIF11, KIF23, KIF2C, MAD2L1, MKI67, NDC80, NUSAPI,
PBK, PLK1, POLQ, PTTGI1, TACC3, TTK

Mitotic_spindle 200 14 0.00 BUBI, CCNB2, CENPE, DLGAPS, ECT2, EPB41L2, INCENP, KIF11,
KIF23, KIF2C, NDC80, NUSAPI, PLKI1, TTK
Cholesterol_homeostasis 75 8 0.00 ACSS2, FDFTI, FDPS, HMGCSI1, IDI1, MVD, PPARG, SCD

regulation (e.g., response to interferon alpha and interleukin-6
biosynthetic process) (Table 5).

RNA-seq validation

We used qPCR for validating the RNA-seq results of nine
genes: TMEM255A, EREG, SPDYC, CYPI19A1, CASCI,
PROMI, TGFA, CDC20B, and HPRTI. In accordance with
the RNA-seq, qPCR results confirmed upregulation of EREG
(H-c vs. I-¢), SPDYC (I-co-S vs. I-c), PROM1 (S-co-1 vs. S-¢),
and TGFA (S-co-I vs. S-c), downregulation of TMEM255A
(H-c vs. I-¢c), CYPI9A1 (S-co-H vs. S-c), CASCI (S-co-I vs.
S-co-H), and CDC20B (I-co-S vs. I-¢c) and similar levels of
HPRTI (H-c vs. I-c) (Fig. 5).

Discussion

To our knowledge, this is the first study to analyze transcrip-
tional dynamics of human implantation in a compartment-
specific manner. In our in vitro model, transcriptional changes
in both the embryo and endometrial epithelium proxies were
dependent on endometrial receptivity, confirming that
endometrium-driven molecular signals during attachment me-
diate embryo implantation.

Substrate response to embryo attachment

Our system successfully modeled known features of sub-
strate response to contact with the trophoblast. As expect-
ed due to their different origins, the differences in the
transcriptomic profiles of Ishikawa vs. HEC-1-A were nu-
merous, as was their transcriptional response to co-culture
with spheroids. Our datasets included genes previously
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related with implantation, such as SPP/ (secreted phos-
phoprotein 1, which encodes the ECM component osteo-
pontin), OLFM?2 (which encodes the ECM protein
olfactomedin-2), and members of the Wnt signaling path-
way (e.g., WNT11, FZDS8, and KREMEN?2) [22, 38-44]. In
accordance with the role of cell adhesion and ECM pro-
teins in the trophectoderm-epithelium interaction
established in the literature [45—48], our results highlight-
ed important transcriptional differences of genes involved
in these processes, including cadherins (e.g., PCDHAII,
PCDHAI12, CDH2, and CDHRI), claudins (e.g.,
CLDN16), collagens (e.g., COLY9A3 and COLS5AI), glyco-
proteins (e.g., TNXB), and metallopeptidases (e.g.,
ADAMS32). In addition, the receptive epithelium responded
to the trophoblast challenge by promoting pathways in-
cluding mitotic spindle organization (suggesting increased
cell division) and apoptosis, which is involved in the ep-
ithelial breaching by the embryo [49]. Of note, C10orf10
and G0S2, which resulted differentially expressed among
the substrates in our analysis, were previously suggested
as transcriptomic biomarkers of endometrial receptivity
[50].

Additionally, our model revealed emerging candidates in
embryo attachment. CDHRI (cadherin-related family member
1) was strongly upregulated in Ishikawa cells after co-culture
with spheroids and remained unchanged in HEC-1-A cells,
compared to their respective non-co-cultured controls. The
CDHRI protein in endometrial fluid of healthy women has
been suggested to be regulated by 173-estradiol [51, 52].
Another gene family highlighted by our study is aquaporins.
The expression levels AOP3 and AQP4 were upregulated in
Ishikawa cells after the co-culture but not in HEC-1-A.
Increased expression of AQP3 has been associated with both
epithelial cell migration and endometrial receptivity [53],
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Table 4 Biological pathways

overrepresented in trophoblast Annotation terms Genes (n) NES FDR

JEG-3 spheroids after co-culture

with Ishikawa vs. HEC-1-A using ~ Biological processes (GOBP)

