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Molecular Crosstalk at the Endometrium-Embryo Interface
Abstract

Embryo implantation relies on tightly regulated molecular interactions between the
endometrium and the developing embryo, however the relative contributions of each remain
poorly understood. The main objective of this Master Thesis is to understand the molecular and
genomic crosstalk between endometrium and embryo duri ng implantation using a human in
vitro model consisting of endometrial organoids derived from healthy fertile women and
blastoids (embryo-like structures). To unravel the maternal and embryonic contributions, bulk
RNA sequencing was integrated with genotyping, and a workflow was developed to assign the
origin of expressed variants. Differential expression analysis identified 264 upregulated and
172 downregulated genes associated with blastoid attachment under hormonally induced
conditions. Integration of variant profiles enabled classification of the assignment of gene
expression to maternal, embryonic, or shared origin, revealing key pathways related to immune
response, cell adhesion, and extracellular matrix remodeling. Consistently origin-assigned
genes across donor-derived models were identified from implantation-related interactions.
These findings demonstrate that integration of genomic data enhances the resolution of embryo-
endometrium crosstalk and provides novel insights into mechanisms underlying implantation

success and failure.
Keywords

Human embryo implantation, endometrium, blastoid, RNA sequencing, genotyping.

CERCS: B570 Obstetrics, gynecology, andrology, reproduction, sexuality
Institute name: Celvia CC AS; University of Tartu

Research group: Prof. Andres Salumets Research group

Molekulaarne dialoog endomeetriumi ja embriio piirialal

Liithikokkuvote

Embriio implantatsioon so0ltub rangelt reguleeritud molekulaarsetest interaktsioonidest
endomeetriumi ja areneva embriio vahel, kuid nende osapoolte suhteline panus on siiani
puudulikult moistetud. Kdesoleva magistritdd peamine eesmérk on uurida endomeetriumi ja

embriio vahelist molekulaarset ja genoomset seotust implantatsiooni ajal, kasutades inimese in
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vitro mudelit, mis koosneb tervetelt viljakatelt naistelt pirinevatest endomeetriumi

organoididest ja blastoididest (embriiolaadsed struktuurid).

Emapoolse ja embriionaalse panuse eristamiseks integreeriti RNA sekveneerimine
genotiilipimisega ja tootati vilja toovoog ekspresseeritud variantide paritolu madramiseks.
Diferentsiaalse ekspressiooni analiilis tuvastas hormonaalselt indutseeritud tingimustes

blastoidi kinnitumisega seotud 264 iilesreguleeritud ja 172 allareguleeritud geeni.

Variantide profiilide integreerimine vodimaldas geeniekspressiooni klassifitseerimist
emapoolse, embriionaalse voi jagatud péritolu jérgi ning toi esile votmerajad, mis on seotud
immuunvastuse, rakkude adhesiooni ja rakuvilise maatriksi limberkujunemisega.
Implantatsiooniga seotud interaktsioonide pdhjal tuvastati doonorilt saadud mudelites

jarjepidevalt sama péritoluga geene.

Tulemused néditavad, et genoomsete andmete integreerimine parandab embriio ja
endomeetriumi vahelise molekulaarse kommunikatsiooni mdistmist ning annab uusi teadmisi

implantatsiooni dnnestumise ja ebadnnestumise aluseks olevate mehhanismide kohta.
Votmesonad:

Inimese embriio implantatsioon, endomeetrium, blastoid, RNA sekveneerimine,

genotiilipimine.

CERCS: B570 Siinnitusabi, glinekoloogia, androloogia, paljunemine, seksuaalsus
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TERMS, ABBREVIATIONS AND NOTATIONS

ART = Assisted Reproductive Technology
hCG = Human Chorionic Gonadotropin
DGE = Differential Gene Expression

EEO = Epithelial Endometrial Organoid
EB = Endometrial Biopsy

FEP = Functional Enrichment and Pathway
hPSC = Human Pluripotent Stem Cell

IVF = In vitro Fertilization

OFEL = Open-face Endometrial Layer
SNP = Single Nucleotide Polymorphism

WOI = Window of Implantation



INTRODUCTION

Infertility affects millions of individuals worldwide and represents a major challenge in
reproductive medicine. Approximately one in five couples experience infertility, with
prevalence rates reaching up to 25% in developed countries (Dabbagh Rezaeiye et al., 2022).
Male factors are solely responsible in about 10% of cases and affects an estimated 56 million
men globally (Jatan et al., 2026; Kikas et al., 2026). However male and female causes
contribute equally to infertility cases (T. Li et al., 2026). In addition, natural fecundity in
humans is relatively low, with the probability of achieving pregnancy ranging from 15% to
25%, declining markedly with advancing maternal age (Madjunkov et al., 2026). In this context,
assisted reproductive technologies (ART) have been developed to overcome these limitations

and improve reproductive outcomes.

Advances in the field of ART have provided new opportunities for individuals facing medical,
emotional and financial challenges associated with infertility (Graham et al., 2023). Since the
first reported birth after in vitro fertilization (IVF) and embryo transfer in 1978 (Steptoe &
Edwards, 1978), IVF has been used to bypass couples’ infertility (van Loendersloot et al.,
2010). Between 1997 and 2020, more than 13 million ART treatment cycles resulted in the birth
of over 2.6 million infants, highlighting the major clinical impact of these technologies for
individuals experiencing fertility complications (Gliozheni et al., 2025). Nevertheless, the
average pregnancy rate per ART cycle remains between 30 to 40%, and more than half of

women undergoing [VF still fail to conceive (Farzizadeh et al., 2026).

In fact, defective implantation is estimated to account for approximately 75% of pregnancy
losses in these clinical scenarios (Conforti et al., 2022). Lai et al. (2022) stated that abnormal
expressions of endometrial receptivity and immune regulation are associated with such
implantation failure. This therapeutic bottleneck highlights that achieving a successful
pregnancy largely depends on efficient embryo implantation, a highly molecular coordinated
process that requires embryos with developmental potential and a receptive endometrium (Chen
et al., 2022). Ultimately, synchronization and the implantation into the endometrium represent

the most finely regulated process that leads to a successful pregnancy.

Recent studies have highlighted the importance of exploring embryo-endometrium molecular
crosstalk and developing personalized approaches for predicting implantation success (Bulletti
et al.,, 2025). However, the mechanisms underlying early implantation remain poorly
understood, largely because these developmental stages are difficult to access in humans

(Siriwardena & Boroviak, 2022). Further investigation of the early molecular interactions
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between the embryo and the endometrium is essential for understanding human implantation
(Idelevich & Vilella, 2020). Although animal models have contributed substantially to
reproductive research, species-specific differences limit the direct translation of these findings
to human implantation biology (Dutta & Sengupta, 2018; Fischer et al., 2012). Consequently,
human in vitro models have become increasingly important for studying implantation events

under ethically acceptable conditions (Siriwardena & Boroviak, 2022).

To investigate these physiological processes, in vitro models have become indispensable tools.
For instance, while key mechanisms have been described, researchers like Buck et al. (2012)
elucidated that the endometrium loses intercellular junctions and desmosomes in preparation
for trophoblast invasion, while emphasizing the need to validate this concept in vitro human
endometrial epithelial cells. Through these in vitro models, studies have successfully
highlighted the cell-to-cell communication occurring through direct contact, secretion and
uptake of soluble chemical factors, and exchange of extracellular vesicles (Moreno et al., 2023).
In these systems, Weimar et al. (2012) showed that decidualized endometrial stromal cells
respond to embryo quality; in response to a low-quality embryo, endometrium downregulates
the production of key pro-implantation cytokines thus inhibiting its migratory response.
Meanwhile, trophoblast-like-cell derived extracellular vesicles induce distinct transcriptomic
changes in endometrial cells, leading to extracellular matrix remodeling and G protein-coupled
receptor-mediated signaling (Godakumara et al., 2021). To systematically validate and examine
these delicate communication pathways, the International Society for Stem Cell Research
recognizes the implementation of these advanced in vifro platforms as robust and ethical

alternatives for human embryo research (Clark et al., 2021).

In alignment with these ethical frameworks, endometrial organoid cultures have been
developed to recapitulate the molecular and functional characteristics of the endometrium.
These organoids represent a reliable, chemically defined, long-term culture of endometrial
glands that recapitulates the molecular and functional characteristics of their cells of origin
(Turco et al., 2017). Simultaneously, to represent the embryonic counterpart without ethical
constraints, blastoid models resembling the human blastocyst have been established; these
structures efficiently generate lineage-specific cell types according to the pace and sequence of
blastocyst development and produce cells that transcriptionally reflect the blastocyst (Heidari

Khoei et al., 2023).

Blastoid studies during implantation have revealed diverse gene expression patterns, including
genes involved in trophoblast migration and extracellular remodeling (L. Yu et al., 2023). David
et al. (2023) stated that blastoids may improve IVF outcomes by enabling a better understanding
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of the molecular regulation of the blastocyst-endometrium interactions. By leveraging both
systems, contemporary research has successfully combined these components; specifically,
blastoids attach to a hormonally stimulated open-face endometrial layer (OFEL) recapitulating
aspects of embryo implantation and post-implantation development, while representing an
ethical opportunity (Heidari Khoei et al., 2023). Integrated embryo models offer new
opportunities to visualize dynamic developmental events and to investigate the underlying
molecular mechanisms through experimental intervention (Thowfeequ et al., 2025).
Furthermore, these systems are well-suited for live-cell imaging and genetic analyses, enabling
the dissection of the contributions of different cellular components during the implantation
period (Rugg-Gunn et al., 2023). Although several pathways and genes involved in this
molecular crosstalk have been identified, it remains unclear whether their origin is the
blastocyst, the endometrium, or both (Yang, 2025). Future progress in implantation research
will require collaborative interdisciplinary efforts aimed to develop integrated models that

refine current theories of lineage specification.

In summary, there is a need to dissect maternal and embryonic contributions during
implantation using in vitro models. In this study, early interactions between blastoids and
endometrial epithelial cells will be investigated through genomic analysis of a 2D monolayer
OFEL human implantation model. Furthermore, DNA array genotyping will be used to assign
the cellular origin of differentially expressed genes, enabling the identification of single
nucleotides polymorphisms (SNPs) and the discrimination of maternal and embryonic

contributions during implantation-like events.



1 LITERATURE REVIEW
1.1 Endometrial preparation and early embryo development

Embryo implantation is a precisely coordinated process during which the blastocyst apposes,
attaches and invades the endometrium, the inner layer of the uterus, enabling embryo growth
and development. Understanding the molecular crosstalk of maternal-embryonic interface is
fundamental for understanding human reproduction, as it may help identify causes of infertility

and minimize adverse maternal and neonatal outcomes during pregnancy (Moreno et al., 2023).

During the normal menstrual cycle, the development of a competent follicle, ovulation, and
shedding of the endometrial lining occur at regular intervals in the absence of pregnancy.
During the luteal phase, the corpus luteum secretes progesterone and small amounts of estradiol
under the influence of luteinizing hormone (Itriyeva, 2022). Meanwhile, the endometrium
differentiates from a proliferative to a secretory lining, establishing the conditions necessary for
a potential pregnancy and characterizing the secretory phase. Progesterone promotes the
development of complex glands, increases glycogen accumulation as energy source, and
increases the surface area of the spiral arteries (Thiyagarajan et al., 2026). The remodeled
endometrium is therefore prepared for implantation during a period known as the window of
implantation (WOI). The WOI allows blastocyst attachment and initiates the final stages of
stromal decidualization, which regulate trophoblast invasion and the subsequent placentation.
During early pregnancy, progesterone levels remain elevated, playing a pivotal role in

maintaining decidualization during the first week (Moreno et al., 2023).

Endometrial receptivity i1s primarily regulated by the ovarian hormones estrogen and
progesterone, which activate crucial downstream signaling pathways including focal adhesion,
cAMP signaling, and RAP1 signaling to establish a receptive uterine environment (S.-L. Yu et
al., 2021). This highly regulated receptive state defines the WOI, which lasts approximately 6
to 10 days after ovulation (Keles et al., 2023). Understanding the precise timing and molecular
signature of the endometrial WOI is critical for optimizing embryo transfer in clinical settings.
Accordingly, transcriptomic approaches have enabled comparative analyses between receptive
and non-receptive endometria, providing molecular markers to identify structural variations in

receptivity (Poh et al., 2023).

Human blastocyst development proceeds in a highly regulated temporal and sequential manner.
A functionally developed blastocyst is formed 6-7 days after fertilization, and comprises three
distinct cell lineages: trophectoderm, epiblast and hypoblast (Rossant & Tam, 2022). During
the first 4 days, the trophectoderm is established and subsequently develops into an epithelial
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cyst containing a fluid-filled cavity, while the inner cell mass forms a cluster of cells localized

to one side of the trophectoderm (Radley et al., 2023).

Next, the inner cell mass differentiates into the epiblast and hypoblast. Based on their spatial
relationship to the epiblast, the trophectoderm segregates into polar and mural regions,
establishing the embryonic-abembryonic axis (Radley et al., 2023). This axis organizes the
cellular functions required for implantation. Its formation involves signaling from the epiblast
that promotes the local maturation of the polar trophectoderm, which subsequently acquires the

capacity to adhere to the uterine lining (Kagawa et al., 2022).
1.2 Endometrial-embryonic crosstalk during implantation

The reproductive process can be viewed as a coordinated sequence of endocrine and cellular
events initiated when granulosa cells increase estrogen production to a critical threshold,
thereby inducing a surge in luteinizing hormone (LH). This surge activates a complex molecular
cascade that drives ovulation and completes the final stages of oocyte maturation during each
menstrual cycle (Moreno et al., 2023). With advancing maternal age, defects progressively
accumulate in the molecular machinery responsible for chromosome cohesion, leading to
abnormal chromosomal segregation. This process is considered a major contributor to the
increased incidence of aneuploidy in oocytes from women of advanced maternal age, with these

abnormalities subsequently transmitted to daughter cells during cell division.

Embryo implantation rates vary widely with female age. While younger women exhibit
implantation rates close to 60%, women older than 42 years old show embryo implantation
rates of approximately 25% (Bulletti et al., 2025). Age, however, is not the only determinant of
implantation success, as the endometrial immunophenotype plays a key role in regulating
proliferation, maturation, and differentiation processes required to achieve endometrial

receptivity (Anoshko et al., 2023).

To fully characterize this receptive state beyond morphology, high-throughput molecular tools
have become indispensable. Microarray-based transcriptomic studies have consistently
demonstrated that the endometrial receptivity can be molecularly subclassified into phase-
specific profiles (Ruiz-Alonso et al., 2012). In 2011, the endometrial receptivity array was first
introduced as a tool to define the specific transcriptomic signature of the human endometrium
(Diaz-Gimeno et al., 2011). The transcriptomic analysis focusses on 238 genes, together with a
computational predictor, to assess the receptivity status of an endometrial sample and to
determine the personalized WOI for a given patient (Rubin et al., 2023). Building upon these

findings, subsequent RNA-seq elucidated the transcriptome comparison of pre-receptive and
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receptive human endometrium showcasing genes that may have significance during
implantation (Hu et al., 2014). Ultimately, these efforts identified an endometrial receptivity
meta-signature of the endometrium composes 57 genes associated to immune response and

complement cascade, and highlight the involvement of exosomes (Altmée et al., 2017).

Further expanding on this temporal regulation, Wang et al. (2020) showed that the WOI is
characterized by an abrupt and strong transcriptomic activation in unciliated epithelia, followed
by a continuous transition of stromal fibroblasts. Biomarkers of receptivity have therefore been
used to study endometrial receptivity in a targeted manner, highlighting the role of the
endometrium in the optimization of IVF procedures (Opuchlik et al., 2025). The transcriptomic
signature of the endometrial WOI has linked genes involved in cell cycle regulation,
extracellular matrix remodeling, vascular development, differentiation, metabolism, and
immune responses to early pregnancy loss during the late receptive signature (Diaz-Gimeno et

al., 2017).

Embryo development requires the tightly coordinated regulation of meiotic division, the
acquisition of oocyte cytoplasmic competence to support early embryonic development,
successful fertilization, and pronuclei syngamy (Moreno et al., 2023). Prior to implantation,
both the trophectoderm and the uterine luminal epithelium secrete a diverse array of signaling
molecules that prime the outer blastocyst layer for adhesion and invasion. At the same time,
embryonic secretions enhance endometrium receptivity and promote decidualization
(Siriwardena & Boroviak, 2022). Cytokines, for example, play a central role in embryo-
maternal communication, mediating bidirectional signaling between the embryo and the
endometrium. These cytokines are expressed together with extracellular matrix proteins and
endothelial-derived factors that may contribute to the recruitment of immune cells (Mareckova

et al., 2024).

Among these embryonic secretions, human chorionic gonadotropin (hCG) serves as the primary
and earliest signal targeted at the maternal environment. In normal pregnancies, blood levels of
hCG increase exponentially following successful implantation, making this hormone widely
utilized to diagnose pregnancy and monitor early pregnancy loss (Skogler et al., 2023). Beyond
its diagnostic value, hCG supports the maintenance of the corpus luteum, which in turn sustains
the progesterone production required to preserve the endometrium during early pregnancy.
Multiple forms of hCG are present in both serum and urine, making the hormone readily

detectable through standard urine-based pregnancy tests (Betz & Fane, 2026).

At the cellular level, the response of endometrial epithelial cells to embryonic hCG and

prostaglandins is mediated through the LH/CG receptor and the MAPK signaling pathway. In
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addition, while cAMP production is absent in endometrial epithelial cells, it actively occurs in
stromal cells. These findings suggest that the endometrial epithelial cells act as mediators of the
stromal response to embryonic hCG (Su & Fazleabas, 2015). Decidualization occurs as part of
this coordinated response, involving the sequential reprogramming of processes related to
extracellular matrix organization, cell adhesion, cytoskeletal organization, signal transduction,
metabolism, stress responses, cell cycle progression, differentiation, and apoptosis (Gellersen

etal., 2007).

Following this biochemical preparation, the physical phase of early embryonic attachment
begins, driven by signaling molecules that induce coordinated structural and functional
adjustments in both the embryo and the endometrium. For instance, the WNT signaling plays a
vital role in regulating endometrial remodeling during these initial phases (Tepekoy et al.,
2015). Historically, much of our foundational knowledge regarding these uterine interactions
and trophoblast invasion has relied on animal models, particularly non-human primates and
mice (Su & Fazleabas, 2015). Although these comparative approaches have contributed
substantially to understanding general reproductive biology, species-specific variations in
placentation, uterine anatomy, and developmental timing severely limit the direct translation of
animal findings to human implantation physiology (Su & Fazleabas, 2015). Crucially, while
mammalian animal models typically display highly efficient implantation rates, humans present
auniquely low natural fecundity, with clinical implantation rates for euploid embryos averaging
only 50-65% (Moreno et al., 2023). This biological discrepancy underscores that comparative
animal literature cannot fully resolve the molecular complexities of the human maternal-fetal
interface, emphasizing the critical need to develop human-centric in vitro systems capable of

modeling these dynamics.
1.3 In vitro implantation

To establish these human-centric systems, researchers have focused on developing accurate
cellular counterparts for both the embryo and the maternal endometrium. Human blastocyst-
like structures, known as blastoids, are transcriptionally similar to human blastocysts and
therefore serve as valuable models for studying early human development and implantation
processes (Kagawa et al., 2022). These structures generate the three canonical embryonic
lineages with nearly 90% efficiency, making them among the closest in vitro models to the
human embryo (Luijkx et al., 2022). While in vitro embryo models enable meaningful
comparisons that recapitulate aspects of early embryogenesis, it is important to note that

blastoid models lack organismal developmental potential and do not result from fertilization;
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nonetheless, they provide important opportunities for studying blastocyst formation and

implantation mechanisms (Liu & Polo, 2024).

To overcome the limitations of traditional, non-polarized platforms, modern bioengineering
approaches have driven the development of complex three-dimensional (3D) in vitro culture
systems that accurately recapitulate multiple uterine compartments, including Iuminal,
glandular, and stromal components (Song et al., 2026). Recent structural advancements have
demonstrated that these advanced 3D configurations efficiently support human embryo
adhesion, initial trophoblast invasion, and early lineage differentiation within a highly
controlled environment (Mol¢ et al., 2026; Song et al., 2026). By integrating single-cell RNA
sequencing and ligand-receptor interaction analyses, these high-fidelity models have begun to
map key signaling pathways governing cellular migration, extracellular matrix remodeling, and
pro-survival crosstalk during post-implantation-like stages, including early placental
development (Mole¢ et al., 2026; Song et al., 2026). Consequently, these multi-compartment
systems offer unprecedented opportunities to analyze the spatiotemporal regulation of human

reproduction while addressing the ethical constraints associated with native tissue research.

The clinical imperative to understand these processes is underscored by studies on embryo
implantation which have demonstrated that targeting DNA variants associated with recurrent
implantation failure during IVF procedures can result in successful fertilization and
development of chromosomally normal blastocysts (Capalbo et al., 2021; Sang et al., 2018). To
map these crucial genetic factors, characterizing the cellular communication within these
platforms has been heavily accelerated by high-throughput technologies. Multi-omic
sequencing methods have paved the way for deciphering highly complex yet precisely
coordinated epigenomic reprogramming events, as well as their impact on gene expression
during early human embryonic development (L. Li et al., 2018). For instance, integrative
transcriptomic analyses of epithelial and stromal cells isolated from pre-receptive and receptive
endometrial samples, combined with trophectoderm transcriptomic data, have revealed
complex embryo-maternal signaling networks governing cellular adhesion, immune signaling,
and tissue remodeling (Koel et al., 2022). In particular, protein-protein interaction network
analyses identified integrins, galectins, osteopontin, and basigin as central nodes in this embryo-
maternal communication, highlighting their potential roles in blastocyst adhesion and
implantation initiation. Collectively, these findings support the concept that successful
implantation depends on the highly coordinated and specific molecular communication

between the endometrial and embryonic compartments.

13



Despite the morphological accuracy achieved by these contemporary 3D co-culture platforms,
deciphering their transcriptomic profiles introduces a significant technical bottleneck. When
performing bulk RNA sequencing (bulk RNA-seq) on a shared interface containing both
endometrial cells and embryo-like structures, the raw data inevitably represents a mixed
transcriptomic pool. Standard computational pipelines often struggle to establish whether
specific gene expression variations originate from the maternal host tissue or the attaching
embryonic structure (Yang, 2025). To resolve this analytical limitation, the integration of
genomic DNA variant profiling (genotyping) with transcriptomic variation (RNA variant
calling) emerges as a critical methodology to definitively assign the cellular origin of gene
expression via single-nucleotide polymorphisms (SNPs). Developing a robust bioinformatic
workflow to isolate these individual genetic outputs is essential to clarify the bidirectional

molecular dynamics that dictate successful human embryo implantation.
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2 THE AIMS OF THE THESIS

2.1 Research question

1.

How does hormonal stimulation of the endometrium influence transcriptomic profiles
in an in vitro embryo implantation model?
Can integrated genomic and RNA-seq variant analysis be used to infer the cellular origin

of expressed genes?

2.2 General objective

To characterize early implantation-like interactions by integrating DNA- and RNA-based

variation profiles from blastoid and endometrial epithelial cells on an implantation model,

enabling the distinction of maternal and embryonic molecular contributions during

implantation.

2.3 Specific objectives

To generate and curate SNP profiles from genomic DNA obtained from endometrial
epithelial organoids, endometrial biopsies (EB), and embryonic stem cells.

To identify and annotate SNPs present in expressed genes by performing variant calling
analysis using RNA-seq data from the implantation model.

To integrate SNP information from DNA and RNA to distinguish maternal and
embryonic gene expression contributions during implantation-like interactions.

To determine genes and molecular pathways associated with implantation-like

interactions in vitro through differential expression and functional enrichment analyses.
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3 MATERIALS AND METHODS

The study was conducted in three main stages (Figure 1). First, differential gene expression
(DGE) analysis on bulk-RNA data was performed. Second, SNP genotyping was executed on
the samples that originated the model. Then, variants from RNA-data were called and imputed
to be comparable with DNA variants. Third, DNA and RNA variation profiles were merged to
have origin assigned variants and their corresponding effects. Once SNPs were origin-assigned,
the output was linked to the differentially expressed genes, and the subsequent genes were

analyzed in relation to the implantation model.

H9 ESCs Reference genotypes
(Embryonic) DNA extractlon (SNPs):
Embryonic vs Maternal
Gen otyp| ng
Gene expression origin
LA RRRR AR RRARRER (per gene)
DNA Maternal SNP -
(Maternal) extraction 1D BLEY
+ T
Genotyping

SNP-based transcript
Implantation model: ANAL origin assignment
Blastoid + Endometrial - Match RNA-seq alleles to
. X (co-culture)
epithelial cells . DNA genotypes >

[ : RSN + ¢
s Assigned using informative

SNPs in transcripts

Figure 1. Schematic representation of the workflow of the study. DNA was extracted from
the human embryonic stem cells (H9 ESCs) and open-faced endometrial layer used in the
implantation model, blue and purple, respectively. Genotyping builds an embryonic or maternal
profile for origin assignment. RNA variants are called and integrated with the SNPs from

genotype profile to distinguish gene expression origin of the in vitro implantation model.

3.1 Implantation model

The implantation model was previously developed in Celvia following the protocol by Turco
et al. (2017). Two healthy donor-derived endometrial epithelial organoids (EEOs) were thawed
and expanded in a drop of Matrigel and cultured at 37 °C in expansion media for up to 10 days
before passaging as previously described by Lavogina et al. (2026). EEOs were dissociated into
single cells and seeded in a 2D monolayer to form the OFEL. EEOs were separated with Dispase
(100 mg/ml) followed by centrifugation after one hour of incubation. Mixture was washed with
Advanced DMEM / F12 and resuspended in dissociation solution (TrypLE, N-acetylcysteine,

Y-27632) under incubation at optimal temperature for 15 minutes and pipetting until cells were
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dissociated to single cells. Afterwards, centrifugation was done and cells were counted before
seeding in 96 well-plate with 3% Matrigel diluted in Advanced DMEM / F12. To achieve
receptive endometrium, OFEL was treated with 10nM estrogen E2, 1 uM progesterone P4, 250
uM cAMP and 10 uM XAV-939 for 6 days.

Blastoids were generated as previously established by Kagawa et al. (2022). Briefly, naive H9
stem cells were cultured in 6-well plates in a modified N2B27 medium “PXGL” and then
aggregated in AggreWell plates and cultured in “PALLY” medium (Kagawa et al., 2022). The
blastoids were acquired for this project 6 days after their aggregation, corresponding to

blastocyst-like structures.

Attachment assay was done by transferring 5 blastoids per well as described previously by
Heidari Khoei et al. (2023). After two days the evaluation of attachment was assessed by the
percentage of attached structures versus the number of structures that were transferred. RNA
was extracted using miRNeasy Tissue / Cells Advanced Micro kit (Qiagen) and concentration
was quantified using Nanodrop (ThermoFisher, USA). The library for bulk RNA sequencing
was prepared using TrueSeq Stranded mRNA kit (Illumina, USA) and sequenced on NextSeq
1000 (Illumina, USA) using single-end 80bp settings and replicates.

3.2 Differential expression analysis

The bioinformatic pipeline was designed to process and untangle the mixed transcriptomic data
from the co-culture interface (Figure 2). RNA-seq analysis was performed in Galaxy EU where
reads were quality checked, aligned to a reference genome, used to perform DGE analysis and
downstream gene set enrichment analysis (G.-Y. Lee et al., 2024). The workflow starts with
quality and adapter trimming using Trim Galore, then the output is fed into FastQC and HISAT2
with single-end options. FastQC reads quality reports and together with MultiQC, which
aggregates results into a single report, a HTML report was displayed for understanding the
quality of the data. The FASTQ file was aligned to the human reference genome GRCh38,
gencode v43, using HISAT2. RNA-seq reads generated from the alignment as SAM files are
count for genomic features with the GTF annotation file taking only exons corresponding to the
same reference genome. The tabular output containing the counted reads per gene is used on
DESeq2 to estimate the variance-mean dependence in count data and test for differential
expression based on a model using the negative binomial distribution. The final output of the
workflow is two tabular files, one containing the statistical analysis on reads, another containing
the normalized counts of reads, and a pdf file with PCA plot, sample-to-sample distance

heatmap, dispersion estimates and MA-plot.
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Figure 2. Descriptive workflow of the study. Pink and purple represent the first scaffold of
the integration for the differential expression analysis, global screening array genotyping and

annotation and variant calling from the implantation model, from top to bottom
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correspondingly. Light blue and blue represent the integration of the pink/purple part of the

workflow from origin assignment, overlay with gene expression and biological interpretation.

Next step in the DGE analysis is gathering the list of upregulated and downregulated genes. To
achieve this, output tabular files were analyzed in Python with Pandas. First, differentially
expressed genes were recognized for those with an adjusted p-value below 0.05. Second,
upregulated genes were filtered with log2 Fold Change higher or equal to 1 and downregulated
with lower or equal to -1. The list of up and downregulated genes was recognized in the
normalized tabular file and exported. Lastly, the list of upregulated and downregulated genes
was consulted for functional enrichment and pathway (FEP) analysis in ShinyGO v0.85.1 with
minimum pathway size of 15 and false discovery rate cutoff of 0.05 for KEGG, Go Molecular
Function, Cellular component and Go Biological process databases (Ge et al., 2020). Heat map
of the downregulated and upregulated genes of the implantation model was generated using
ClustVis (Metsalu & Vilo, 2015). Volcano plot was generated with matplotlib.pyplot.scatter
using the tabular file from DESeq?2.

3.3 DNA global screening array genotyping

DGE elucidated differentially expressed genes following blastoid implantation on the invitro
model. To distinguish the maternal or embryonic contributions during implantation DNA was
extracted to build the variation profile (Figure 2). Five samples were gathered for building the
origin-assignment scaffold of the embryo implantation model. It was considered: (i) the
endometrial biopsies from donors EB_89 and EB_93, which were used to generate the donor-
derived EEOs and subsequently the OFELs; (ii) the OFELs generated from both donors; and
(ii1)) H9 human embryonic stem cells, which were used to generate blastoids. First, samples
were thawed at room temperature, EB were chopped, and following the QIAamp DNA protocol
for isolation of genomic DNA from Tissues using the QIAamp DNA Mini kit (Qiagen) DNA
was extracted. Next, concentration was measured using Nanodrop (ThermoFisher, USA) and
desired concentration for sequencing, 50 ng/ul, was established. DNA was sent to sequencing

to Tartu University Institute of Genomics.

Sequencing was carried out with Infinium Global Screening Array-24 v3.0 BeadChip (Illumina,
USA) with custom add-on content of 50,000 markers from exons, [llumina multi-disease part,
plus 7,000 Estonian population-specific markers; in total, 700,000 markers. Since the EB that

were the source of the implantation model come from Estonian women, the targeted genotyping
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with Estonian population markers improves quality of variant detection and downstream

analysis.

Once sequencing was completed, the data was gathered as a GenomeStudio project, data was
visualized in GenomeStudio v2.0 (Illumina, USA). Initial data exploration was assessed with
Pandas Python library. The project folder works with variant information files and an
accompanying pedigree file. Those files were handled with PLINK v1.9.0-b.7.11 64-bit to write
the common variant call format .vcf. PLINK tool was used first for reading the ped and map
files, that wrote the binary files bed, bim and fam. Next, variants that possessed call rate higher
than 95% were conserved, function --geno 0.05, this will keep the variants where the SNP is
called in at least four samples. Additionally, it was kept biallelic SNPs using --biallelic-only
strict function that deletes multiallelic and ambiguous cases. Finally, calls reported to be on
chromosome 0 were excluded with --chr 1-22 X 'Y XY MT and exported as the common variant

call format using --recode vcf.

Insertions and deletions were removed using Galaxy EU beftools view —include
REF~""ACGT]$" && (ALT == "." || ALT~""[ACGT]$"). This filtering allows to have the
four nucleotides on the REF column, and to have the four nucleotides and the point indicator
for same as REF in the ALT column. Subsequently, annotation on DNA variants was performed
using SnpEff v.5.2 with the reference genome GRCh38.86, the output format was a VCF

annotated on variants.

To check if the files recapitulate the clustering of the DGE analysis principal component
analysis was performed on data. Therefore, tokenization of genotypes was done in Python by
developing an algorithm that takes the VCF file and recognizes the alleles as the string
nucleotides forming the genotypes from the REF/ALT format. First, file is read and processed
with pandas. Next, unique possible genotypes were identified and tokenized to integers.
Tokenization process recognized 12 possible configurations that exclude CT, TC, GT and TG.
Additionally, chromosome labeling was changed to follow the GENCODE format. Finally,
principal component analysis was completed using sklearn.decomposition.PCA. Ellipses that
grouped the PCA were draw with matplotlib.patches.Ellipse using the eigen values and vectors

from the trained PCA.
3.4 RNA variant calling and imputation

For the purpose of calling implantation variants, a variant calling workflow was implemented
in collaboration with Dr. Tarmo Puurand (Das et al., 2016). The FASTQ files from the

implantation model were used to implement the variant calling. First, reads were aligned to the
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human reference genome GRCh38, gencode v43, using STAR (Dobin et al., 2013). The
resulting BAM files were subsequently processed with GATK v4.2.6.1 for variant calling using
HaplotypeCaller (Van der Auwera & O’Connor, 2020), producing VCF files containing
candidate variants. Variants were emitted only at polymorphic sites and filtered using a
minimum Phred-scaled confidence threshold of 30 to ensure high-confidence calls. Only reads
with mapping quality higher or equal to 20 were considered during genotyping, and a diploid
model was assumed. A conservative indel model was applied to reduce false-positive insertion
and deletion calls. Variants identified from RNA-seq data were then compared with DNA-

derived variants.

Owing to the limited number of overlapping SNPs between the RNA- and DNA-derived variant
datasets, genotype imputation was performed to increase variant comparability. Imputation was
performed on binary files using QUIIT2 which can impute both mother and fetal genome from
low coverage reads using cfDNA NIPT data (Z. Li et al., 2025). Imputation was done according

<

to the documentation on GitHub for diploid imputation ‘--method=diploid’ by splitting the
genome and reference genome hg38 from1000 genomes into chunks and subsequent imputation
with 12 threads. After that, variant files for every chunk were joined with bcftools concat --
ligate v1.22+htslib-1.22.1, the variant files were displayed by chromosome. Finally, variants
files after imputation were annotated with SnpEff v.5.4 with the reference genome GRCh38.86

enabling gene-level mapping of variants.
3.5 Origin assignment

Origin assignment workflow (Figure 2) was implemented using Linux for Windows (WSL),
Ubuntu, beftools v1.21, Miniconda v25.11.1, bash v5.2.21(1)-release (x86_64-pc-linux-gnu),
Awk v5.2.1, VIM v9.1.697 and R v 4.5.2. The workflow suggested by the supervisors of this
Master Thesis starts by checking for biallelic SNPs on both DNA and implantation variants
with bcftools view -1 'TYPE="snp" && n_alt=1 && strlen(REF)=1 && strlen(ALT)=1', as
illustrated on Figure 3. At the same time, the SNPs were counted to verify the amount of SNP
filtered. Then, the columns relevant for the integration analysis were extracted with bcftools
query -s 'Sample' -f "% CHROM\t%POS\t%REF\t%ALT\t[%GT]\ n' and exported as a tab
separated file. This was performed to the OFEL and blastoid genotypes from the VCF files; in
the case of the implantation variant file, it was performed by extracting also the ANN from the
INFO column. Chosen genotypes were from the blastoid, donor-derived EEO and the
corresponding donor-derived implantation model from the non-hormonal treatment for each

chromosome file.
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Since variants were imputed, the resulting genotype files are expected to be consistent across
samples from the same donor, regardless of the hormonal or nor-hormonal conditions. These
variant files represent underlying genomic variation and are therefore independent of gene
expression or experimental treatment. Consequently, it was assumed that selecting a single
sample per donor would preserve the same genotype information required for the origin-
assignment task. Importantly, the purpose of the implantation variant files is to determine the
origin of SNPs, with annotations being linked to the variant itself rather than to the specific

sample.

Imputed files change the notation of genotype from ‘/° to ‘|’, because when variants are phased
the common notation in VCF files is the vertical bar symbol. Hence it was necessary to change
all the genotypes to meet the standard slash with VIM :%s#[#/#, which searches and replace,
and saving in place. At the same time, the chromosomes of the endometrium and blastoid files
were renamed to meet the same format of implantation variant files with awk '{print "chr" $1
"\t $2 "\t" $3 "\t" $4 "\t" $5}'. Finally, headers are added manually to all the files with VIM

having into account that they must be the same.

On RStudio origin assignment was implemented, first by reading the tabular files as data
frames. Second, by opposite homozygosity SNPs were merged by position, filtered to
homozygosity (‘0/0’ or ‘1/1°) and non-equal genotypes on the blastoid and endometrium
columns, assigned as ‘EMBRYO’ when the genotype of the model matched the blastoid
genotype, as ‘ENDOMETRIUM’ when genotype of the model matched the endometrium
genotype, or as ‘BOTH’ otherwise. And third, by extracting the gene and impact information
from the INFO column. Finally, the output file is exported as a tabular file having the
chromosome, position, genotype information from the model, endometrium and blastoid
columns, and the information of the genes and impacts. Libraries used were readr, dplyr,
tidyverse and base libraries from R. The workflow was iterated through all the chromosomes’

files and the donor samples’ files, and later merged in Python for downstream analysis.
3.6 Integration with differential expression analysis

Considering the list of upregulated and downregulated genes from the DGE analysis, annotation
from the origin assignment was matched with relevant genes (Figure 2). A series of functions
were implemented in Python with Pandas, NumPy, matplotlib, matplotlib venn and base
Python libraries. First, all the files from each chromosome corresponding to the donor-related
embryo implantation model were merged into a single file. Second, individual genes from each

SNP and impact annotations were extracted. If a gene had a match in the differentially expressed
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genes list, the gene was reported. Matched genes were displayed in two tabular formats: (i) full

SNP information, and (ii) SNPs only displaying the gene annotation match.

Owing that SNPs had only one matched gene, gene annotations were flattened from the second
file. Previous steps were iterated by donor-derived embryo implantation model and by the
corresponding upregulated and downregulated genes. Subsequently, Venn diagrams were
plotted for the downregulated and upregulated matched genes for each donor-derived
implantation model grouping them by origin assignment. Next, genes that had SNPs with the
same origin were reported for further analysis. In the Venn diagram those genes were
exclusively in one group category. Finally, those genes possessing only one origin assignation
were matched between the donor-derived files and the list of genes was reported for in depth
biological interpretation. The same list was used to match the genes from the normalized counts
of reads in the DGE analysis to plot the heatmap of the origin assigned genes in ClustVis
(Metsalu & Vilo, 2015).

3.7 Biological interpretation

Genes with single origin based on SNP analysis and shared between the two donor-derived
implantation models were retrieved and further investigated using databases such as NCBI and
UniProt, as well as relevant literature identified through keyword-based searches. These genes
were subsequently integrated into FEP analysis to determine the biological pathways in which
the origin-assigned genes are involved (Figure 2). The Python library Pandas was used to import
data from ShinyGO, concatenate results from the upregulated and downregulated genes sets,

and match genes with assigned origins that were shared between the two donor-derived models.
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4 RESULTS

4.1 Differentially expressed genes recapitulate the receptive endometrium and

implantation.

Quality assessment demonstrated consistently high sequencing performance across all samples,
with mean per-base quality scores exceeding Q30 throughout the read length (Supplementary
Figure 1), supporting high-confidence downstream analyses. GC content distribution was
centered around 53%, consistent with expected human transcriptomic profiles. Although
elevated duplication levels were detected (Supplementary Figure 1C), this pattern is
characteristic of RNA-seq datasets enriched for highly expressed transcripts rather than
technical bias. Adapter contamination remained negligible (<0.29%), indicating high library
integrity and effective preprocessing (Andrews, 2023).

Principal component analysis demonstrated a clear segregation of samples according to blastoid
attachment status and hormonal treatment conditions, indicating that both implantation
competence and endometrial hormonal exposure are major drivers of transcriptional variation
in the embryo implantation model (Figure 4A). Additionally, donor-specific transcriptional
variation contributed substantially to sample segregation along the x-axis, accounting for a high
proportion of the explained variance. Elliptical clustering based on eigenvalues further
supported the close grouping of hormonally treated and untreated samples according to blastoid
attachment status, reinforcing the strong transcriptional association between implantation

outcome and endometrial condition.