GOBP and Broad Hallmarks Cardiac muscle cell apoptotic process 15 -1.86 0.000

annotations Striated muscle cell apoptotic process 18 -1.84 0.002
Peripheral nervous system neuron development 13 -1.82 0.003
Middle ear morphogenesis 24 —1.80 0.006
Regulation of organ formation 36 - 1.78 0.012
Peripheral nervous system neuron differentiation 13 -1.78 0.012
Anterior/posterior axis specification, embryo 15 -1.77 0.012
Blastoderm segmentation 15 -1.77 0.013
Tripartite regional subdivision 15 -1.76 0.017
Regulation of cardiac muscle cell apoptotic process 12 -1.76 0.017
Dicarboxylic acid catabolic process 15 -1.75 0.018
Regulation of insulin-like growth factor receptor signaling pathway 19 -1.75 0.018
Regulation of heart morphogenesis 24 -1.75 0.019
Positive regulation of transforming growth factor beta receptor 22 -1.74 0.021

signaling pathway

Neuropeptide signaling pathway 56 -1.74 0.022
Heart formation 14 -1.74 0.023
Calcium-mediated signaling using intracellular calcium source 11 -1.73 0.025
Regulation of fibroblast growth factor receptor signaling pathway 25 -1.73 0.025
Regulation of striated muscle cell apoptotic process 15 -1.73 0.026
Cell surface receptor signaling pathway involved in heart development 23 -1.71 0.035
Outflow tract morphogenesis 52 —1.69 0.056
Anterior/posterior axis specification 41 -1.69 0.062
Cartilage development involved in endochondral bone morphogenesis 21 —1.68 0.065
Eating behavior 22 —1.68 0.064
Glutamate secretion 30 —1.68 0.063
Regulation of cell proliferation involved in heart morphogenesis 15 —1.68 0.062
Regulation of epithelial to mesenchymal transition 42 —1.68 0.061
Face development 39 —1.68 0.060
Embryonic cranial skeleton morphogenesis 38 —1.67 0.066
Cell proliferation involved in heart morphogenesis 15 —1.67 0.065
Insulin-like growth factor receptor signaling pathway 32 —1.67 0.065
Positive regulation of blood vessel endothelial cell migration 21 -1.67 0.064
Clathrin coat assembly 12 —1.66 0.080
Embryonic skeletal system development 111 —1.66 0.079
Regulation of stem cell differentiation 74 —1.66 0.085
Embryonic skeletal system morphogenesis 84 —1.65 0.088
Proximal/distal pattern formation 30 —1.65 0.087
Negative regulation of striated muscle cell apoptotic process 12 —1.65 0.099
Broad Hallmarks
Hypoxia 194 —1.51 0.090
Epithelial mesenchymal transition 195 —1.46 0.082
Kras signaling dn 181 —1.43 0.095
Angiogenesis 35 —1.42 0.075

while deficiency of AQP4 leads to female subfertility in mice
[54]. Other genes upregulated in Ishikawa cells upon

NES normalized enrichment score, FDR false discovery rate

trophoblast challenge were desmin (DES), adrenomedullin
(ADM), and intermidin (ADM?2). DES has been related to
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Table 5 Biological pathways
overrepresented in trophoblast
JEG-3 spheroids after co-culture
with HEC-1-A vs. Ishikawa using
GOBP and Broad Hallmarks
annotations

decidualization and implantation in rodents [55]. ADM,
which encodes for an endocrine peptide, has been linked
to fertility in female mice; reduced expression levels of
ADM impaired endometrial receptivity, and the