Heatmap analysis of sample-to-sample distances (Figure 4B) demonstrated hierarchical
clustering primarily driven by technical replicates, followed by donor-derived OFEL origin and
blastoid attachment status. Dispersion estimates (Figure 4C) showed relationship between mean
normalized expression and dispersion, with gene estimates shrinking towards the fitted trend.
Conta, the MA-plot (Figure 4D) revealed a symmetric distribution of logarithmic fold changes
around zero where significatively differentially expressed genes were highlighted (Love et al.,

2014).
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Figure 4. Differential gene expression analysis overview under hormonally induced co-
culture conditions.. A. Principal component analysis of normalized counts. Blue versus pink
tones relate to the donor samples that were used to generate the open-faced endometrial layer.
Dark blue and purple illustrate non-hormonal treatment, and pink and light blue illustrate
hormonal treatment of the implantation model. B. Heatmap of sample-to-sample distances with
hierarchical clustering. C Dispersion estimates plotted against mean normalized counts for all
genes. Red line stands for the adjusted tendency, black dotes represent the estimated dispersion
of a gene, and blue dots are adjusted with shrinkage genes. D. Log fold change of differentially
expressed genes versus mean expression. Each dot is a gene where genes closer to 0 are not
differentially expressed, differentially expressed genes are in gray, and significatively

differentially expressed genes are blue.
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Differential expression analysis revealed 264 upregulated genes and 172 downregulated genes
in the implantation model (Supplementary Table 1-2 and Figure 5). Upregulated relevant
pathways were associated with IL-17 signaling, cytokines receptors, hormones biosynthesis,
activities of steroids, hormones, response to stimulus such as lipopolysaccharides and lipids,
and leukocyte migration (Supplementary Figure 2). Downregulated genes were associated with
calcium signaling, transforming growth factor-beta, phospholipase activities, antiporter
activity, cell adhesion binding proteins, epithelium and tissue development, structure
morphogenesis, and developmental induction. Cellular component analysis indicated
enrichment at the plasma membrane, endoplasmic reticulum lumen, basal cellular region, and
cell surface. (Supplementary Figure 3). The in vitro implantation model upregulated CGB3,
CGB7 and CGBS which encode different beta subunits of the hCG.
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Figure 5. Volcano plot of the results from the differential expression analysis (DEA). Red
accounts for upregulated differentially expressed genes and blue accounts for downregulated

differentially expressed genes.

The top ten upregulated and downregulated genes are shown in Figure 6. These genes are
involved in pathways related to response to stimulus, inflammatory responses, secretion,
response to other organisms, cell differentiation and development. DKK/ is downregulated
resulting in the potentially reflecting modulation of WNT signaling activity associated with
endometrial receptivity. In addition, the downregulation of SEMA3E, TMEM2554, and

ANKRDI may reflect transcriptional remodeling of pathways involved in cellular
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differentiation and tissue morphogenesis during blastoid attachment (Supplementary Figure
3D). Several differentially expressed genes, including CYPIA1I, CYPIBI, IL36A4, HP, and
PGLYRP4, were associated with immune-related processes and hormone response pathways,
supporting the involvement of inflammatory and endocrine signaling during blastoid—
endometrial interaction (Supplementary Figure 2A, B and D). The heatmap illustrates the
sample-to-sample similarities first between the hormonal treatment and second by the donor
demonstrating the expression differences when the blastoid attaches to the OFEL.

Consequently, it lays the foundation of the downstream analysis.
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Figure 6. Heatmap of the top ten upregulated and downregulated genes in the

implantation model in-vitro.

4.2 Comparable number of variants across RNA and DNA data

DGE analysis revealed genes involved in blastoid attachment to hormonally treated OFEL.
Considering that these results come from bulk-RNA sequence data, it was relevant to
understand whether these contributions came from the endometrium or rather from the blastoid.
To distinguish maternal and embryonic contributions, variants identified from bulk RNA-seq
data were compared with DNA genotyping profiles obtained from the individual components
of the in vitro implantation model. This integrative approach enabled the identification of

informative SNPs that could be used to infer the origin of differentially expressed transcripts.
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DNA variant profiles were generated from the two donor-derived EEOs, the corresponding
donor EB from which the organoids were established, and the H9 cell line used for blastoid
generation. Global Screening Array (GSA) genotyping identified high-density SNP profiles
across all samples. Genotyping data were visualized and processed with GenomeStudio where
777,016 variants were detected across chromosomes 1-22, X, Y and MT. Genotype calling and
clustering were automatically performed using Illumina’s GenCall algorithm, which assigns
confidence scores to each SNP (Illumina Inc, 2016). On GenomeStudio it was found that there
were SNPs labeled as “no-calls” that corresponded to low prediction support. Low quality
statistics of SNP call score, normalized theta-value for the sample, normalized R-value for the
sample produced empty genotypes labeling (Illumina Inc, 2010). Across all five samples, the
50th percentile SNP call score exceeded 77%. After quality filtering, 745,645 variants were
exported in Variant Call Format (VCF).

A total of 730,296 variants passed quality filtering after removal of indels while retaining
reference-matching ALT entries. Variant annotation using SnpEff and Ensembl revealed that
SnpEff produced a higher number of annotated variants (281,906) compared to Ensembl
(265,166) and was therefore selected for downstream analyses. Annotation structure analysis
showed that functional information is stored within the INFO field, specifically under the ANN
annotation level, which contains multilayered information separated by delimiters. Individual
variants frequently displayed multiple predicted functional effects, with a maximum of 129
effects identified for a single SNP (rs4852424) in a blastoid-derived sample. These annotations
include allele-specific information, gene identifiers, predicted functional consequences, and
impact scores, organized in a hierarchical pipe-separated format. PCA analysis of SNP profiles
showed close clustering between donor EB and their corresponding EEO samples, while the
blastoid clustered separately from the endometrial samples (Figure 7). These results

demonstrate that SNP information distinguishes embryonic and endometrial origins.
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Figure 7. Principal component analysis (PCA) of the DNA variant profile. Pink and purple
are from donor 89, light blue and dark blue are from donor 93, and blastoid is orange-red. Bigger
circles (purple and dark blue) are from the endometrium biopsy (EB) of each donor. Smaller
circles (pink and light blue) are from the endometrial epithelial organoids (EEOs) that

originated the implantation model.

In parallel, variant calling from the bulk RNA-seq datasets identified between 21,000 and
27,000 variants per sample, substantially fewer than those detected in the DNA genotyping
datasets, resulting in limited overlap between RNA- and DNA-derived SNPs. To increase the
number of comparable variants, genotype imputation was performed on the RNA-seq-derived

variant calls using QUILT?2.

Imputation substantially increased the number of comparable SNPs across samples, generating
between one and six million SNPs per chromosome. Following concatenation and annotation
of the imputed VCF files, the implantation workflow produced a total 0of 97,627,917 comparable

annotated SNP records for downstream analyses.

30



4.3 Origin assignment allowed biologically coherent pathways of implantation

biology

To perform origin assignment, RNA- and DNA-derived variant datasets were harmonized
following imputation and filtering. Because RNA imputation generated exclusively biallelic
variants, matching SNP sets were retained across samples after filtering. In the DNA datasets,
filtering for biallelic SNPs reduced the number of variants from approximately 730,296 to

281,906 due to the exclusion of variants lacking alternative allele calls.

Origin assignment in the donor 93-derived implantation model identified 871 embryo, 2,040
both and 3,006 endometrial corresponding to a total of 5,917 annotated variants with assigned
origin. Similarly, donor 89-derived implantation model origin assignment determined 1,057
embryo, 2,201 both and 2,845 endometrium SNPs for a total of 6,103 origin assigned annotated

variants. Origin assignment per chromosome output ranged from 100 to 400 SNPs.

Origin-assigned annotated SNPs were subsequently compared with differentially expressed
genes identified in the DGE analysis. In the donor 93-derived model, 31 downregulated and 44
upregulated genes matched origin-assigned variants (Figure 8C-D), whereas the donor 89-

derived model showed matches for 39 downregulated and 36 upregulated genes (Figure 8A-B).

A B
OFEL OFEL
Blastoid Blastoid
L 1 3 14 4 4
2 0
a L A
2 11
Both Both
C D
OFEL OFEL
Blastoid Blastoid
15 . B e : 3
1o 2
2 > 0
10 11
Both Both

Figure 8. Venn diagrams of origin assigned differential expressed genes on implantation

in vitro origin assigned. A. Venn diagram of downregulated genes with origin assigned from
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SNPs integration for donor 89. B. Venn diagram of upregulated genes with origin assigned from
SNPs integration for donor 89. C. Venn diagram of downregulated genes with origin assigned
from SNPs integration for donor 93. D. Venn diagram of upregulated genes with origin assigned

from SNPs integration for donor 93.

Venn diagrams illustrated that there were genes which according to some SNPs annotations
might belong to more than one origin classification, intersection of groups in Figure 8. Hence
it was considered the origin assigned genes that had the same origin classification. Model from
donor 89 distinguished 31 downregulated and 29 upregulated genes, whereas model from donor
93 remarked 27 downregulated and 40 upregulated genes. Next, it was sought for the genes that
were in common between the two donor-derived models highlighting the 11 downregulated and

12 upregulated genes at table 1 and table 2.

Endometrium Blastoid Both
CDCA7L VIM SLC942
CHN?2 ARL4C
ADAMTS14 PDE7B
NT5DC3 SDC?2
BCAM
ELFN2

Table 1. Shared downregulated differentially expressed genes with origin assigned from the

implantation models.

Endometrium Blastoid Both
SELL SLC7A411 ADD?2
LINCO01320 GPR32 ADAMTS20
IRAK3 GJB6
NQOI SCUBE1
TRPV2
NOS?2

Table 2. Shared upregulated differentially expressed genes with origin assigned from the

implantation models.

Most of the genes were found in implantation related reports, however ARL4C could only be
associated with endometrium or ovarian cancer studies. Additionally, data from FEP analysis
was used to detect the pathways from differentially expressed origin assigned genes. 623
pathways from the four databases were associated with the origin assigned genes. Unlike NOS2,
SLC7A411 and IRAK3 which had 118, 80 and 79 associated pathways, LINC01320, CDCA7L
and ARL4C were not associated with any pathway (Supplementary Table 3).
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S DISCUSSION

In this study, integration of transcriptomic profiling with SNP-based origin assigned enabled
the characterization of the embryo-endometrium crosstalk following implantation. The
combined analysis allowed us to identify the endometrium as the principal transcriptional
regulator, suggesting that maternal tissues play a dominant regulatory role during implantation.
At the same time, several genes exhibited shared origin, highlighting the coordinated nature
endometrium and blastocyst communication. These findings revealed that embryo implantation
is supported by highly coordinated signaling networks involving endometrial receptivity,

extracellular matrix remodeling, immune modulation and cell survival processes.

Several differentially expressed and origin assigned genes suggest that endometrial receptivity
is actively regulated during embryo implantation. Downregulation of DKK/ indicates a shift
from the mid-secretory endometrial profile, consistent with the modulation of the WNT
signaling pathway (Mareckova et al., 2024). In parallel, markers of endometrial receptivity were
upregulated such as SOD2 as part of the hormonal treatment to mimic the WOI (Poh et al.,
2023). Identification of endometrial-origin genes associated with receptivity, including SELL
and LINCO0130, supports the establishment of an environment permissive for embryo adhesion
and endometrial maturation. SELL has been widely associated with cell adhesion processes
during implantation (Genbacev et al., 2003; Margarit et al., 2009), whereas LINC01320 has
been linked to the window of implantation and receptive endometrial states (Fernando et al.,
2024; Suhorutshenko et al., 2018). Additionally, downregulation of CHN2 and ELFN2 in the
endometrium suggests that suppression of pathways associated with proliferative or
pathological endometrial states may contribute to successful implantation-like events (Y. Dong
et al., 2022; Nguyen, 2024; Sponchiado, 2019). The coordinated regulation of insulin-like
growth factor-binding proteins further supports active embryo-maternal signaling during
decidualization and endometrial remodeling (Damario et al., 1998). Altogether, these findings
indicate that the receptive endometrium is not a static hormonal state, but rather a

transcriptionally dynamic environment that actively adapts to embryonic presence.

Extracellular matrix remodeling and adhesion-related pathways emerged as major components
of embryo-endometrial communication during implantation. Differential expression of SERPIN
family members, including SERPINAI, SERPINBS, and SERPINB?7, supports active regulation
of extracellular matrix organization, epithelial proliferation, and inflammatory signaling
associated with blastoid attachment. Previous implantation models have demonstrated that
knockdown of cell-cell adhesion-related genes compromises trophectoderm attachment (Koel

et al., 2022), reinforcing the importance of coordinated extracellular interactions during
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implantation. In parallel, opposite regulation of ADAMTS tfamily members suggests dynamic
remodeling of the endometrial microenvironment. While ADAMTS 14 was downregulated in the
endometrium, potentially facilitating placentation (S.-Y. Lee et al., 2014), ADAMTS20 was
upregulated in both embryonic and maternal compartments and was associated with pathways
related to cell differentiation, signaling, and survival. . Additionally, downregulation of
BCAM and VIM suggests cellular and structural adaptations associated with epithelial
remodeling and early trophoblast interaction (Shibata et al., 2024; Tinning et al., 2025).
Together, these transcriptional changes indicate that successful implantation requires tightly
coordinated regulation of adhesion and extracellular remodeling pathways to establish a

permissive environment for blastocyst attachment and invasion.

Immune and inflammatory signaling pathways were strongly associated with coordinated
embryo-endometrial communication during implantation. Joint expression of GPR32 in both
maternal and embryonic compartments suggests the activation of pro-resolving signaling
mechanisms involved in maintaining immune homeostasis during implantation-like events.
GPR32-mediated pathways have been associated with resolvin signaling, which attenuates
excessive pro-inflammatory cytokine production while promoting anti-inflammatory responses
necessary for pregnancy establishment (Sousa et al., 2025). In parallel, endometrial expression
of TRPV2 and IRAK3 supports the involvement of innate immune regulatory pathways linked
to Toll-like receptor and NOD-like receptor signaling. These pathways converge on MAPK and
NF-«B signaling cascades, which regulate inflammatory responses, cellular stress adaptation,
and tissue remodeling during implantation (Almeida-da-Silva et al., 2023; Rodriguez et al.,
2006). Consistently, several MAPK-associated genes were downregulated, suggesting
controlled modulation of inflammatory signaling rather than generalized immune activation.
The coordinated regulation of IL6-associated pathways and NOS2 further supports the
establishment of a permissive inflammatory environment that promotes prostaglandin
synthesis, vascular remodeling, decidualization, and maintenance of uterine homeostasis
(Kuracinova et al., 2025; Salleh, 2014; Voros et al., 2025). Together, these findings indicate
that successful implantation depends on tightly regulated immune modulation that balances

inflammatory activation with maternal tolerance toward the developing embryo.

Genes associated with oxidative stress regulation, cellular survival, and developmental support
further highlighted the coordinated nature of embryo-endometrial interactions during
implantation. Joint upregulation of SLC7A411 in both maternal and embryonic compartments
suggests the activation of anti-ferroptotic mechanisms that promote cellular survival, adhesion,

and expansion during implantation-like events (L. Dong et al., 2025). SLC7A11-mediated
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cysteine transport has been associated with the reduction of oxidative stress, inflammation, and
apoptosis, supporting a favorable microenvironment for early embryonic development
(Lofthouse et al., 2021). In parallel, endometrial upregulation of NQOI and implantation-
associated expression of 7P53 family members indicate activation of protective pathways
involved in genomic stability and stress adaptation (Atiomo et al., 2017; Price et al., 2010).
These pathways may contribute to maintaining cellular integrity while supporting embryo
development during early implantation stages. Additionally, blastoid upregulation of SCUBE1
suggests participation in developmental and placentation-associated processes, potentially
linked to vascular adaptation and epithelial differentiation (Kizildemir et al., 2026; Xavier et
al., 2009; Zhuang et al., 2010). Coordinated expression of GJB6 by the endometrium further
supports the establishment of intercellular communication pathways associated with embryo
development and tissue homeostasis (Salilew-Wondim et al., 2010). Together, these findings
indicate that implantation signaling involves not only immune and structural regulation, but
also active maintenance of cellular viability and developmental competence in both embryonic

and maternal compartments.

Integration of SNP-based origin assignment with transcriptomic profiling provided an
additional layer of biological interpretation for embryo—endometrial communication during
implantation. Overall, the endometrium displayed a more transcriptionally active profile than
the blastoid, supporting the concept that maternal tissues play a dominant role in regulating
receptivity, extracellular remodeling, immune modulation, and tissue homeostasis during
implantation-like events. In contrast, embryonic contributions were more restricted and were
primarily associated with signaling pathways involved in developmental support and immune
communication. Interestingly, several genes exhibited shared expression patterns between
maternal and embryonic compartments, suggesting the existence of coordinated and
bidirectional signaling networks rather than strictly compartmentalized responses. This
convergence was particularly evident in pathways associated with extracellular remodeling,
inflammatory regulation, and cellular survival. Importantly, the integration of differential
expression analysis with SNP-based origin assignment enabled the distinction of maternal and
embryonic transcriptional contributions within a shared in vitro implantation environment,

supporting the biological relevance of the implantation model.

Despite the biological coherence of the identified pathways, several methodological limitations
should be considered. SNP-based origin assignment depended on the overlap between
transcript-derived variants and genotyped variants, which restricted the number of informative

SNPs available for maternal or embryonic classification. In addition, the use of bulk RNA
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sequencing limited the cellular resolution of the analysis and may have masked cell type-
specific transcriptional dynamics during implantation. The in vitro implantation model also
cannot fully reproduce the spatial and temporal complexity of human implantation in vivo,
particularly regarding vascularization, immune cell recruitment, and long-term trophoblast
invasion. Furthermore, although blastoids represent highly valuable experimental systems, they
do not fully recapitulate all developmental properties of human embryos. Nevertheless, the
integration of transcriptomics with SNP-based origin assignment generated biologically
consistent patterns that aligned with known implantation-associated mechanisms. Future
studies integrating single-cell transcriptomics, spatial omics, deeper sequencing approaches,
and functional perturbation assays could provide higher-resolution characterization of embryo-

maternal signaling and further clarify lineage-specific contributions during implantation.

In summary, the present study supports the concept that early implantation is driven by highly
coordinated molecular communication between maternal and embryonic compartments.
Integration of differential expression analysis with SNP-based origin assignment revealed that
the endometrium acts as the dominant regulatory environment during implantation-like events,
orchestrating pathways associated with receptivity, extracellular remodeling, immune
modulation, and tissue homeostasis. At the same time, the blastoid contributed signaling
programs linked to developmental support and embryo—maternal communication. The
identification of shared transcriptional responses between both compartments further highlights
the bidirectional and dynamic nature of implantation biology. Overall, the findings demonstrate
that combining in vitro implantation models with integrative multi-omic approaches can
provide valuable insight into the molecular mechanisms underlying human implantation while
preserving the ethical advantages of stem cell-derived embryo models. These approaches may
contribute to future advances in reproductive medicine, implantation research, and the

understanding of early pregnancy establishment.
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SUMMARY

Embryo implantation is a highly coordinated process requiring precise molecular
communication between the endometrium and the developing embryo. Despite advances in
assisted reproductive technologies, there is limited understanding of early embryo—maternal
interactions. In this study, the molecular crosstalk was investigated during implantation using

an in vitro model based on an open-face endometrial layer co-cultured with human blastoids.

In vitro implantation unraveled the metabolic pathways of human early implantation of the
blastocyst to the first layer of the endometrium. Differential gene expression analysis identified
264 upregulated and 172 downregulated genes associated with blastoid attachment under
hormonally induced conditions. In parallel, high-density SNP profiles were generated from
genomic DNA, while RNA-derived variants were called and imputed to increase resolution.
Integration of differentially expressed genes with genomic variants profiles allowed the

recognition of 23 genes relevant to implantation-like events.

Communication during the implantation involves the signaling of cytokines where SELL and
IRAK3 have important roles. I[RAK3 acts in response to the hCG signaling and is involved in
many pathways from which the endometrium relaxes the immune response. As part of this
signaling pathway interlekin-6 seems to play a pivotal role where /RAK3 and NOS2 enhance

the secretion of prostaglandin in the mucosa.

The receptive endometrium involves the action of SELL, non-coding mRNAs, SLC7A411 for
maintaining the endometrium in a receptive state. Moreover, endometrium relaxes its immune
response specifically with genes that downregulate the MAPK pathways as part of the
luteinizing hormone/chorionic gonadotropin response. The response was suggested to be
maintained through the ion channel TRPV2 mainly by the endometrium, but there are genes like

GPR32 that are expressed also by the blastoid.

The selection of pathways that promotes embryo development is mediated by NQOI! and
SLC7A411 regulation. This paves the way for genes like SCUBE] that were linked to tissue
development pathways that should be promoted over embryo development. SCUBEI also
contributes to the vascularization of the endometrium and is relevant for placentation.
Nonetheless, Genes that have little or no information regarding implantation events were
associated with blastoid attachment. Besides, ARL4C and LINC(01320 are reference genes for

future targeted research with endometrium and blastoid expression.

To conclude, the integration of transcriptomic and genomic variation data enhances the

interpretability of in vitro implantation models and offers insights into mechanisms underlying
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implantation success and failure, with potential implications for improving reproductive
outcomes. Additionally, origin assigned genes were related to the embryo implantation to the

endometrium and can be targeted for future research.
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APPENDICES

A FastQC: Mean Quality Scores B
FastQC: Per Sequence GC Content
T - N\
)\
\
C FastQC: Sequence Duplication Levels D FastQC: Adapter Content

Supplementary figure 1. MultiQC report of aggregated results from FastQC. A. Mean quality
Scores of each FASTQ file. Green area shows good quality calls, orange shows reasonable
quality and red shows poor quality reads. B. Percentage of GC content across the whole length
of each sequence compared to a modelled normal distribution of GC content. C. Relative level
of duplication found for every sequence. D. Cumulative percentage count of the proportion of

the library which has seen each of the adapter sequences at each position.
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Supplementary figure 2. Functional enrichment analysis of significatively differentially
expressed upregulated genes. A. KEGG pathway database. B. Go Molecular Function pathway
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database.
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pathway database. C. Cellular component pathway database. D. Go Biological process pathway

database.
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Supplementary table 1. Upregulated significatively differentially expressed genes during in-
vitro implantation of blastoid to OFEL under hormonal treatment using a Log2 fold change
higher than 1 and p-adjusted value below of 0.05.

GenelD log2(FC) P-adj

CYPIA1 7.53146617943326 | 3.5152817494036e-53
CACNAIS 7.10646472360617 | 5.57189943867618e-08
IL19 6.57282332352109 | 4.32116624960786¢e-07
HP 5.64823747664758 | 3.76194785976228e-05
GPRI15 5.48048477916177 | 0.004592467715505
CYPIBI1 5.47259412418066 | 4.0830734054601306e-52
PGLYRP4 5.4663041737334 0.0029137397988545
IL36A 5.41605127066692 | 5.26282076967554e-07
CPXM1 5.41323425211745 | 4.16142411464877¢-05
APCDDIL 5.11909126606163 | 0.0001086557248377
MMP12 5.03144273808389 | 0.0174501941917868
ST100A8 4.95984018885648 | 0.0031346047566362
PPPIRIA 4.69943161061321 | 0.0085375402086765
SCUBE1 4.48914913351873 | 0.0448350135167181
SLC5AS 4.48404872438897 | 1.12089974894566¢-06
CSF3 4.37996490523441 | 4.4632588395534e-07
DEFB4A 4.28772462959261 | 0.0028134529785757
PARMI 4.17993138279405 | 0.0010017287067221
KCND3 4.12995779377686 | 0.0179915653993745
CEACAMS 3.96707013686988 | 0.0048646563231441
KIT 3.95955960725663 | 0.0026708912516291
PRR9 3.94352062951621 | 1.70484163136597e-06
ADAMTS20 3.89856041714373 | 1.89574337032539¢-06
PHOSPHO1 3.89273454373377 | 1.03092962722725e-08
ADHIC 3.89243919891456 | 0.0357947388428491
PLAC4 3.76636996582611 | 0.0251802823490791
UNCI13A 3.67394336609422 | 1.69814454139389¢-07
TNFAIP6 3.66073317204146 | 0.0035912984344568
CGB5 3.60129953053213 | 2.12368527718059¢-06
CYP1B1-ASI 3.58837896483543 | 0.0003733760267555
ERVFRD-1 3.58141484647796 | 0.0045163572452272
TCN1 3.56849087960033 | 2.54834408172797e-36
CGBS8 3.53684127437611 | 3.10968915406806e-05
ENSG00000267943 | 3.510498801165 9.8019134041766e-06
1L36G 3.4977373553961 0.0002226741221676
GPR68 3.49263573302254 | 0.0002091919130181
ERVV-1 3.44962702903394 | 0.0002091919130181
CGB3 3.42568716270893 | 2.17152337899474e-07
SRD5A2 3.4236174829345 2.69797281471198e-08
ANGPT4 3.41044092120548 | 0.0015528954012784
ALDH3A1 3.40314296809071 | 4.36478934371899¢-05
NOS2 3.40242132797154 | 8.60717980515306e-07
CCR8 3.36960432093585 | 0.0371223905564229
TNIP3 3.34167328169938 | 0.0008155847812496
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CGA

3.32597106698316

2.48419625642238e-07

SLC22A11 3.30620506597694 | 0.0330559485604127
ATOHS 3.28178422902505 | 0.0195848628310554
TREML2 3.27742645157527 | 1.38093934296799¢-08
ERVV-2 3.23971407085288 | 0.0003619144474439
ENSG00000287059 | 3.21325956186425 | 0.045958854946132
FEZ1 3.21145427547992 | 1.97415344432713e-12
C4orf54 3.20395569889834 | 3.9741916336626¢-05
LGALSI16 3.2014343976513 2.6873122645466¢e-06
HSD17B2 3.17658790671811 | 0.0110596303817907
LCMTI-AS2 3.12858222231113 | 3.79578721234528e-07
ENDOU 3.09716230471825 | 0.0360802788145451
IRAK3 3.07577218181765 | 2.70768190732249¢-05
GCM1 3.06030313327078 | 3.20074769078745e-07
SERPINB7 3.06011456398703 | 0.0074411934974529
CYPI19A1 3.04110879330077 | 4.10728082699067¢-05
CGB7 3.03660443239732 | 0.0005350859050371
HOPX 3.01591639956211 | 0.0174501941917868
ERVW-1 2.98717930149228 | 6.83481485653608e-05
TREMI1 2.98417682659777 | 0.0025909256990664
ESRG 2.97695216622897 | 0.0042926103366682
EPB41L3 2.9364174352958 0.0005676367253191
PGF 2.91714509228811 | 0.0001445222023636
MEGF11 2.83556373012253 | 1.83085703510361e-05
CCR7 2.83545488813739 | 0.0001396095543842
SCNN1D 2.83467327637557 | 0.0237399120660427
FGF4 2.81308213483204 | 0.02231145295747
CLECIA 2.8119820107732 0.0058027956170207
GFPT2 2.80728567930225 | 2.89812657448967¢-05
TRPV2 2.79694205728004 | 0.0029749829326877
SLCI6A6 2.78173778602448 | 0.0388272389315548
WNTI10B 2.77475520141928 | 0.0490741581652775
S100A9 2.74455523472753 | 0.0025987354164579
SLC38A3 2.72274301833726 | 8.68922432091665¢-05
MUCS5AC 2.72037084551511 | 2.63669833744854e-15
FNDC4 2.70704020841846 | 0.000503683922174
TBX3 2.69703944208922 | 1.52524174383121e-06
SLC43A2 2.69232508580706 | 0.0299816695587964
ECEI-AS1 2.64858492456031 | 4.65272283290076e-06
SOX2 2.60402497904892 | 0.0077629974191648
TIPARP 2.59025923389747 | 2.75253132170002e-43
CYPI1Al 2.5679767758897 0.0015843339613178
HS3ST3Al1 2.56364021285209 | 0.0064665268831339
CSF2 2.53661562396871 | 0.0185091933862198
MUCI15 2.5356022162212 1.91767526826358e-05
LYPD5 2.53403252710317 | 0.0009743061091941
DUOX?2 2.5243802430956 7.4923553672902¢-05
AQP3 2.52279978302115 | 0.0001797879927018

55



ITPRIDI1 2.50714753143304 | 0.0046004138389604
SV2B 2.46514530658218 | 0.0142222085047375
SELL 2.45280846052445 | 5.38224633553465¢-08
MRGPRX1 2.44504897321525 | 0.0030173812674891
CIS 2.41698930010489 | 5.97931751816821e-13
1QCD 2.41656224820072 | 3.35265844963096¢-05
P13 2.36008482957973 | 0.0127686895022595
SPX 2.35680409187585 | 0.0062996264992223
RNASEI1 2.3400440875967 0.0002721431108845
ADGRA2 2.31407701267112 | 0.0428210135777537
IL17C 2.31028015069393 | 0.0002197658971629
TLEI1PI 2.2927024919595 0.0105502267900927
KCNK3 2.28580278503739 | 0.0002334652044818
XDH 2.28285963592798 | 8.85583001622314e-11
CYP24A1 2.23804536889173 | 1.78604888208983¢-06
GPX2 2.23726996443121 | 0.0089128965403671
CECR2 2.23539294819849 | 0.0401224556776706
ENSG00000253400 | 2.22647554344805 | 0.0020159141952705
MMP1 2.21874285427965 | 0.018777646441734
CEBPA 2.21006549560493 | 0.0046257315365211
CD83 2.20627749721691 | 0.0208984674941806
GPR32 2.19181402202334 | 0.0020547358262036
SHISA2 2.17142683709213 | 3.2952932790965¢e-33
CIR 2.17128258246096 | 1.58684588068432¢-05
DHRS9 2.17033298005572 | 3.41845008069776€-05
SP6 2.15816835444976 | 0.0053897933125039
FBN1 2.14262284163712 | 0.0133833050125217
ABCAI3 2.13063148272204 | 0.0017517233264585
FOXI3 2.09757771737216 | 0.0058131324426772
SLC6A14 2.09526172410256 | 1.75313989374548e-07
FOXA3 2.08068961409462 | 0.0202774943653524
POU2F3 2.06163183691799 | 0.0344939140522587
H2BC4 2.05588606077079 | 0.0203232190506666
RARRESI1 2.04907381412691 | 0.0111586967726198
TNFRSF1B 2.02159380942454 | 2.78717651414817e-06
SLCI6A10 2.01994540982985 | 0.0240952082395904
GJB2 2.01961872878234 | 2.31688714853666¢e-10
STAU2-ASI 2.0145879867555 0.035227436100401
HMGN2P46 2.00396661202016 | 0.0002316225581603
NXPE2 2.0029093215319 0.0327840285798889
CYPIA2 1.99647862370896 | 0.0488244358943225
FOXO06 1.99218968723027 | 0.0033231927792642
LAPTMS 1.95372475579813 | 0.0001797879927018
LYPD3 1.95159915324643 | 0.0012187709421242
THBD 1.94753054247266 | 0.003790641882842
Cl50rf48 1.9296813333634 0.0142336114354793
GJB6 1.91196376713755 | 2.2472685746232¢-06
CD34 1.90570117270384 | 3.62815667392607e-07
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ZNF750 1.87743776361542 | 0.0003498603764032
RDHI10 1.8719177559507 5.78549974296632¢-07
IL1B 1.86237418807715 | 0.0003260175342968
ENSG00000289866 | 1.86042099475351 | 0.0105621747701862
LINCO01559 1.84975095688797 | 0.0045156131845644
TXNRDI 1.83969449464651 | 3.61693046032595¢-08
GPR132 1.82206151158147 | 0.0271202700474922
ADGRE2 1.8174693675276 0.0412067727629358
FAXDC2 1.81330175153799 | 0.0085335712952507
SLC28A3 1.80597163134301 | 1.34809312758019¢-05
IGF2BP1 1.79465495045599 | 0.0129742013224914
BNIP5 1.75988943212205 | 0.0127686895022595
ENSG00000289223 | 1.756795062432 0.0084304910376374
GPR78 1.75138723002831 | 0.0481438677075531
BMF 1.74191561156198 | 1.09795707240467¢-11
EVAIC 1.7276191134994 0.0191052591559099
RNF224 1.71079313140459 | 0.0291477425676207
XYLTI1 1.70415433337288 | 0.030809445273961
ATPI10D 1.70105090594829 | 0.0009294005143747
GATA2 1.69164231112671 | 0.0011590971116129
CCL22 1.6845842395792 0.0259950870853553
PRDM1 1.64983568572601 | 1.27977163741547¢-05
HEY1 1.63550252188968 | 0.0401852486124738
H2BCl11 1.63001689480956 | 0.0192645737546355
ATP10B 1.61047996162468 | 0.0016124598101291
TCP11L2 1.60176860078915 | 2.78955258030154e-07
CAPNI13 1.59648506640655 | 0.0498733105256068
KCNJ4 1.59014635155815 | 0.0278133066837859
BAIAP3 1.58698882584099 | 0.0107010927113059
TPPP 1.57958839215514 | 0.030809445273961
SOD2 1.56906957133963 | 3.42229817168462¢-06
CCL20 1.56336164480375 | 0.0060623507293312
ADCYS5 1.56200278567875 | 0.0211875809775457
TP73 1.55085481633018 | 0.0184546857895677
NFKBIZ 1.54693354787186 | 2.30464952585068¢-06
CHST6 1.53871874956058 | 3.43246041361008e-07
SLC46A3 1.5300693559322 0.0461630794527049
ADD?2 1.51024305068347 | 0.034272216305832
ENSG00000288927 | 1.50089128947237 | 0.0360375457947076
ENSG00000228509 | 1.49658588385039 | 0.0167233527782042
MN1 1.49500147759462 | 0.0124289893541873
PORCN 1.49303672170955 | 2.48419625642238e-07
SLC22A4 1.48063708552589 | 0.0111451473305445
CD69 1.46839347823026 | 6.24306577701131e-17
SGK1 1.46287936557169 | 3.37821163236496¢-27
H2BC21 1.46256930783534 | 0.0002676740469424
PTAFR 1.45759122135381 | 2.03383067928227¢-08
GAS7 1.4450432092239 0.0020658841509859
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RHOV

1.44082037933911

3.84329998663997¢-10

ALPG 1.42753352272361 | 0.0317442523265033
RRAD 1.42695626876812 | 0.0035912984344568
SYT7 1.42641014663102 | 0.0457163193129616
GPRISLG 1.40904366817068 | 0.0242783242256159
STC2 1.40429615215647 | 0.0012867839067212
LINC00240 1.39761598770203 | 0.000130110139239
SRD5A3 1.38779282482991 | 1.07836309729453¢-08
CIITA 1.37819446771226 | 3.84329998663997¢-10
HAVCRI 1.35366685489056 | 0.0315804852244659
ALPL 1.35190276148173 | 0.0038243698169168
TMEM45B 1.3451488232918 0.0020290313634171
MMP?2 1.34316510051138 | 0.0105621747701862
1[ZUMOA4 1.3365965621477 0.0287627558452096
RAB31 1.33645619604871 | 3.12965730163497e-07
ATF3 1.33236058613158 | 0.0300811888353076
CEACAMG6 1.32877022885618 | 0.0001974437605934
CLDNI10 1.32555058775435 | 8.71652262011065¢-13
PLPP3 1.32318201991438 | 0.001745384896895
PLA2RI1 1.31555494857416 | 6.19244810597795¢e-08
RIPOR2 1.30153522509405 | 0.0375167698605499
ECEI 1.30042172899813 | 1.4524707592326102e-14
SLC26A9 1.29974215463363 | 0.0126017586427011
DSE 1.29944514069792 | 2.87163385862629¢-06
FAR2 1.29279686744731 | 0.0371223905564229
EDC3 1.28022235005164 | 2.05575749889331e-26
RASGRP1 1.28009094335282 | 1.03888758489681e-09
AIFM2 1.27234170495442 | 0.0041789576570095
FBX032 1.27208543625028 | 2.22915093098403e-12
PLD1 1.2646063666184 0.0012187709421242
H2BC5 1.26263153036013 | 0.0074504033120029
SNPH 1.26077591014831 | 0.0003568680337143
RETREGI1 1.25358033449992 | 5.61622969915525¢e-09
BIRC3 1.23624960366145 | 1.87973735088296¢-11
ERFE 1.23310914175667 | 6.16050652817002¢-06
MAST4 1.20647287752283 | 1.27977163741547¢-05
SOCSI1 1.19933174708129 | 0.0013707999729986
TNFAIP3 1.19192240234384 | 8.68922432091665e-05
FHDC1 1.19159625779134 | 1.37444929663529¢e-07
IFNAR?2 1.19044822272556 | 0.0003038601177667
NFKBID 1.18614237639424 | 0.0007166117422076
ZC3HI2A 1.18465999237592 | 1.30733748258966¢-05
SLCT7AI11 1.18328787540867 | 0.0101817510952992
GCNT3 1.18235768176698 | 0.0009140758254448
RAB3IL1 1.18210061890146 | 0.0127686895022595
MELTF 1.17983070609262 | 2.29248545103762¢-05
ADGRF1 1.17189916789877 | 0.0100191537937861
CA2 1.16716722661855 | 0.0150728083509266
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H2AC6 1.16714549445757 | 0.0049011774905865
MUCSB 1.15142123032577 | 0.0476948368419028
FUTS8-AS1 1.15112874948705 | 0.0469250882100756
LYN 1.14453384092858 | 1.20908918352642¢-12
FUT2 1.14082368831755 | 0.0003619144474439
ADAM?28 1.13666160000187 | 0.016237809238247
CXCL2 1.13550920858246 | 0.0053897933125039
BHLHA15 1.13204929592896 | 0.0329571279690539
LINCO01320 1.11874545875708 | 0.0499937585671276
MPP1 1.10549482000591 | 0.0322759623237806
NQO1 1.09183439559459 | 0.0091876125842794
ENSG00000290032 | 1.08890951881244 | 0.0006071478186572
P2RX4 1.08667154755906 | 0.0023397794624435
TTC39C 1.08404166348906 | 0.0026708551778155
SDR16C5 1.0828198801954 0.0287854432166704
ENSG00000227619 | 1.0826381127755 0.033951916376438
ICAM2 1.08151166742922 | 0.0483267081203204
NDRG?2 1.07944668409484 | 0.0015394305586599
TMCS 1.07919933851018 | 1.35620786494704¢-05
CDHRI1 1.06670130355732 | 7.3378631949652605¢-09
SERPINAI 1.06011578174829 | 1.60692350536748¢-06
PACSINI1 1.05529726456897 | 0.0020547358262036
TNFRSFI11A 1.04315298251271 | 0.0205881995107535
GDA 1.04111604963644 | 0.0283231171937777
PIK3R1 1.01697965208718 | 0.0030207615634171
FAMS3E 1.01144439999618 | 2.17514335130666e-06
TFAP2C 1.00121653841479 | 0.0267659168526515
SPDEF 1.00032614688438 | 0.0401852486124738
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Supplementary table 2. Downregulated significatively differentially expressed genes during
in-vitro implantation of blastoid to OFEL under hormonal treatment using a Log2 fold change
lower than -1 and p-adjusted value below of 0.05.