@ Springer

Annotation terms Genes (n) NES FDR
Biological processes (GOBP)
Detection of chemical stimulus involved in sensory perception of smell 21 232 0.002
Chromosome localization 22 226 0.003
Establishment of chromosome localization 21 2.20 0.007
tRNA processing 78 2.16 0.012
tRNA metabolic process 124 2.14 0.013
Metaphase plate congression 17 2.07 0.033
DNA strand elongation involved in DNA replication 33 2.07 0.031
Sensory perception of smell 43 2.06 0.029
Positive regulation of ubiquitin-protein ligase activity involved in 72 2.04 0.035
mitotic cell cycle
Mitotic metaphase plate congression 13 2.04 0.033
Sister chromatid segregation 55 2.01 0.046
Negative regulation of ubiquitin-protein ligase activity involved 67 1.99 0.051
in mitotic cell cycle
Anaphase-promoting complex-dependent proteasomal ubiquitin- 83 1.99 0.051
dependent protein catabolic process
Mitotic sister chromatid segregation 52 1.97 0.058
Regulation of ubiquitin-protein ligase activity involved in mitotic cell cycle 78 1.96 0.061
Mitotic nuclear envelope disassembly 36 1.95 0.063
Response to interferon alpha 16 1.95 0.059
Cell cycle DNA replication 33 1.94 0.063
Histone exchange 24 1.94 0.060
Actin nucleation 13 1.94 0.058
ATP-dependent chromatin remodeling 30 1.92 0.067
DNA strand elongation 36 1.92 0.065
Detection of chemical stimulus involved in sensory perception 44 1.92 0.064
Positive regulation of ligase activity 86 1.90 0.078
ncRNA processing 206 1.89 0.085
DNA replication initiation 29 1.88 0.082
Interleukin-6 biosynthetic process 18 1.88 0.081
Negative regulation of ubiquitin-protein ligase activity 72 1.87 0.089
Negative regulation of ligase activity 72 1.87 0.087
Signal transduction involved in cell cycle checkpoint 66 1.85 0.098
Positive regulation of ubiquitin-protein ligase activity 82 1.85 0.098
Regulation of interleukin-6 biosynthetic process 16 1.84 0.097
ncRNA metabolic process 292 1.84 0.097
Nuclear envelope disassembly 38 1.83 0.098
Broad Hallmarks
E2F targets 196 2.79 0.000
G2M checkpoint 194 2.72 0.000
Myc targets v1 196 2.39 0.000
Myc targets v2 58 1.89 0.000
Interferon alpha response 93 1.63 0.013

NES normalized enrichment score, FDR false discovery rate

administration of ADM prior to embryo transfer improved
fertility by promoting pinopode formation [56-58]. In
humans, a role for ADM in zygote transport in tubal ectop-
ic pregnancies has been suggested [59]. The related protein
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Fig. 5 RNA-seq validation by qPCR. Dark gray bars represent the
differences in gene expression levels among samples (pairwise
comparisons) by qPCR, and light gray bars represent the differences in
gene expression levels among samples (pairwise comparisons) by RNA-
seq. The genes and samples tested were: TMEM255A (H-c vs. I-¢c), EREG

adrenomedullin 2 (also known as intermedin) has been
associated with embryo implantation and placental growth
[60]. The role of these genes in the trophoblast-epithelium
interaction remains to be investigated.

Trophoblast response to attachment on epithelial
substrates

Our model allowed us to examine the transcriptional re-
sponse of the trophoblast to receptive or non-receptive sub-
strates. Several trophoblast genes related with cell adhe-
sion and ECM (CD44, CTNNDZ2, THBS1) underwent up-
regulation upon co-culture of spheroids with Ishikawa cells
(compared to HEC-1A cells), confirming previous reports
that these three genes are differentially expressed in em-
bryos that do attach to Ishikawa substrates compared to
those which do not firmly attach [48]. Other genes follow-
ed a similar expression pattern: TRO (trophinin, an adhe-
sion molecule uniquely expressed by human trophoblastic
cells) and ErbB4 (a member in the EGFR subfamily of
receptor tyrosine kinases) have been proposed as markers
of initial embryo attachment [61, 62]. Further, co-culture
on Ishikawa cells also resulted in upregulation of
DPYI9L2, a transmembrane protein coding gene which

CASC1 cDc20B HPRT1

(H-c vs. I-c), SPDYC (I-co-S vs. I-¢c), CYP19A1(S-co-H vs. S-c), CASC1
(S-co-I vs. S-co-H), PROM1 (S-co-1 vs. S-¢), TGFA (S-co-I vs. S-¢),
CDC20B (I-co-S vs. I-c), and HPRT1 (H-c vs. I-c). Error bars represent
variability between sample triplicates from the original experimental sets

PROM1 TGFA

was previously related to male infertility; DPY/9L2 dele-
tions are causative of around 70% of globozoospermia
cases [63, 64].