GenelD log2(FC) P-adj

LIX1 -6.72876814241006 | 0.0043006480167473
SEMA3E -5.82885440137721 | 2.32201013547359¢-05
PALMD -5.45496524630048 | 0.0006759024017022
ANKRDI1 -5.41390852617123 | 2.7668591376838697¢e-26
MAMDC?2 -4.7081884813599 | 0.0146807606149437
TMEM255A -4.23827266948789 | 0.0420808483863601
DKK1 -4.06417156278104 | 3.77308495866592¢-05
NR2F1-ASI -3.89381429670265 | 0.0035912984344568
IGFBP5 -3.66033986160879 | 4.80315695593877e-06
VIM -3.49759384137267 | 4.06538002017864e-07
ALPK2 -3.4499205701528 | 5.29442066874247¢-11
SLC22A2 -3.4303249508098 | 0.020762506184588
BMP4 -3.23303604169691 | 2.16792939821054e-09
UPK3B -3.17387258446128 | 1.12150547724865e-06
FBN2 -3.16011538837783 | 3.08505859368981e-07
MSI1 -2.9570052055112 | 3.50557182384607¢-05
WNT2B -2.94605135462611 | 8.20114085193352¢-08
LINCO1618 -2.92589372754661 | 0.038603667017663
IGDCC4 -2.92053446623378 | 0.0073817554954307
SERPINBS -2.85158320574074 | 0.003127930298891
SH2D5 -2.85084234375666 | 1.28048108841716e-07
MIR1915HG -2.83751493256009 | 0.0031547560009889
SH3GL3 -2.83166740564788 | 0.0022954871853462
GRPR -2.77496284906467 | 0.0048929650931142
DKK3 -2.76630990676707 | 7.4923553672902¢-05
MEOX1 -2.73252214944297 | 1.68592546810498¢-09
NXPH4 -2.71483961094664 | 0.0046354317953067
THBS1 -2.66047761937901 | 5.912573134404491e-17
KIAA1549L -2.56455842542869 | 0.0161874129451327
GASKI1B -2.56024671021531 | 3.61573495513994e-13
ST6GALNACS -2.55408544052331 | 0.0450727347547914
NR2F2-AS1 -2.54462439694096 | 0.0270207051030453
PDE7B -2.51843217272136 | 0.0185561098954267
SYT13 -2.51274180021346 | 0.0407007303177552
AJAP1 -2.4854873734505 | 0.0234196194710431
ENSG00000291105 | -2.4455406911928 | 0.0161874129451327
SLC9A4 -2.43811714925037 | 0.003534703425154
LINC02009 -2.40528709466921 | 0.0029200824429894
LMCDI1 -2.37060552151689 | 8.81576806375017e-06
CCN2 -2.37025634641697 | 1.50844523941025e-19
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IRS1 -2.33945988950418 | 0.0169788534104395
PLCEl1 -2.33624365898659 | 0.0005308537552128
PPP1R3B-DT -2.32189352558618 | 4.04453296520255e-07
MATN3 -2.31667831007721 | 0.0135310584722192
KLRK1-AS1 -2.31162393252084 | 3.50557182384607¢-05
RBMS3 -2.30854627543 1.37415553040243e-09
PTPRB -2.29311885572171 | 0.0002044706235728
PSG4 -2.24927123092544 | 0.0001928770843136
LINCO01091 -2.2473301544836 | 0.0458646321432713
CCDC80 -2.21332171069465 | 1.75909695812211e-08
SLIT3 -2.18422992886565 | 0.0309062218337523
DENND2A -2.17101865649581 | 0.0002565130503283
CAVIN2 -2.13214917315941 | 0.0362829237887326
ENSG00000228613 | -2.11432783938611 | 0.0431216052765217
TNFRSF19 -2.10001365872792 | 0.0375581163667178
NT5DC3 -2.08297264498681 | 0.0058027956170207
CNGAL -2.07646962324833 | 0.0360802788145451
ARHGDIB -2.0631015635652 1.58876912391744e-23
MYLK -2.05804349250663 | 2.95946858171268e-09
CDH6 -2.02215810838417 | 0.0056023943019182
KCTDI12 -2.02163146001188 | 0.0001816072153739
RGMA -1.96685932506452 | 4.28010240174806e-27
PLEKHG4B -1.93647095453197 | 0.0001171812353716
TRIL -1.91912501746191 | 0.0171489804241647
IL18 -1.8948427218176 | 0.0011590971116129
ENC1 -1.84776246356265 | 0.0012330706723931
ERP27 -1.84047888274039 | 0.0419521820123712
KCNIP3 -1.83954540189802 | 0.0025845251786347
SOX9 -1.83674689177918 | 3.7459935269497203e-17
SYTL2 -1.83379313615728 | 5.48204722560082¢-08
SDC2 -1.82938317466446 | 2.70768190732249¢-05
MGATSB -1.82533679704233 | 1.77860481251246¢-08
RHOBTB3 -1.81936562278524 | 3.14250179521823e-13
GPC1-ASI -1.81405325507594 | 1.23734191521611e-05
OXTR -1.80170445752472 | 0.000145630465619
HMGA2 -1.78438049650747 | 6.7263026196693¢e-08
LINC02672 -1.7780422517955 | 0.0420808483863601
SLC1A3 -1.75778181073672 | 0.0014624495017565
PLCXD2 -1.75755422803366 | 0.0024680786408822
SNHG12 -1.75085952925798 | 0.0014428341703446
KRT13 -1.75033438279995 | 0.0339687643918957
PTPRR -1.75031986080383 | 0.0140967202900171
HHEX -1.7351424226679 | 2.42641271845868e-06
SCD5 -1.72735703116153 | 6.0815562040286¢-06
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KRTg8P45 -1.72395425184675 | 0.0340239516728692
ANKRD2 -1.71411272226735 | 0.0322960715861965
PRSS23 -1.71148397529246 | 6.60387103702956¢e-06
COL26A1 -1.69323313017884 | 0.0150379779318828
B4GALNT4 -1.68710379652457 | 2.9324161036269¢-05
ABTB3 -1.67137614927307 | 0.023377097674788
EFHDI -1.6588565500313 | 0.0030173812674891
CPVL -1.63733168539623 | 2.77260907749641e-05
LAYN -1.62959047585855 | 0.0002346825305674
CHN2 -1.61612898490833 | 0.0032209046761286
ARLAC -1.6086856077001 1.43123194649286¢-07
LY6D -1.60209229433662 | 0.0422444505178253
KCNJI5 -1.60009305628754 | 0.0173648965491266
BMPRI1B -1.56666424520011 | 0.0405263176723137
HMGN3 -1.56373614825513 | 5.39369048407882¢-10
FJX1 -1.5557186493223 1.14324123199482e-07
CDH2 -1.54330558306225 | 0.0100587386423713
FCHO1 -1.52818836914385 | 0.0007854602293527
BCAM -1.50920205006266 | 0.0322603109857552
SBSPON -1.50467532017773 | 0.0034817314004055
IGSF9 -1.49811066079156 | 0.0313820940259516
LHFPL6 -1.49810124213281 | 0.0001974717357786
SLC9B2 -1.49382168594363 | 0.038209534357775
EMPI1 -1.49125222811039 | 7.33255488800461e-21
SLC9A2 -1.47249454264892 | 0.0014559327344186
ANXA9 -1.46809764350908 | 0.0006288819356459
TSPAN4 -1.4524456633763 | 6.4693337171146e-08
ADAMTS14 -1.44845320479339 | 1.10966740736047¢-05
UNC93A -1.43381483120721 | 0.0135753027137044
TPM2 -1.42731700852263 | 0.0011590971116129
DEPDCI1B -1.40251910552778 | 5.79969863390113e-05
MSTI1 -1.39237614341084 | 0.0002573919728976
SNHG15 -1.3839001397892 | 0.0117251298105723
ARHGAP24 -1.38330233237499 | 0.0002002753398132
BDNF -1.36938106609011 | 0.0251802823490791
KLRG2 -1.35702489345017 | 0.011874625968832
ELFN2 -1.3559029224243 | 0.0002908244397867
SLC2A1 -1.34416848224669 | 0.0311699530058462
EVAIA -1.34119473025616 | 3.11382221977475e-07
F2R -1.33841920869393 | 9.21242087930962¢-06
HAGHL -1.32648384991675 | 0.0047657663804452
ZBED?2 -1.32027114232776 | 5.01397265510394¢-13
SCARA3 -1.31702381901184 | 0.0103854055026561
CHRM3 -1.31191730406878 | 0.001745384896895
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AMIGO2 -1.30055249293369 | 6.319212896933031e-15
CLICS -1.29979041319824 | 0.0002851568320005
CDK18 -1.29886627982415 | 1.66697652115338¢e-05
RNF165 -1.29853659726058 | 0.0107010927113059
LACTB2 -1.26926733691013 | 0.0001429776558754
PLCB4 -1.25738025762485 | 0.0105621747701862
SPON2 -1.23982360231668 | 0.0371223905564229
NFIX -1.23747927851442 | 0.0020957017033114
THNSL1 -1.23633614710373 | 0.0362690830318774
STX2 -1.23256251296522 | 0.0046004138389604
TACC3 -1.21034745729038 | 0.0005985090136941
TLL2 -1.20126032821496 | 8.98082678620856¢-05
SCEL -1.18759305025026 | 1.54403044609042¢-07
DCDC2 -1.18490223507134 | 1.42251098072897e-08
AP1S3 -1.18302293938741 | 0.0039044203183096
MAB21L4 -1.17154574879965 | 6.37381482391556e-07
GCNT4 -1.169159193652 0.0011848856785108
SCIN -1.16784986439573 | 0.0479821996010298
GLDC -1.16184780786634 | 0.0023708569977441
SPNS2 -1.15942838743445 | 7.67837824840235¢e-07
TMEMO98 -1.15673145741652 | 0.0031165687714744
GDPD5 -1.14380643911789 | 4.97030532241943¢-10
RASA3 -1.14260154557368 | 0.0372020885939172
MIR4435-2HG -1.14121972519103 | 0.0054542194464622
NETO2 -1.13493311447702 | 4.09660547882568e-07
MTARCI1 -1.13231760081643 | 0.014058171483887
TGFB2 -1.12656277723359 | 0.0105621747701862
ACSF2 -1.11546265076955 | 1.13197060362866¢-06
CDCA7TL -1.11484406860271 | 3.40248725891871e-05
SERTADA4 -1.11391131241354 | 0.0208984674941806
ARSJ -1.10560877180946 | 3.16270802537353e-07
AMOTL2 -1.10389425514883 | 5.31582391370218e-14
BHLHEA41 -1.08726174784915 | 8.90634614589562¢-07
GADDA45B -1.08320384003991 | 0.0028715923724701
UAPILI1 -1.07859182033145 | 5.50575246893399¢-05
MALTI1 -1.07376934756723 | 9.45340918019994¢-06
ATPI0A -1.05808369704745 | 0.0078228949990687
ENSG00000275216 | -1.04170319457785 | 0.0198811832306435
BICC1 -1.03251876269875 | 0.0046439774218734
ADRAIB -1.0236849107388 | 0.0420808483863601
TINAGLI -1.02205974689364 | 0.0142336114354793
ZFASI -1.01862878474719 | 0.0264642805957806
LTBP4 -1.01220441463523 | 0.0024304152364788
SPRY1 -1.00366346233617 | 1.10501088285408¢e-05
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Supplementary table 3. Downregulated and upregulated origin assigned genes associated

with functional enrichment analysis. Data base labeling has a initial description for
downregulated genes “Down” and upregulated genes “Upp”

Fold Pathway Data Base Gen
Enrich

ment

26.8258 | GO:0015385  Sodium:proton  antiporter | Down GO- SLCY9A2
3621683 | activity Molecular-

97 Function

16.8903 | GO:0051139 Metal cation:proton antiporter | Down GO- SLCY9A2
4132171 | activity Molecular-

39 Function

5.34719 | GO:0098739  Import across plasma | Down GO- SLC9A2
3483758 | membrane Biological-

66 Process

3.15234 | GO:0016324 Apical plasma membrane Down_GO- SLC9A2
4808891 Cellular-

3 Component

2.89218 | GO:0060429 Epithelium development Down_GO- SLC9A2
1733170 Biological-

18 Process

2.66812 | GO:0009888 Tissue development Down_GO- SLC9A2
7820797 Biological-

3 Process

2.66022 | GO:0030855 Epithelial cell differentiation Down_GO- SLCI9A2
8758169 Biological-

93 Process

2.57467 | GO:0098590 Plasma membrane region Down_GO- SLC9A2
4471058 Cellular-

71 Component
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1.58942 | GO:0030154 Cell differentiation Down_GO- SLCY9A2
9860889 Biological-

01 Process

1.58909 | GO:0048869 Cellular developmental process | Down GO- SLC9A2
7552743 Biological-

31 Process

9.40287 | GO:0008081 Phosphoric diester hydrolase | Down GO- PDE7B
0426521 | activity Molecular-

12 Function

3.37806 | GO:0042578 Phosphoric ester hydrolase | Down GO- PDE7B
8264342 | activity Molecular-

77 Function

2.18648 | GO:0007267 Cell-cell signaling Down_GO- PDE7B
9390276 Biological-

66 Process

2.12784 | GO:0045202 Synapse Down_GO- PDE7B
2551727 Cellular-

67 Component

2.04240 | GO:0030054 Cell junction Down_GO- PDE7B
2117596 Cellular-

88 Component

2.04142 | GO:0141124 Intracellular signaling cassette | Down GO- PDE7B
2548235 Biological-

92 Process

3.66296 | GO:0051056 Regulation of small gtpase | Down GO- CHN2
5587841 | mediated signal transduction Biological-

56 Process
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2.12784 | GO:0045202 Synapse Down_GO- CHN2
2551727 Cellular-

67 Component

2.04240 | GO:0030054 Cell junction Down_GO- CHN2
2117596 Cellular-

88 Component

2.04142 | GO:0141124 Intracellular signaling cassette | Down GO- CHN2
2548235 Biological-

92 Process

1.90370 | GO:0023051 Regulation of signaling Down_GO- CHN2
7535061 Biological-

28 Process

1.90117 | GO:0010646 Regulation of cell | Down_GO- CHN2
4661810 | communication Biological-

79 Process

1.88636 | GO:0009966  Regulation  of  signal | Down GO- CHN2
0758992 | transduction Biological-

86 Process

1.58346 | GO:0048583 Regulation of response to | Down GO- CHN2
9498910 | stimulus Biological-

68 Process

12.4092 | Path:hsa05144 Malaria Down KEGG | SDC2
3035881

02

5.51104 | GO:0005788 Endoplasmic reticulum lumen | Down GO- SDC2
7923701 Cellular-

2 Component
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4.75040 | GO:0062023 Collagen-containing | Down_GO- SDC2
8496732 | extracellular matrix Cellular-

03 Component

4.60645 | GO:0031012 Extracellular matrix Down_GO- SDC2
6724103 Cellular-

78 Component

4.59871 | GO:0030312 External encapsulating | Down GO- SDC2
4780029 | structure Cellular-

66 Component

4.58660 | Path:hsa04820 Cytoskeleton in muscle cells | Down KEGG | SDC2
1307189

54

2.73281 | GO:0022603 Regulation of anatomical | Down GO- SDC2
9270030 | structure morphogenesis Biological-

11 Process

2.48722 | GO:0000902 Cell morphogenesis Down_GO- SDC2
0618115 Biological-

71 Process

2.22613 | GO:0009653 Anatomical structure | Down_GO- SDC2
2852025 | morphogenesis Biological-

05 Process

2.10970 | GO:0050793 Regulation of developmental | Down GO- SDC2
8799748 | process Biological-

96 Process

2.00544 | GO:0030182 Neuron differentiation Down_GO- SDC2
9497301 Biological-

12 Process
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1.98570 | GO:0048731 System development Down_GO- SDC2
8426905 Biological-

48 Process

1.96251 | GO:0022008 Neurogenesis Down_GO- SDC2
4107310 Biological-

49 Process

1.92886 | GO:0016477 Cell migration Down_GO- SDC2
6773295 Biological-

42 Process

1.81491 | GO:0007399 Nervous system development | Down GO- SDC2
7283845 Biological-

52 Process

1.64257 | GO:0048468 Cell development Down_GO- SDC2
7397691 Biological-

23 Process

1.58942 | GO:0030154 Cell differentiation Down_GO- SDC2
9860889 Biological-

01 Process

1.58909 | GO:0048869 Cellular developmental process | Down_GO- SDC2
7552743 Biological-

31 Process

17.5399 | GO:0032967 Positive regulation of collagen | Down GO- VIM
6983408 | biosynthetic process Biological-

75 Process

16.8903 | GO:0010714 Positive regulation of collagen | Down GO- VIM
4132171 | metabolic process Biological-

39 Process
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13.0296 | GO:0032965 Regulation of collagen | Down GO- VIM
9187675 | biosynthetic process Biological-

07 Process

11.4009 | GO:0010712 Regulation of collagen | Down GO- VIM
8039215 | metabolic process Biological-

69 Process

6.53819 | GO:0002088 Lens development in camera- | Down GO- VIM
6640663 | type eye Biological-

43 Process

4.58660 | Path:hsa04820 Cytoskeleton in muscle cells | Down KEGG | VIM
1307189

54

3.63861 | GO:0043010 Camera-type eye development | Down GO- VIM
0763454 Biological-

32 Process

3.18166 | GO:0001654 Eye development Down_GO- VIM
8946648 Biological-

43 Process

3.15234 | GO:0150063 Visual system development Down_GO- VIM
4808891 Biological-

3 Process

3.06066 | GO:0048880 Sensory system development | Down GO- VIM
5877089 Biological-

09 Process

2.89218 | GO:0060429 Epithelium development Down_GO- VIM
1733170 Biological-

18 Process
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2.66812 | GO:0009888 Tissue development Down_GO- VIM
7820797 Biological-

3 Process

2.66022 | GO:0030855 Epithelial cell differentiation Down_GO- VIM
8758169 Biological-

93 Process

2.16967 | GO:0007417 Central nervous system | Down GO- VIM
8100202 | development Biological-

32 Process

2.04240 | GO:0030054 Cell junction Down_GO- VIM
2117596 Cellular-

88 Component

2.02433 | GO:0048513 Animal organ development Down_GO- VIM
0161506 Biological-

12 Process

2.00544 | GO:0030182 Neuron differentiation Down_GO- VIM
9497301 Biological-

12 Process

1.98570 | GO:0048731 System development Down_GO- VIM
8426905 Biological-

48 Process

1.96251 | GO:0022008 Neurogenesis Down_GO- VIM
4107310 Biological-

49 Process

1.81491 | GO:0007399 Nervous system development | Down_ GO- VIM
7283845 Biological-

52 Process
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1.64257 | GO:0048468 Cell development Down_GO- VIM
7397691 Biological-

23 Process

1.58942 | GO:0030154 Cell differentiation Down_GO- VIM
9860889 Biological-

01 Process

1.58909 | GO:0048869 Cellular developmental process | Down GO- VIM
7552743 Biological-

31 Process

1.52825 | GO:0005576 Extracellular region Down_GO- VIM
9760232 Cellular-

08 Component

4.60645 | GO:0031012 Extracellular matrix Down_GO- ADAMTS14
6724103 Cellular-

78 Component

4.59871 | GO:0030312 External encapsulating | Down_GO- ADAMTS14
4780029 | structure Cellular-

66 Component

3.38747 | GO:0030198 Extracellular matrix | Down_GO- ADAMTS14
7925246 | organization Biological-

24 Process

3.37806 | GO:0043062 Extracellular structure | Down GO- ADAMTS14
8264342 | organization Biological-

77 Process

3.35940 | GO:0045229 External encapsulating | Down_GO- ADAMTS14
4903766 | structure organization Biological-

29 Process
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1.52825 | GO:0005576 Extracellular region Down_GO- ADAMTS14
9760232 Cellular-

08 Component

3.37806 | GO:0042578 Phosphoric ester hydrolase | Down GO- NT5DC3
8264342 | activity Molecular-

77 Function

15.7254 | GO:0043236 Laminin binding Down_GO- BCAM
9019607 Molecular-

84 Function

4.75040 | GO:0062023 Collagen-containing | Down_GO- BCAM
8496732 | extracellular matrix Cellular-

03 Component

4.60645 | GO:0031012 Extracellular matrix Down_GO- BCAM
6724103 Cellular-

78 Component

4.59871 | GO:0030312 External encapsulating | Down_GO- BCAM
4780029 | structure Cellular-

66 Component

1.94671 | GO:0007155 Cell adhesion Down_GO- BCAM
5285965 Biological-

91 Process

1.52825 | GO:0005576 Extracellular region Down_GO- BCAM
9760232 Cellular-

08 Component

4.60645 | GO:0031012 Extracellular matrix Down_GO- ELFN2
6724103 Cellular-

78 Component
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4.59871 | GO:0030312 External encapsulating | Down_GO- ELFN2
4780029 | structure Cellular-

66 Component

2.57467 | GO:0098590 Plasma membrane region Down_GO- ELFN2
4471058 Cellular-

71 Component

2.12784 | GO:0045202 Synapse Down_GO- ELFN2
2551727 Cellular-

67 Component

2.04240 | GO:0030054 Cell junction Down_GO- ELFN2
2117596 Cellular-

88 Component

1.94671 | GO:0007155 Cell adhesion Down_GO- ELFN2
5285965 Biological-

91 Process

1.52825 | GO:0005576 Extracellular region Down_GO- ELFN2
9760232 Cellular-

08 Component

9.90123 | GO:0051861 Glycolipid binding Upp_GO- SELL
4567901 Molecular-

23 Function

5.63011 | GO:0050900 Leukocyte migration Upp_GO- SELL
3773904 Biological-

62 Process

3.31897 | GO:0034097 Response to cytokine Upp_GO- SELL
0537756 Biological-

33 Process
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3.27295 | GO:1901652 Response to peptide Upp_GO- SELL
8931410 Biological-

36 Process

3.15533 | GO:0007159 Leukocyte cell-cell adhesion Upp GO- SELL
8488671 Biological-

82 Process

2.60243 | GO:0016477 Cell migration Upp_GO- SELL
9297303 Biological-

35 Process

2.49963 | GO:0098609 Cell-cell adhesion Upp_GO- SELL
7707538 Biological-

11 Process

2.38177 | GO:0009986 Cell surface Upp_GO- SELL
1633384 Cellular-

54 Component

2.29190 | GO:0048870 Cell motility Upp_GO- SELL
4722120 Biological-

47 Process

2.23825 | GO:0007155 Cell adhesion Upp_GO- SELL
2357777 Biological-

23 Process

2.22585 | GO:0005509 Calcium ion binding Upp_GO- SELL
8933869 Molecular-

27 Function

2.21604 | GO:0098552 Side of membrane Upp_GO- SELL
2576939 Cellular-

31 Component
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2.21023 | GO:0042221 Response to chemical Upp_GO- SELL
7102999 Biological-

91 Process

2.19510 | GO:0005615 Extracellular space Upp GO- SELL
6530803 Cellular-

93 Component

2.15632 | GO:0002376 Immune system process Upp GO- SELL
1736776 Biological-

33 Process

1.96542 | GO:0005576 Extracellular region Upp_GO- SELL
1535617 Cellular-

61 Component

1.38197 | GO:0046872 Metal ion binding Upp_GO- SELL
9247307 Molecular-

45 Function

1.35322 | GO:0043169 Cation binding Upp_GO- SELL
8719641 Molecular-

79 Function

5.63011 | GO:0050900 Leukocyte migration Upp_GO- ADD2
3773904 Biological-

62 Process

3.15533 | GO:0007159 Leukocyte cell-cell adhesion Upp_GO- ADD2
8488671 Biological-

) Process

2.83782 | GO:0046982 Protein heterodimerization | Upp_ GO- ADD2
0150189 | activity Molecular-

12 Function
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2.60243 | GO:0016477 Cell migration Upp_GO- ADD2
9297303 Biological-

35 Process

2.51165 | GO:0030097 Hemopoiesis Upp_GO- ADD2
3379923 Biological-

71 Process

2.49963 | GO:0098609 Cell-cell adhesion Upp_GO- ADD2
7707538 Biological-

11 Process

2.29190 | GO:0048870 Cell motility Upp_GO- ADD2
4722120 Biological-

47 Process

2.23825 | GO:0007155 Cell adhesion Upp_GO- ADD2
2357777 Biological-

23 Process

2.16145 | GO:0098590 Plasma membrane region Upp_GO- ADD2
5111506 Cellular-

08 Component

2.15632 | GO:0002376 Immune system process Upp_GO- ADD2
1736776 Biological-

33 Process

1.89320 | GO:0065008 Regulation of biological quality | Upp_GO- ADD2
3093203 Biological-

09 Process

1.84524 | GO:0046983 Protein dimerization activity Upp_GO- ADD2
2653475 Molecular-

87 Function
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1.78608 | GO:0048731 System development Upp_GO- ADD2
6944835 Biological-

62 Process

1.72369 | GO:0048468 Cell development Upp_GO- ADD2
2330910 Biological-

55 Process

1.70127 | GO:0030154 Cell differentiation Upp_GO- ADD2
8628877 Biological-

5 Process

1.70092 | GO:0048869 Cellular developmental process | Upp GO- ADD2
2936084 Biological-

5 Process

1.55826 | GO:0007399 Nervous system development | Upp GO- ADD2
2314412 Biological-

82 Process

15.9519 | GO:0110075 Regulation of ferroptosis Upp_GO- SLC7A11
8902606 Biological-

31 Process

15.1124 | GO:0097707 Ferroptosis Upp_GO- SLC7A11
1065627 Biological-

03 Process

9.20307 | GO:0089718 Amino acid import across | Upp GO- SLC7A11
0591959 | plasma membrane Biological-

48 Process

8.20388 | GO:0072349  Modified amino  acid | Upp_ GO- SLC7A11
0070546 | transmembrane transporter activity Molecular-

74 Function
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6.83656 | GO:0048286 Lung alveolus development Upp_GO- SLC7A11
6725455 Biological-

62 Process

6.27619 | GO:0019748 Secondary metabolic process Upp GO- SLC7A11
2403696 Biological-

96 Process

6.27619 | GO:0015804 Neutral amino acid transport Upp GO- SLC7A11
2403696 Biological-

96 Process

5.68585 | GO:0015171 Amino acid transmembrane | Upp GO- SLC7AT11
7474636 | transporter activity Molecular-

35 Function

5.63011 | GO:0015179 L-amino acid transmembrane | Upp_ GO- SLC7A11
3773904 | transporter activity Molecular-

62 Function

5.17361 | GO:0072348 Sulfur compound transport Upp_GO- SLC7A11
8062506 Biological-

95 Process

5.08204 | GO:0003333 Amino acid transmembrane | Upp GO- SLC7A11
9601223 | transport Biological-

64 Process

4.62548 | GO:0009636 Response to toxic substance Upp_GO- SLC7A11
3806813 Biological-

84 Process

4.51858 | GO:0042180 Cellular ketone metabolic | Upp GO- SLC7A11
9166180 | process Biological-

96 Process
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4.12773 | GO:0046942 Carboxylic acid transport Upp_GO- SLC7A11
8400275 Biological-

09 Process

4.11664 | GO:0015849 Organic acid transport Upp GO- SLC7A11
2329306 Biological-

61 Process

4.06324 | GO:0030324 Lung development Upp_GO- SLC7A11
2487770 Biological-

79 Process

4.05559 | GO:0018958 Phenol-containing compound | Upp_ GO- SLC7AT11
0430355 | metabolic process Biological-

02 Process

3.98799 | GO:0030323 Respiratory tube development | Upp_ GO- SLC7A11
7256515 Biological-

78 Process

3.84771 | GO:0098739  Import across plasma | Upp GO- SLC7A11
5945985 | membrane Biological-

07 Process

3.82847 | GO:1901615 Organic hydroxy compound | Upp GO- SLC7A11
7366255 | metabolic process Biological-

14 Process

3.69274 | GO:0014070 Response to organic cyclic | Upp_ GO- SLC7A11
4070684 | compound Biological-

05 Process

3.60421 | GO:0060541 Respiratory system | Upp_GO- SLC7A11
5093754 | development Biological-

84 Process
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3.54488 | GO:0046943 Carboxylic acid | Upp_GO- SLC7A11
6450236 | transmembrane transporter activity Molecular-

24 Function

3.52622 | GO:0005342 Organic acid transmembrane | Upp GO- SLC7A11
9153129 | transporter activity Molecular-

74 Function

3.49313 | GO:0034599 Cellular response to oxidative | Upp GO- SLC7A11
6283079 | stress Biological-

51 Process

3.45352 | GO:0006575 Cellular modified amino acid | Upp_GO- SLC7AT11
3397395 | metabolic process Biological-

1 Process

3.41298 | GO:0007423 Sensory organ development Upp_GO- SLC7A11
3698599 Biological-

55 Process

3.39960 | GO:0042886 Amide transport Upp_GO- SLC7A11
4218669 Biological-

19 Process

3.39262 | GO:0070887 Cellular response to chemical | Upp_ GO- SLC7A11
4855417 | stimulus Biological-

92 Process

3.27780 | GO:0006979 Response to oxidative stress Upp_GO- SLC7A11
5964259 Biological-

54 Process

3.14453 | GO:0015711 Organic anion transport Upp_GO- SLC7A11
9931215 Biological-

72 Process
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3.12784 | GO:0015291 Secondary active | Upp_GO- SLC7A11
0985502 | transmembrane transporter activity Molecular-

57 Function

2.81891 | GO:0007267 Cell-cell signaling Upp GO- SLC7A11
3129263 Biological-

21 Process

2.78232 | GO:0062197 Cellular response to chemical | Upp GO- SLC7A11
3667336 | stress Biological-

59 Process

2.73897 | GO:0009611 Response to wounding Upp_GO- SLC7AT11
4268386 Biological-

03 Process

2.67458 | GO:0045177 Apical part of cell Upp_GO- SLC7A11
4986405 Cellular-

79 Component

2.65175 | GO:0035295 Tube development Upp_GO- SLC7A11
9214722 Biological-

18 Process

2.63207 | GO:0030855 Epithelial cell differentiation Upp_GO- SLC7A11
8189300 Biological-

41 Process

2.58680 | GO:0042060 Wound healing Upp_GO- SLC7A11
9031253 Biological-

48 Process

2.51873 | GO:0019725 Cellular homeostasis Upp_GO- SLC7A11
5109378 Biological-

38 Process
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2.49963 | GO:0098609 Cell-cell adhesion Upp_GO- SLC7A11
7707538 Biological-

11 Process

2.38965 | GO:0055082 Intracellular chemical | Upp GO- SLC7A11
4072235 | homeostasis Biological-

47 Process

2.38177 | GO:0009986 Cell surface Upp_GO- SLC7A11
1633384 Cellular-

54 Component

2.28702 | GO:0043067 Regulation of programmed cell | Upp GO- SLC7A11
3516281 | death Biological-

45 Process

228111 | GO:0043069  Negative regulation of | Upp GO- SLC7A11
8589625 | programmed cell death Biological-

71 Process

2.26856 | GO:0048871 Multicellular organismal-level | Upp_ GO- SLC7A11
7288130 | homeostasis Biological-

87 Process

2.25804 | GO:0060429 Epithelium development Upp_GO- SLC7A11
4108712 Biological-

13 Process

2.23825 | GO:0007155 Cell adhesion Upp_GO- SLC7A11
2357777 Biological-

23 Process

2.21023 | GO:0042221 Response to chemical Upp_GO- SLC7A11
7102999 Biological-

91 Process

82



2.19816 | GO:0002682 Regulation of immune system | Upp_ GO- SLC7A11
8822730 | process Biological-

23 Process

2.18466 | GO:0042981 Regulation of apoptotic process | Upp GO- SLC7A11
4752489 Biological-

83 Process

2.16145 | GO:0098590 Plasma membrane region Upp GO- SLC7A11
5111506 Cellular-

08 Component

2.15632 | GO:0002376 Immune system process Upp_GO- SLC7AT11
1736776 Biological-

33 Process

2.14993 | GO:0009628 Response to abiotic stimulus Upp_GO- SLC7A11
5293030 Biological-

13 Process

2.12201 | GO:0009888 Tissue development Upp_GO- SLC7A11
9787300 Biological-

77 Process

2.12003 | GO:0042127 Regulation of cell population | Upp_ GO- SLC7A11
7439444 | proliferation Biological-

37 Process

2.09971 | GO:0048878 Chemical homeostasis Upp_GO- SLC7A11
3363576 Biological-

86 Process

2.09111 | GO:0012501 Programmed cell death Upp_GO- SLC7A11
1897818 Biological-

01 Process
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2.08731 | GO:0008219 Cell death Upp_GO- SLC7A11
1603592 Biological-

08 Process

2.05879 | GO:0008283 Cell population proliferation Upp GO- SLC7A11
2176361 Biological-

46 Process

2.03791 | GO:0001775 Cell activation Upp_GO- SLC7A11
9302889 Biological-

12 Process

2.03162 | GO:0006915 Apoptotic process Upp_GO- SLC7AT11
1243885 Biological-

39 Process

2.01444 | GO:0042592 Homeostatic process Upp_GO- SLC7A11
4377819 Biological-

09 Process

2.00094 | GO:0051049 Regulation of transport Upp_GO- SLC7A11
6358669 Biological-

94 Process

1.95632 | GO:0048513 Animal organ development Upp_GO- SLC7A11
9406726 Biological-

85 Process

1.95330 | GO:0005215 Transporter activity Upp_GO- SLC7A11
4778701 Molecular-

6 Function

1.94085 | GO:0055085 Transmembrane transport Upp_GO- SLC7AT11
6138744 Biological-

64 Process
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1.91730 | GO:0022857 Transmembrane transporter | Upp GO- SLC7A11
6373324 | activity Molecular-

89 Function

1.89320 | GO:0065008 Regulation of biological quality | Upp GO- SLC7A11
3093203 Biological-

09 Process

1.85316 | GO:0006950 Response to stress Upp GO- SLC7AI1l
8362103 Biological-

7 Process

1.78608 | GO:0048731 System development Upp_GO- SLC7AT11
6944835 Biological-

62 Process

1.76102 | GO:0032879 Regulation of localization Upp_GO- SLC7A11
9147311 Biological-

47 Process

1.70127 | GO:0030154 Cell differentiation Upp_GO- SLC7A11
8628877 Biological-

5 Process

1.70092 | GO:0048869 Cellular developmental process | Upp_GO- SLC7A11
2936084 Biological-

5 Process

1.67225 | GO:0044281 Small molecule metabolic | Upp_ GO- SLC7A11
3731406 | process Biological-

41 Process

1.57624 | GO:0006810 Transport Upp_GO- SLC7A11
4068866 Biological-

77 Process
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1.55826 | GO:0007399 Nervous system development | Upp_ GO- SLC7A11
2314412 Biological-

82 Process

1.55566 | GO:0023051 Regulation of signaling Upp GO- SLC7A11
9593269 Biological-

14 Process

1.52813 | GO:0010646 Regulation of cell | Upp GO- SLC7A11
0933843 | communication Biological-

19 Process

1.42428 | GO:0048583 Regulation of response to | Upp GO- SLC7AT11
4734469 | stimulus Biological-

92 Process

7.97599 | GO:0050931 Pigment cell differentiation Upp_GO- ADAMTS20
4513031 Biological-

55 Process

4.78559 | GO:0004222 Metalloendopeptidase activity | Upp_ GO- ADAMTS20
6707818 Molecular-

93 Function

3.31675 | GO:0008237 Metallopeptidase activity Upp_GO- ADAMTS20
0193537 Molecular-

87 Function

2.80915 | GO:0045597 Positive regulation of cell | Upp GO- ADAMTS20
5300187 | differentiation Biological-

21 Process

2.41668 | GO:0045595 Regulation of cell | Upp_GO- ADAMTS20
4185980 | differentiation Biological-

2 Process
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2.31188 | GO:0051094  Positive  regulation of | Upp GO- ADAMTS20
2467545 | developmental process Biological-

38 Process

2.28702 | GO:0043067 Regulation of programmed cell | Upp GO- ADAMTS20
3516281 | death Biological-

45 Process

2.28111 | GO:0043069  Negative regulation of | Upp GO- ADAMTS20
8589625 | programmed cell death Biological-

71 Process

2.19510 | GO:0005615 Extracellular space Upp_GO- ADAMTS20
6530803 Cellular-

93 Component

2.18466 | GO:0042981 Regulation of apoptotic process | Upp GO- ADAMTS20
4752489 Biological-

83 Process

2.09861 | GO:0046914 Transition metal ion binding Upp_GO- ADAMTS20
7193718 Molecular-

56 Function

2.09111 | GO:0012501 Programmed cell death Upp_GO- ADAMTS20
1897818 Biological-

01 Process

2.08731 | GO:0008219 Cell death Upp_GO- ADAMTS20
1603592 Biological-

08 Process

2.03162 | GO:0006915 Apoptotic process Upp_GO- ADAMTS20
1243885 Biological-

39 Process
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2.01045 | GO:0050793 Regulation of developmental | Upp GO- ADAMTS20
3230591 | process Biological-

6 Process

1.97140 | GO:0043066 Negative regulation of | Upp GO- ADAMTS20
9560378 | apoptotic process Biological-

55 Process

1.96542 | GO:0005576 Extracellular region Upp GO- ADAMTS20
1535617 Cellular-

61 Component

1.82731 | GO:0023056 Positive regulation of signaling | Upp_GO- ADAMTS20
7628372 Biological-

55 Process

1.78160 | GO:0010647 Positive regulation of cell | Upp_ GO- ADAMTS20
7874679 | communication Biological-

23 Process

1.77758 | GO:0009967 Positive regulation of signal | Upp GO- ADAMTS20
6705167 | transduction Biological-

8 Process

1.70127 | GO:0030154 Cell differentiation Upp_GO- ADAMTS20
8628877 Biological-

5 Process

1.70092 | GO:0048869 Cellular developmental process | Upp_GO- ADAMTS20
2936084 Biological-

5 Process

1.58405 | GO:0048584 Positive regulation of response | Upp_GO- ADAMTS20
1870922 | to stimulus Biological-

04 Process
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1.55566 | GO:0023051 Regulation of signaling Upp_GO- ADAMTS20
9593269 Biological-

14 Process

1.52813 | GO:0010646 Regulation of cell | Upp_ GO- ADAMTS20
0933843 | communication Biological-

19 Process

1.44842 | GO:0009966  Regulation  of  signal | Upp GO- ADAMTS20
5153698 | transduction Biological-

22 Process

1.42428 | GO:0048583 Regulation of response to | Upp GO- ADAMTS20
4734469 | stimulus Biological-

92 Process

1.38197 | GO:0046872 Metal ion binding Upp_GO- ADAMTS20
9247307 Molecular-

45 Function

1.35322 | GO:0043169 Cation binding Upp_GO- ADAMTS20
8719641 Molecular-

79 Function

8.70108 | GO:0034121 Regulation of toll-like receptor | Upp_ GO- IRAK3
4923307 | signaling pathway Biological-

15 Process

6.60082 | GO:0032496 Response to lipopolysaccharide | Upp_ GO- IRAK3
3045267 Biological-

49 Process

6.38079 | GO:0002224 Toll-like receptor signaling | Upp_ GO- IRAK3
5610425 | pathway Biological-

24 Process
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6.23686 | GO:0002237 Response to molecule of | Upp GO- IRAK3
7889889 | bacterial origin Biological-

33 Process

5.71983 | GO:0071222 Cellular  response  to | Upp GO- IRAK3
6702572 | lipopolysaccharide Biological-

43 Process

5.50068 | GO:0071219 Cellular response to molecule | Upp GO- IRAK3
5871056 | of bacterial origin Biological-

24 Process

4.98499 | GO:0071216 Cellular response to biotic | Upp GO- IRAK3
6570644 | stimulus Biological-

72 Process

4.51807 | GO:0009617 Response to bacterium Upp_GO- IRAK3
8879431 Biological-

54 Process

4.27144 | GO:0019221 Cytokine-mediated signaling | Upp_ GO- IRAK3
1689623 | pathway Biological-

51 Process

3.97616 | GO:0033993 Response to lipid Upp_GO- IRAK3
3436763 Biological-

5 Process

3.69274 | GO:0014070 Response to organic cyclic | Upp_ GO- IRAK3
4070684 | compound Biological-

05 Process

3.66496 | GO:0071396 Cellular response to lipid Upp_GO- IRAK3
3605398 Biological-

89 Process
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3.64121 | GO:0032635 Interleukin-6 production Upp_GO- IRAK3
4886383 Biological-

97 Process

3.64121 | GO:0032675 Regulation of interleukin-6 | Upp GO- IRAK3
4886383 | production Biological-

97 Process

3.46782 | GO:0071345 Cellular response to cytokine | Upp GO- IRAK3
3701318 | stimulus Biological-

07 Process

3.39262 | GO:0070887 Cellular response to chemical | Upp GO- IRAK3
4855417 | stimulus Biological-

92 Process

3.31897 | GO:0034097 Response to cytokine Upp_GO- IRAK3
0537756 Biological-

33 Process

3.27295 | GO:1901652 Response to peptide Upp_GO- IRAK3
8931410 Biological-

36 Process

3.13076 | GO:0062207  Regulation of  pattern | Upp_ GO- IRAK3
4201376 | recognition receptor signaling pathway Biological-

87 Process

3.05666 | GO:0002697 Regulation of immune effector | Upp_GO- IRAK3
8555892 | process Biological-

33 Process

2.92536 | GO:1901701 Cellular response to oxygen- | Upp_ GO- IRAK3
4758698 | containing compound Biological-

09 Process
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291672 | GO:1901700 Response to oxygen-containing | Upp_ GO- IRAK3
9370453 | compound Biological-

98 Process

2.83782 | GO:0046982 Protein heterodimerization | Upp GO- IRAK3
0150189 | activity Molecular-

12 Function

2.76092 | GO:0002221 Pattern recognition receptor | Upp GO- IRAK3
1177587 | signaling pathway Biological-

84 Process

2.73462 | GO:1901698  Response to  nitrogen | Upp GO- IRAK3
6690182 | compound Biological-

25 Process

2.67895 | GO:0051090 Regulation of dna-binding | Upp GO- IRAK3
9989109 | transcription factor activity Biological-

83 Process

2.53442 | GO:0002683 Negative regulation of immune | Upp_ GO- IRAK3
8163019 | system process Biological-

37 Process

2.53072 | GO:0051707 Response to other organism Upp_GO- IRAK3
2743426 Biological-

19 Process

2.52671 | GO:0043207 Response to external biotic | Upp GO- IRAK3
4206873 | stimulus Biological-

78 Process

2.52133 | GO:0009607 Response to biotic stimulus Upp_GO- IRAK3
7108458 Biological-

32 Process
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2.51047 | GO:0051241 Negative regulation of | Upp GO- IRAK3
6961478 | multicellular organismal process Biological-

78 Process

2.43998 | GO:0044419 Biological process involved in | Upp GO- IRAK3
6777435 | interspecies interaction between organisms | Biological-

34 Process

2.42747 | GO:0002684 Positive regulation of immune | Upp GO- IRAK3
6590922 | system process Biological-