Attachment in our model is driven by the endometrial
compartment

The lack of receptivity of HEC-1-A is well established in the
literature [17, 65]. Our study results showed that this lack of
receptivity is due to a general inability of this substrate to
mount a transcriptional response to the presence of the tropho-
blast spheroid. Indeed, when co-cultured with spheroids, the
number of genes differentially expressed in Ishikawa cells vs.
HEC-1-A cells was 608 vs. 9 genes, respectively. In turn, the
different transcriptional responses of the two substrates con-
ditioned the transcriptional response of the trophoblast spher-
oids. The trophoblast spheroids differentially expressed 3986
vs. 1038 genes when co-cultured with receptive vs. minimally
receptive substrate, respectively, with overrepresentation of
important pathways for future embryo development and preg-
nancy (e.g., organogenesis, morphogenesis, and angiogenesis)
after interaction with Ishikawa cells. It has been demonstrated
that embryos are able to self-organize while attached to cell-
free surfaces, in the absence of maternal stimuli [66—68].
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These studies highlight the importance of embryo regulation
during later stages of development. However, implantation in
maternal tissue is, ultimately, essential for developmental pro-
gression. We focus on early stages of implantation, where the
crosstalk between the embryo and the maternal endometrium
is essential [4, 10, 22]. Maternal induction of trophoblast dif-
ferentiation has recently been found to be an important regu-
latory mechanism of implantation; although the mechanistic
details have not been elucidated, the invasion needed for suc-
cessful implantation has been shown to be dependent on ma-
ternal juxtacrine signals during apposition and attachment
[10]. Different endometrial transcriptomic signatures during
the window of implantation have been associated with repro-
ductive success or failure [69—71]; a defective transcriptional
substrate response to the presence of the embryo could under-
lie those transcriptomic signatures and lead to implantation
failures.

Thus, by using a relatively simple 2D co-culture system,
we confirm that the behavior of trophoblast spheroids on re-
ceptive vs. minimally receptive epithelial substrates was con-
sistent with the expected changes during implantation, as pre-
viously described in another model [5, 72], and identified
several candidate genes for future study.

A strength of our study is a novel experimental design
which uses FACS to isolate individual compartments,
allowing us to analyze the transcriptional response of each
compartment to the other after co-culture. Further, RNA
samples were harvested from pools of 96-well plates where
each well contained a single spheroid on a fixed area of
substrate (keeping the substrate/spheroid ratio constant)
and therefore lending reproducibility and robustness to
our results. A number of studies have determined the tran-
scriptional signature of the endometrium and its correlation
with implantation and reproductive outcome [69, 70, 73,
74]. Our study highlights the significance of focusing not
only on the endometrium per se, but on its ability to mount
the correct transcriptional response upon interaction with
the embryo.

The convenience of using an in vitro experimental ap-
proach entails limitations in our study. It has been con-
firmed that in vitro cell culture induces changes in the cell
transcriptome, which limits the extrapolation of our study
results [75]. Although broadly used in the literature to
study implantation, JEG-3, Ishikawa, and HEC-1-A cell
lines come from a carcinogenic origin and might not rep-
resent the physiological conditions of the implantation pro-
cess [76]. Trophoblast spheroids lack communication be-
tween the inner cell mass and the trophectoderm, and they
are committed cells from a later developmental stage;
therefore, their response does not fully represent a viable
real embryo. Nevertheless, the JEG-3 cell line present spe-
cific characteristics that resemble normal primary tropho-
blast cells, such as hCG production, glucose transport, and
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cell barrier integrity [77, 78]. The 3-D structure provides
transcriptional profiles and secretory activities more simi-
lar to those from primary trophoblasts compared to 2-D
cultures [79]. Of note, no hormones were used during cell
culture (e.g., progesterone or estrogen), which could
change expression levels of some transcripts [21, 80]. We
chose a 48-h co-culture based on the morphological chang-
es observed in our system and previous reports; different
end points could give different results. These features in
our experimental setup could explain that some genes we
were expecting to find involved in attachment based on
previous literature such as epithelial MUC-1, LIF, HB-
EGF, and HOXA10 as well as trophoblast /L-/ and MMP-
9 [20, 81-85] were not detected in our analysis. Both
Ishikawa and HEC-1-A cells express estrogen and proges-
terone receptors and are responsive to hormones in terms
of gene expression [20, 21, 86, 87]. However, they do not
reproduce the non-receptive to receptive phenotype change
that epithelial cells undergo during the menstrual cycle
under the influence of ovarian steroids. Therefore, hor-
monal supplementation is not likely to cause a great effect
on gene expression in co-culture experiments [88].

The application of our methodological approach to primary
epithelial and stromal cells obtained from patients will provide
extended information about the mechanisms involved in im-
plantation failure. In summary, our transcriptional results sug-
gest that endometrial receptivity determines the degree of tro-
phoblast response and drives attachment during human
implantation.
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