65 Process

2.42747 | GO:0002252 Immune effector process Upp_GO- IRAK3
6590922 Biological-

65 Process

2.39173 | GO:0006952 Defense response Upp_GO- IRAK3
0617026 Biological-

86 Process

2.38163 | GO:0001819 Positive regulation of cytokine | Upp_ GO- IRAK3
4442460 | production Biological-

43 Process

2.35812 | GO:0002253 Activation of immune response | Upp_ GO- IRAK3
0116896 Biological-

28 Process

2.32765 | GO:0009605 Response to external stimulus | Upp_ GO- IRAK3
8652804 Biological-

85 Process

2.31954 | GO:0032103 Positive regulation of response | Upp_ GO- IRAK3
9424708 | to external stimulus Biological-

16 Process

93



2.25381 | GO:0031349 Positive regulation of defense | Upp GO- IRAK3
3206194 | response Biological-

16 Process

2.24826 | GO:0002757 Immune response-activating | Upp GO- IRAK3
6909713 | signaling pathway Biological-

59 Process

2.23944 | GO:0001817 Regulation of cytokine | Upp GO- IRAK3
5051471 | production Biological-

73 Process

2.22361 | GO:0001816 Cytokine production Upp_GO- IRAK3
0591511 Biological-

&3 Process

2.21023 | GO:0042221 Response to chemical Upp_GO- IRAK3
7102999 Biological-

91 Process

2.19816 | GO:0002682 Regulation of immune system | Upp_ GO- IRAK3
8822730 | process Biological-

23 Process

2.19466 | GO:0098542 Defense response to other | Upp GO- IRAK3
8553904 | organism Biological-

22 Process

2.17227 | GO:0140546 Defense response to symbiont | Upp GO- IRAK3
9110839 Biological-

4 Process

2.15632 | GO:0002376 Immune system process Upp_GO- IRAK3
1736776 Biological-

33 Process
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2.14223 | GO:0045087 Innate immune response Upp_GO- IRAK3
3538272 Biological-

26 Process

2.13008 | GO:0043408 Regulation of mapk cascade Upp GO- IRAK3
7555409 Biological-

02 Process

2.10521 | GO:0032101 Regulation of response to | Upp GO- IRAK3
1434704 | external stimulus Biological-

32 Process

2.02549 | GO:0051239 Regulation of multicellular | Upp GO- IRAK3
8457556 | organismal process Biological-

75 Process

2.01662 | GO:0006955 Immune response Upp_GO- IRAK3
0978983 Biological-

67 Process

1.97662 | GO:0007166 Cell surface receptor signaling | Upp_ GO- IRAK3
5939337 | pathway Biological-

93 Process

1.95046 | GO:0010628 Positive regulation of gene | Upp_ GO- IRAK3
1540304 | expression Biological-

66 Process

1.94734 | GO:0031347 Regulation of defense response | Upp_GO- IRAK3
3523018 Biological-

89 Process

1.94629 | GO:0001932  Regulation of  protein | Upp_ GO- IRAK3
5311792 | phosphorylation Biological-

39 Process
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1.93307 | GO:0051240  Positive  regulation of | Upp_GO- IRAK3
3760796 | multicellular organismal process Biological-

87 Process

1.91615 | GO:0050778 Positive regulation of immune | Upp GO- IRAK3
4837965 | response Biological-

54 Process

1.85316 | GO:0006950 Response to stress Upp GO- IRAK3
8362103 Biological-

7 Process

1.84524 | GO:0046983 Protein dimerization activity Upp_GO- IRAK3
2653475 Molecular-

87 Function

1.78662 | GO:0031399  Regulation of  protein | Upp_ GO- IRAK3
2770919 | modification process Biological-

07 Process

1.78608 | GO:0048731 System development Upp_GO- IRAK3
6944835 Biological-

62 Process

1.58857 | GO:0031325 Positive regulation of cellular | Upp_ GO- IRAK3
9820022 | metabolic process Biological-

88 Process

1.58405 | GO:0048584 Positive regulation of response | Upp_GO- IRAK3
1870922 | to stimulus Biological-

04 Process

1.57655 | GO:0048585 Negative regulation of response | Upp_GO- IRAK3
1519047 | to stimulus Biological-

68 Process
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1.56947 | GO:0010604  Positive  regulation of | Upp_ GO- IRAK3
6919754 | macromolecule metabolic process Biological-

77 Process

1.56465 | GO:0051246 Regulation of protein metabolic | Upp GO- IRAK3
0955382 | process Biological-

18 Process

1.55999 | GO:0009893  Positive  regulation of | Upp GO- IRAK3
8926821 | metabolic process Biological-

62 Process

1.55566 | GO:0023051 Regulation of signaling Upp_GO- IRAK3
9593269 Biological-

14 Process

1.54738 | GO:0009891  Positive  regulation  of | Upp_GO- IRAK3
0545471 | biosynthetic process Biological-

93 Process

1.54321 | GO:0031328 Positive regulation of cellular | Upp_ GO- IRAK3
1288284 | biosynthetic process Biological-

66 Process

1.52813 | GO:0010646 Regulation of cell | Upp_GO- IRAK3
0933843 | communication Biological-

19 Process

1.50648 | GO:0010557  Positive  regulation of | Upp_GO- IRAK3
3748526 | macromolecule biosynthetic process Biological-

42 Process

1.47658 | GO:0035556 Intracellular signal | Upp_GO- IRAK3
0286275 | transduction Biological-

51 Process
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1.44842 | GO:0009966  Regulation  of  signal | Upp_ GO- IRAK3
5153698 | transduction Biological-

22 Process

1.42428 | GO:0048583 Regulation of response to | Upp GO- IRAK3
4734469 | stimulus Biological-

92 Process

1.38197 | GO:0046872 Metal ion binding Upp_GO- IRAK3
9247307 Molecular-

45 Function

1.35322 | GO:0043169 Cation binding Upp_GO- IRAK3
8719641 Molecular-

79 Function

20.1498 | GO:0016264 Gap junction assembly Upp_GO- GJB6
8087502 Biological-

71 Process

10.1821 | GO:0051602 Response to electrical stimulus | Upp GO- GJB6
2065493 Biological-

39 Process

9.81660 | GO:0003161 Cardiac conduction system | Upp GO- GJB6
8631423 | development Biological-

45 Process

6.60082 | GO:0032496 Response to lipopolysaccharide | Upp_ GO- GJB6
3045267 Biological-

49 Process

6.23686 | GO:0002237 Response to molecule of | Upp GO- GJB6
7889889 | bacterial origin Biological-

33 Process
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5.14155 | GO:0043583 Ear development Upp_GO- GJB6
0181954 Biological-

22 Process

4.91977 | GO:0048839 Inner ear development Upp GO- GJB6
2316449 Biological-

37 Process

4.51807 | GO:0009617 Response to bacterium Upp GO- GJB6
8879431 Biological-

54 Process

3.97616 | GO:0033993 Response to lipid Upp_GO- GJB6
3436763 Biological-

5 Process

3.41298 | GO:0007423 Sensory organ development Upp_GO- GJB6
3698599 Biological-

55 Process

3.39262 | GO:0070887 Cellular response to chemical | Upp GO- GJB6
4855417 | stimulus Biological-

92 Process

3.11258 | GO:0009743 Response to carbohydrate Upp_GO- GJB6
3224597 Biological-

68 Process

3.10977 | GO:0001894 Tissue homeostasis Upp_GO- GJB6
4033961 Biological-

76 Process

3.09858 | GO:0060249 Anatomical structure | Upp_GO- GJB6
7796429 | homeostasis Biological-

52 Process
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2.92536 | GO:1901701 Cellular response to oxygen- | Upp GO- GJB6
4758698 | containing compound Biological-
09 Process
2.91672 | GO:1901700 Response to oxygen-containing | Upp GO- GJB6
9370453 | compound Biological-
98 Process
2.83590 | GO:0042593 Glucose homeostasis Upp GO- GJB6
9160189 Biological-

Process
2.82544 | GO:0033500 Carbohydrate homeostasis Upp_GO- GJB6
4550741 Biological-
8 Process
2.81891 | GO:0007267 Cell-cell signaling Upp_GO- GJB6
3129263 Biological-
21 Process
2.75147 | GO:0048568 Embryonic organ development | Upp GO- GJB6
2439813 Biological-
76 Process
2.67458 | GO:0045177 Apical part of cell Upp_GO- GJB6
4986405 Cellular-
79 Component
2.53072 | GO:0051707 Response to other organism Upp_GO- GJB6
2743426 Biological-
19 Process
2.52671 | GO:0043207 Response to external biotic | Upp GO- GJB6
4206873 | stimulus Biological-
78 Process
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2.52133 | GO:0009607 Response to biotic stimulus Upp_GO- GJB6
7108458 Biological-

32 Process

2.51873 | GO:0019725 Cellular homeostasis Upp GO- GJB6
5109378 Biological-

38 Process

2.43998 | GO:0044419 Biological process involved in | Upp GO- GJB6
6777435 | interspecies interaction between organisms | Biological-

34 Process

2.38965 | GO:0055082 Intracellular chemical | Upp_GO- GJB6
4072235 | homeostasis Biological-

47 Process

2.36325 | GO:0048598 Embryonic morphogenesis Upp_GO- GJB6
7633490 Biological-

83 Process

2.33443 | GO:0008285 Negative regulation of cell | Upp GO- GJB6
7418448 | population proliferation Biological-

26 Process

2.32765 | GO:0009605 Response to external stimulus | Upp_ GO- GJB6
8652804 Biological-

85 Process

2.26856 | GO:0048871 Multicellular organismal-level | Upp_ GO- GJB6
7288130 | homeostasis Biological-

87 Process

2.21023 | GO:0042221 Response to chemical Upp_GO- GJB6
7102999 Biological-

91 Process
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2.16797 | GO:0072359 Circulatory system | Upp_GO- GJB6
1662938 | development Biological-

11 Process

2.16145 | GO:0098590 Plasma membrane region Upp GO- GJB6
5111506 Cellular-

08 Component

2.14993 | GO:0009628 Response to abiotic stimulus Upp GO- GJB6
5293030 Biological-

13 Process

2.12201 | GO:0009888 Tissue development Upp_GO- GJB6
9787300 Biological-

77 Process

2.12003 | GO:0042127 Regulation of cell population | Upp GO- GJB6
7439444 | proliferation Biological-

37 Process

2.11518 | GO:0009887 Animal organ morphogenesis | Upp GO- GJB6
0865334 Biological-

33 Process

2.09971 | GO:0048878 Chemical homeostasis Upp_GO- GJB6
3363576 Biological-

86 Process

2.05879 | GO:0008283 Cell population proliferation Upp_GO- GJB6
2176361 Biological-

46 Process

2.01444 | GO:0042592 Homeostatic process Upp_GO- GJB6
4377819 Biological-

09 Process
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1.99899 | GO:0009790 Embryo development Upp_GO- GJB6
6118554 Biological-

27 Process

1.96896 | GO:0009653 Anatomical structure | Upp GO- GJB6
9356773 | morphogenesis Biological-

48 Process

1.95632 | GO:0048513 Animal organ development Upp GO- GJB6
9406726 Biological-

85 Process

1.95330 | GO:0005215 Transporter activity Upp_GO- GJB6
4778701 Molecular-

6 Function

1.94085 | GO:0055085 Transmembrane transport Upp_GO- GJB6
6138744 Biological-

64 Process

1.91730 | GO:0022857 Transmembrane transporter | Upp GO- GJB6
6373324 | activity Molecular-

89 Function

1.78608 | GO:0048731 System development Upp_GO- GJB6
6944835 Biological-

62 Process

1.57624 | GO:0006810 Transport Upp_GO- GJB6
4068866 Biological-

77 Process

15.9519 | GO:0110075 Regulation of ferroptosis Upp_GO- NQOI1
8902606 Biological-

31 Process
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15.1124 | GO:0097707 Ferroptosis Upp_GO- NQOI1
1065627 Biological-

03 Process

10.1821 | GO:0051602 Response to electrical stimulus | Upp GO- NQOI1
2065493 Biological-

39 Process

8.70108 | GO:0006775 Fat-soluble vitamin metabolic | Upp GO- NQOI1
4923307 | process Biological-

15 Process

8.23328 | GO:0046209 Nitric oxide metabolic process | Upp GO- NQOI1
4658613 Biological-

21 Process

8.14569 | GO:2001057 Reactive nitrogen species | Upp GO- NQO1
6523947 | metabolic process Biological-

11 Process

7.97599 | GO:0006809 Nitric oxide biosynthetic | Upp GO- NQOI1
4513031 | process Biological-

55 Process

7.05245 | GO:0016209 Antioxidant activity Upp_GO- NQOI1
8306259 Molecular-

48 Function

6.60082 | GO:0032496 Response to lipopolysaccharide | Upp_ GO- NQOI1
3045267 Biological-

49 Process

6.26152 | GO:0098869 Cellular oxidant detoxification | Upp_ GO- NQOI1
8402753 Biological-

74 Process
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6.23686 | GO:0002237 Response to molecule of | Upp GO- NQOI1
7889889 | bacterial origin Biological-

33 Process

6.02382 | GO:0097237 Cellular response to toxic | Upp GO- NQOI1
8023828 | substance Biological-

02 Process

5.94819 | GO:0007584 Response to nutrient Upp GO- NQO1
9297854 Biological-

04 Process

5.80072 | GO:0042542 Response to hydrogen peroxide | Upp GO- NQOI1
3282204 Biological-

76 Process

5.80072 | GO:0002931 Response to ischemia Upp_GO- NQOI1
3282204 Biological-

76 Process

5.75710 | GO:1990748 Cellular detoxification Upp_GO- NQOI1
8821436 Biological-

31 Process

5.24448 | GO:0006801 Superoxide metabolic process | Upp_GO- NQOI1
9542815 Biological-

27 Process

5.19367 | GO:0006766 Vitamin metabolic process Upp_GO- NQOI1
0845694 Biological-

96 Process

4.92936 | GO:1901654 Response to ketone Upp_GO- NQOI1
9999470 Biological-

14 Process
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4.78559 | GO:0098754 Detoxification Upp_GO- NQOI1
6707818 Biological-

93 Process

4.68793 | GO:0072593 Reactive oxygen species | Upp GO- NQOI1
1468883 | metabolic process Biological-

85 Process

4.62548 | GO:0009636 Response to toxic substance Upp GO- NQOI1
3806813 Biological-

84 Process

4.51858 | GO:0042180 Cellular ketone metabolic | Upp GO- NQOI1
9166180 | process Biological-

96 Process

4.51807 | GO:0009617 Response to bacterium Upp_GO- NQOI1
8879431 Biological-

54 Process

4.45171 | GO:0006805 Xenobiotic metabolic process | Upp GO- NQOI1
7867738 Biological-

54 Process

4.30703 | GO:0071466 Cellular response to xenobiotic | Upp_GO- NQOI1
7037037 | stimulus Biological-

04 Process

3.97616 | GO:0033993 Response to lipid Upp_GO- NQOI1
3436763 Biological-

5 Process

3.82847 | GO:1901615 Organic hydroxy compound | Upp GO- NQOI1
7366255 | metabolic process Biological-

14 Process
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3.70715 | GO:0097305 Response to alcohol Upp_GO- NQOI1
2379296 Biological-

35 Process

3.69274 | GO:0014070 Response to organic cyclic | Upp GO- NQOI1
4070684 | compound Biological-

05 Process

3.60496 | GO:0031667 Response to nutrient levels Upp GO- NQOI1
9271426 Biological-

69 Process

3.49313 | GO:0034599 Cellular response to oxidative | Upp_ GO- NQOI1
6283079 | stress Biological-

51 Process

3.39262 | GO:0070887 Cellular response to chemical | Upp_ GO- NQOI1
4855417 | stimulus Biological-

92 Process

3.38055 | GO:0009410 Response to xenobiotic | Upp GO- NQOI1
3965788 | stimulus Biological-

21 Process

3.37310 | Path:hsa05208 Chemical carcinogenesis- | Upp KEGG NQOI1
7811678 | reactive oxygen species

54

3.27780 | GO:0006979 Response to oxidative stress Upp_GO- NQOI1
5964259 Biological-

54 Process

3.11258 | GO:0043068  Positive  regulation  of | Upp_GO- NQOI1
3224597 | programmed cell death Biological-

68 Process
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3.11258 | GO:0009743 Response to carbohydrate Upp_GO- NQOI1
3224597 Biological-

68 Process

3.08427 | GO:0009725 Response to hormone Upp GO- NQOI1
2306494 Biological-

53 Process

3.07580 | Path:hsa05200 Pathways in cancer Upp KEGG NQOI1
8848125

59

2.92536 | GO:1901701 Cellular response to oxygen- | Upp GO- NQOI1
4758698 | containing compound Biological-

09 Process

2.91672 | GO:1901700 Response to oxygen-containing | Upp GO- NQO1
9370453 | compound Biological-

98 Process

2.89062 | GO:0043065 Positive regulation of apoptotic | Upp GO- NQOI1
8883917 | process Biological-

47 Process

2.81891 | GO:0007267 Cell-cell signaling Upp_GO- NQOI1
3129263 Biological-

21 Process

2.79111 | GO:0016491 Oxidoreductase activity Upp_GO- NQOI1
3511243 Molecular-

12 Function

2.78232 | GO:0062197 Cellular response to chemical | Upp GO- NQOI1
3667336 | stress Biological-

59 Process
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2.73462 | GO:1901698  Response  to  nitrogen | Upp GO- NQOI1
6690182 | compound Biological-

25 Process

2.64397 | GO:0010038 Response to metal ion Upp GO- NQOI1
6081667 Biological-

92 Process

2.56698 | GO:0009719 Response to endogenous | Upp GO- NQO1
6739826 | stimulus Biological-

25 Process

2.53072 | GO:0051707 Response to other organism Upp_GO- NQOI1
2743426 Biological-

19 Process

2.52671 | GO:0043207 Response to external biotic | Upp GO- NQOI1
4206873 | stimulus Biological-

78 Process

2.52133 | GO:0009607 Response to biotic stimulus Upp_GO- NQOI1
7108458 Biological-

32 Process

2.51873 | GO:0019725 Cellular homeostasis Upp_GO- NQOI1
5109378 Biological-

38 Process

2.43998 | GO:0044419 Biological process involved in | Upp_ GO- NQOI1
6777435 | interspecies interaction between organisms | Biological-

34 Process

2.39173 | GO:0006952 Defense response Upp_GO- NQOI1
0617026 Biological-

86 Process
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2.32765 | GO:0009605 Response to external stimulus | Upp_ GO- NQOI1
8652804 Biological-

85 Process

2.28702 | GO:0043067 Regulation of programmed cell | Upp GO- NQOI1
3516281 | death Biological-

45 Process

2.28111 | GO:0043069  Negative regulation of | Upp GO- NQOI1
8589625 | programmed cell death Biological-

71 Process

2.21023 | GO:0042221 Response to chemical Upp_GO- NQOI1
7102999 Biological-

91 Process

2.19466 | GO:0098542 Defense response to other | Upp GO- NQOI1
8553904 | organism Biological-

22 Process

2.18466 | GO:0042981 Regulation of apoptotic process | Upp GO- NQOI1
4752489 Biological-

83 Process

2.17227 | GO:0140546 Defense response to symbiont | Upp_ GO- NQOI1
9110839 Biological-

4 Process

2.15632 | GO:0002376 Immune system process Upp_GO- NQOI1
1736776 Biological-

33 Process

2.14993 | GO:0009628 Response to abiotic stimulus Upp_GO- NQOI1
5293030 Biological-

13 Process

110



2.14223 | GO:0045087 Innate immune response Upp_GO- NQOI1
3538272 Biological-

26 Process

2.09111 | GO:0012501 Programmed cell death Upp GO- NQOI1
1897818 Biological-

01 Process

2.08731 | GO:0008219 Cell death Upp_GO- NQO1
1603592 Biological-

08 Process

2.03162 | GO:0006915 Apoptotic process Upp_GO- NQOI1
1243885 Biological-

39 Process

2.01662 | GO:0006955 Immune response Upp_GO- NQOI1
0978983 Biological-

67 Process

2.01444 | GO:0042592 Homeostatic process Upp_GO- NQOI1
4377819 Biological-

09 Process

1.97140 | GO:0043066 Negative regulation of | Upp_GO- NQOI1
9560378 | apoptotic process Biological-

55 Process

1.85316 | GO:0006950 Response to stress Upp_GO- NQOI1
8362103 Biological-

7 Process

1.78383 | Path:hsa01100 Metabolic pathways Upp_KEGG NQOI1
4248415

8
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1.67225 | GO:0044281 Small molecule metabolic | Upp_ GO- NQOI1
3731406 | process Biological-

41 Process

1.56465 | GO:0051246 Regulation of protein metabolic | Upp GO- NQOI1
0955382 | process Biological-

18 Process

3.66111 | Path:hsa04621 NOD-like receptor signaling | Upp KEGG TRPV2
2235489 | pathway

89

2.82428 | GO:0060284 Regulation of cell development | Upp GO- TRPV2
6581663 Biological-

63 Process

2.80915 | GO:0045597 Positive regulation of cell | Upp GO- TRPV2
5300187 | differentiation Biological-

21 Process

2.65866 | GO:0010720 Positive regulation of cell | Upp GO- TRPV2
4837677 | development Biological-

18 Process

2.43812 | GO:2000026 Regulation of multicellular | Upp GO- TRPV2
2424623 | organismal development Biological-

62 Process

2.41668 | GO:0045595 Regulation of cell | Upp_GO- TRPV2
4185980 | differentiation Biological-

2 Process

2.38177 | GO:0009986 Cell surface Upp_GO- TRPV2
1633384 Cellular-

54 Component
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2.37793 | GO:0046873 Metal ion transmembrane | Upp GO- TRPV2
6252332 | transporter activity Molecular-

39 Function

2.31188 | GO:0051094  Positive  regulation of | Upp GO- TRPV2
2467545 | developmental process Biological-

38 Process

2.26856 | GO:0048871 Multicellular organismal-level | Upp GO- TRPV2
7288130 | homeostasis Biological-

87 Process

2.21604 | GO:0051050 Positive regulation of transport | Upp_ GO- TRPV2
2576939 Biological-

31 Process

2.14993 | GO:0009628 Response to abiotic stimulus Upp_GO- TRPV2
5293030 Biological-

13 Process

2.13370 | GO:0030001 Metal ion transport Upp_GO- TRPV2
5538517 Biological-

99 Process

2.02549 | GO:0051239 Regulation of multicellular | Upp GO- TRPV2
8457556 | organismal process Biological-

75 Process

2.01444 | GO:0042592 Homeostatic process Upp_GO- TRPV2
4377819 Biological-

09 Process

2.01045 | GO:0050793 Regulation of developmental | Upp GO- TRPV2
3230591 | process Biological-

6 Process
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2.00094 | GO:0051049 Regulation of transport Upp_GO- TRPV2
6358669 Biological-

94 Process

1.96896 | GO:0009653 Anatomical structure | Upp GO- TRPV2
9356773 | morphogenesis Biological-

48 Process

1.95330 | GO:0005215 Transporter activity Upp GO- TRPV2
4778701 Molecular-

6 Function

1.94085 | GO:0055085 Transmembrane transport Upp_GO- TRPV2
6138744 Biological-

64 Process

1.93307 | GO:0051240  Positive  regulation of | Upp_GO- TRPV2
3760796 | multicellular organismal process Biological-

87 Process

1.91730 | GO:0022857 Transmembrane transporter | Upp GO- TRPV2
6373324 | activity Molecular-

89 Function

1.89320 | GO:0065008 Regulation of biological quality | Upp_GO- TRPV2
3093203 Biological-

09 Process

1.85514 | GO:0006811 Monoatomic ion transport Upp_GO- TRPV2
8759671 Biological-

37 Process

1.81993 | GO:0006812 Monoatomic cation transport Upp_GO- TRPV2
3060881 Biological-

88 Process
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1.78608 | GO:0048731 System development Upp_GO- TRPV2
6944835 Biological-

62 Process

1.76102 | GO:0032879 Regulation of localization Upp GO- TRPV2
9147311 Biological-

47 Process

1.75051 | GO:0022008 Neurogenesis Upp_GO- TRPV2
4126582 Biological-

5 Process

1.72369 | GO:0048468 Cell development Upp_GO- TRPV2
2330910 Biological-

55 Process

1.70127 | GO:0030154 Cell differentiation Upp_GO- TRPV2
8628877 Biological-

5 Process

1.70092 | GO:0048869 Cellular developmental process | Upp_ GO- TRPV2
2936084 Biological-

5 Process

1.57624 | GO:0006810 Transport Upp_GO- TRPV2
4068866 Biological-

77 Process

1.55999 | GO:0009893  Positive  regulation  of | Upp_GO- TRPV2
8926821 | metabolic process Biological-

62 Process

1.55826 | GO:0007399 Nervous system development | Upp_ GO- TRPV2
2314412 Biological-

82 Process
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19.1423 | GO:0032310 Prostaglandin secretion Upp_GO- NOS2
8683127 Biological-

57 Process

15.4374 | GO:0015732 Prostaglandin transport Upp GO- NOS2
0873489 Biological-

98 Process

10.9385 | GO:0002227 Innate immune response in | Upp GO- NOS2
0676072 | mucosa Biological-

9 Process

9.38352 | GO:0032309 Icosanoid secretion Upp_GO- NOS2
2956507 Biological-

71 Process

8.70108 | GO:0140353 Lipid export from cell Upp_GO- NOS2
4923307 Biological-

15 Process

8.23328 | GO:0046209 Nitric oxide metabolic process | Upp GO- NOS2
4658613 Biological-

21 Process

8.20388 | GO:0018198 Peptidyl-cysteine modification | Upp GO- NOS2
0070546 Biological-

74 Process

8.20388 | GO:0071715 Icosanoid transport Upp_GO- NOS2
0070546 Biological-

74 Process

8.14569 | GO:2001057 Reactive nitrogen species | Upp GO- NOS2
6523947 | metabolic process Biological-

11 Process
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7.97599 | GO:0002385 Mucosal immune response Upp_GO- NOS2
4513031 Biological-

55 Process

7.97599 | GO:0006809 Nitric oxide biosynthetic | Upp GO- NOS2
4513031 | process Biological-

55 Process

7.36245 | GO:0002251 Organ or tissue specific | Upp GO- NOS2
6473567 | immune response Biological-

59 Process

6.78273 | GO:0015908 Fatty acid transport Upp_GO- NOS2
5491396 Biological-

91 Process

6.60082 | GO:0032496 Response to lipopolysaccharide | Upp GO- NOS2
3045267 Biological-

49 Process

6.38079 | GO:0004497 Monooxygenase activity Upp_GO- NOS2
5610425 Molecular-

24 Function

6.23686 | GO:0002237 Response to molecule of | Upp GO- NOS2
7889889 | bacterial origin Biological-

33 Process

5.71983 | GO:0071222 Cellular  response  to | Upp_GO- NOS2
6702572 | lipopolysaccharide Biological-

43 Process

5.63011 | GO:0046906 Tetrapyrrole binding Upp_GO- NOS2
3773904 Molecular-

62 Function
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5.54121 | GO:0015718 Monocarboxylic acid transport | Upp_ GO- NOS2
7240632 Biological-

45 Process

5.50068 | GO:0071219 Cellular response to molecule | Upp GO- NOS2
5871056 | of bacterial origin Biological-

24 Process

5.38379 | GO:0020037 Heme binding Upp_GO- NOS2
6296296 Molecular-

3 Function

5.24448 | GO:0006801 Superoxide metabolic process | Upp GO- NOS2
9542815 Biological-

27 Process

4.98499 | GO:0071216 Cellular response to biotic | Upp GO- NOS2
6570644 | stimulus Biological-

72 Process

4.69176 | Path:hsa05146 Amoebiasis Upp_KEGG NOS2
1478253

85

4.68793 | GO:0072593 Reactive oxygen species | Upp GO- NOS2
1468883 | metabolic process Biological-

85 Process

4.51807 | GO:0009617 Response to bacterium Upp_GO- NOS2
8879431 Biological-

54 Process

4.30703 | GO:0071466 Cellular response to xenobiotic | Upp_GO- NOS2
7037037 | stimulus Biological-

04 Process
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4.27144 | GO:0010817 Regulation of hormone levels | Upp_ GO- NOS2
1689623 Biological-

51 Process

4.12773 | GO:0046942 Carboxylic acid transport Upp GO- NOS2
8400275 Biological-

09 Process

4.11664 | GO:0015849 Organic acid transport Upp GO- NOS2
2329306 Biological-

61 Process

4.02997 | GO:0008217 Regulation of blood pressure Upp_GO- NOS2
6175005 Biological-

42 Process

3.98799 | GO:0016705 Oxidoreductase activity acting | Upp_GO- NOS2
7256515 | on paired donors with incorporation or | Molecular-

78 reduction of molecular oxygen Function

3.98799 | GO:0042742 Defense response to bacterium | Upp_ GO- NOS2
7256515 Biological-

78 Process

3.97616 | GO:0033993 Response to lipid Upp_GO- NOS2
3436763 Biological-

5 Process

3.66496 | GO:0071396 Cellular response to lipid Upp_GO- NOS2
3605398 Biological-

89 Process

3.64121 | GO:0032635 Interleukin-6 production Upp_GO- NOS2
4886383 Biological-

97 Process
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3.64121 | GO:0032675 Regulation of interleukin-6 | Upp GO- NOS2
4886383 | production Biological-

97 Process

3.46782 | GO:0071345 Cellular response to cytokine | Upp GO- NOS2
3701318 | stimulus Biological-

07 Process

3.39960 | GO:0042886 Amide transport Upp_GO- NOS2
4218669 Biological-

19 Process

3.39262 | GO:0070887 Cellular response to chemical | Upp GO- NOS2
4855417 | stimulus Biological-

92 Process

3.38055 | GO:0009410 Response to xenobiotic | Upp_ GO- NOS2
3965788 | stimulus Biological-

21 Process

3.33081 | GO:0006954 Inflammatory response Upp_GO- NOS2
4494694 Biological-

85 Process

3.31897 | GO:0034097 Response to cytokine Upp_GO- NOS2
0537756 Biological-

33 Process

3.27295 | GO:1901652 Response to peptide Upp_GO- NOS2
8931410 Biological-

36 Process

3.14453 | GO:0015711 Organic anion transport Upp_GO- NOS2
9931215 Biological-

72 Process

120



3.11258 | GO:0043068  Positive  regulation  of | Upp_ GO- NOS2
3224597 | programmed cell death Biological-

68 Process

3.08427 | GO:0009725 Response to hormone Upp GO- NOS2
2306494 Biological-

53 Process

3.07580 | Path:hsa05200 Pathways in cancer Upp KEGG NOS2
8848125

59

3.07580 | GO:0046903 Secretion Upp_GO- NOS2
8848125 Biological-

59 Process

3.05666 | GO:0002697 Regulation of immune effector | Upp_GO- NOS2
8555892 | process Biological-

33 Process

3.04700 | GO:0023061 Signal release Upp_GO- NOS2
9139809 Biological-

81 Process

3.04286 | GO:0046879 Hormone secretion Upp_GO- NOS2
4958728 Biological-

8 Process

2.97242 | GO:0036293 Response to decreased oxygen | Upp_ GO- NOS2
0315415 | levels Biological-

48 Process

2.94910 | GO:0009914 Hormone transport Upp_GO- NOS2
7214902 Biological-

42 Process
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2.92536 | GO:1901701 Cellular response to oxygen- | Upp GO- NOS2
4758698 | containing compound Biological-
09 Process
2.91672 | GO:1901700 Response to oxygen-containing | Upp GO- NOS2
9370453 | compound Biological-
98 Process
2.89409 | GO:0006869 Lipid transport Upp_GO- NOS2
73611 Biological-

Process
2.83047 | GO:0032940 Secretion by cell Upp_GO- NOS2
3408786 Biological-
66 Process
2.81891 | GO:0007267 Cell-cell signaling Upp_GO- NOS2
3129263 Biological-
21 Process
2.79677 | GO:0001666 Response to hypoxia Upp_GO- NOS2
7296777 Biological-
3 Process
2.79111 | GO:0016491 Oxidoreductase activity Upp_GO- NOS2
3511243 Molecular-
12 Function
2.77214 | GO:0051046 Regulation of secretion Upp_GO- NOS2
4434407 Biological-
31 Process
2.74508 | GO:0010876 Lipid localization Upp_GO- NOS2
4153624 Biological-
63 Process
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2.74246 | GO:0070482 Response to oxygen levels Upp_GO- NOS2
2296744 Biological-

37 Process

2.70427 | GO:0140352 Export from cell Upp GO- NOS2
2609867 Biological-

41 Process

2.65866 | GO:0002443 Leukocyte mediated immunity | Upp GO- NOS2
4837677 Biological-

18 Process

2.56698 | GO:0009719 Response to endogenous | Upp GO- NOS2
6739826 | stimulus Biological-

25 Process

2.53072 | GO:0051707 Response to other organism Upp_GO- NOS2
2743426 Biological-

19 Process

2.52671 | GO:0043207 Response to external biotic | Upp GO- NOS2
4206873 | stimulus Biological-

78 Process

2.52133 | GO:0009607 Response to biotic stimulus Upp_GO- NOS2
7108458 Biological-

32 Process

2.51873 | GO:0019725 Cellular homeostasis Upp_GO- NOS2
5109378 Biological-

38 Process

2.43998 | GO:0044419 Biological process involved in | Upp_ GO- NOS2
6777435 | interspecies interaction between organisms | Biological-

34 Process
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2.42747 | GO:0002684 Positive regulation of immune | Upp GO- NOS2
6590922 | system process Biological-

65 Process

2.42747 | GO:0002252 Immune effector process Upp GO- NOS2
6590922 Biological-

65 Process

2.39279 | GO:1903530 Regulation of secretion by cell | Upp GO- NOS2
8353909 Biological-

46 Process

2.39173 | GO:0006952 Defense response Upp_GO- NOS2
0617026 Biological-

86 Process

2.38163 | GO:0001819 Positive regulation of cytokine | Upp_ GO- NOS2
4442460 | production Biological-

43 Process

2.32765 | GO:0009605 Response to external stimulus | Upp GO- NOS2
8652804 Biological-

85 Process

2.28702 | GO:0043067 Regulation of programmed cell | Upp_ GO- NOS2
3516281 | death Biological-

45 Process

2.23944 | GO:0001817 Regulation of cytokine | Upp GO- NOS2
5051471 | production Biological-

73 Process

2.22361 | GO:0001816 Cytokine production Upp_GO- NOS2
0591511 Biological-

83 Process
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2.21023 | GO:0042221 Response to chemical Upp_GO- NOS2
7102999 Biological-

91 Process

2.19816 | GO:0002682 Regulation of immune system | Upp GO- NOS2
8822730 | process Biological-

23 Process

2.19466 | GO:0098542 Defense response to other | Upp GO- NOS2
8553904 | organism Biological-

22 Process

2.17227 | GO:0140546 Defense response to symbiont | Upp_ GO- NOS2
9110839 Biological-

4 Process

2.15632 | GO:0002376 Immune system process Upp_GO- NOS2
1736776 Biological-

33 Process

2.14993 | GO:0009628 Response to abiotic stimulus Upp_GO- NOS2
5293030 Biological-

13 Process

2.14394 | GO:0003013 Circulatory system process Upp_GO- NOS2
7325102 Biological-

88 Process

2.14223 | GO:0045087 Innate immune response Upp_GO- NOS2
3538272 Biological-

26 Process

2.12003 | GO:0042127 Regulation of cell population | Upp_ GO- NOS2
7439444 | proliferation Biological-

37 Process
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2.09111 | GO:0012501 Programmed cell death Upp_GO- NOS2
1897818 Biological-

01 Process

2.08731 | GO:0008219 Cell death Upp_GO- NOS2
1603592 Biological-

08 Process

2.05879 | GO:0008283 Cell population proliferation Upp GO- NOS2
2176361 Biological-

46 Process

2.02549 | GO:0051239 Regulation of multicellular | Upp GO- NOS2
8457556 | organismal process Biological-

75 Process

2.01662 | GO:0006955 Immune response Upp_GO- NOS2
0978983 Biological-

67 Process

2.01444 | GO:0042592 Homeostatic process Upp_GO- NOS2
4377819 Biological-

09 Process

2.00094 | GO:0051049 Regulation of transport Upp_GO- NOS2
6358669 Biological-

94 Process

1.95046 | GO:0010628 Positive regulation of gene | Upp GO- NOS2
1540304 | expression Biological-

66 Process

1.93307 | GO:0051240  Positive  regulation of | Upp_GO- NOS2
3760796 | multicellular organismal process Biological-

87 Process
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1.89320 | GO:0065008 Regulation of biological quality | Upp_GO- NOS2
3093203 Biological-

09 Process

1.85316 | GO:0006950 Response to stress Upp GO- NOS2
8362103 Biological-

7 Process

1.84524 | GO:0046983 Protein dimerization activity Upp GO- NOS2
2653475 Molecular-

87 Function

1.78383 | Path:hsa01100 Metabolic pathways Upp KEGG NOS2
4248415

8

1.76102 | GO:0032879 Regulation of localization Upp_GO- NOS2
9147311 Biological-

47 Process

1.67225 | GO:0044281 Small molecule metabolic | Upp GO- NOS2
3731406 | process Biological-

41 Process

1.58857 | GO:0031325 Positive regulation of cellular | Upp_ GO- NOS2
9820022 | metabolic process Biological-

88 Process

1.57624 | GO:0006810 Transport Upp_GO- NOS2
4068866 Biological-

77 Process

1.56947 | GO:0010604  Positive  regulation of | Upp_GO- NOS2
6919754 | macromolecule metabolic process Biological-

77 Process
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1.56465 | GO:0051246 Regulation of protein metabolic | Upp_ GO- NOS2
0955382 | process Biological-

18 Process

1.55999 | GO:0009893  Positive  regulation of | Upp GO- NOS2
8926821 | metabolic process Biological-

62 Process

1.55566 | GO:0023051 Regulation of signaling Upp GO- NOS2
9593269 Biological-

14 Process

1.54738 | GO:0009891  Positive  regulation  of | Upp_GO- NOS2
0545471 | biosynthetic process Biological-

93 Process

1.54321 | GO:0031328 Positive regulation of cellular | Upp_GO- NOS2
1288284 | biosynthetic process Biological-

66 Process

1.52813 | GO:0010646 Regulation of cell | Upp_GO- NOS2
0933843 | communication Biological-

19 Process

1.50648 | GO:0010557  Positive  regulation  of | Upp_ GO- NOS2
3748526 | macromolecule biosynthetic process Biological-

42 Process

1.47658 | GO:0035556 Intracellular signal | Upp_GO- NOS2
0286275 | transduction Biological-

51 Process

1.38197 | GO:0046872 Metal ion binding Upp_GO- NOS2
9247307 Molecular-

45 Function
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1.35322 | GO:0043169 Cation binding Upp_GO- NOS2
8719641 Molecular-

79 Function

3.91803 | GO:0007204 Positive regulation of cytosolic | Upp GO- GPR32
2392366 | calcium ion concentration Biological-

38 Process

3.33081 | GO:0006954 Inflammatory response Upp GO- GPR32
4494694 Biological-

85 Process

2.55914 | GO:0002429 Immune response-activating | Upp GO- GPR32
2624502 | cell surface receptor signaling pathway Biological-

1 Process

2.42747 | GO:0002684 Positive regulation of immune | Upp_ GO- GPR32
6590922 | system process Biological-

65 Process

2.39173 | GO:0006952 Defense response Upp_GO- GPR32
0617026 Biological-

86 Process

2.35812 | GO:0002253 Activation of immune response | Upp_ GO- GPR32
0116896 Biological-

28 Process

2.24826 | GO:0002757 Immune response-activating | Upp GO- GPR32
6909713 | signaling pathway Biological-

59 Process

2.19816 | GO:0002682 Regulation of immune system | Upp_ GO- GPR32
8822730 | process Biological-

23 Process
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2.15632 | GO:0002376 Immune system process Upp_GO- GPR32
1736776 Biological-

33 Process

2.01662 | GO:0006955 Immune response Upp_GO- GPR32
0978983 Biological-

67 Process

1.97662 | GO:0007166 Cell surface receptor signaling | Upp GO- GPR32
5939337 | pathway Biological-

93 Process

1.91615 | GO:0050778 Positive regulation of immune | Upp_ GO- GPR32
4837965 | response Biological-

54 Process

1.89320 | GO:0065008 Regulation of biological quality | Upp_ GO- GPR32
3093203 Biological-

09 Process

1.85316 | GO:0006950 Response to stress Upp_GO- GPR32
8362103 Biological-

7 Process

1.69508 | GO:0007186 G protein-coupled receptor | Upp_ GO- GPR32
8017949 | signaling pathway Biological-

78 Process

1.58405 | GO:0048584 Positive regulation of response | Upp_GO- GPR32
1870922 | to stimulus Biological-

04 Process

1.42428 | GO:0048583 Regulation of response to | Upp GO- GPR32
4734469 | stimulus Biological-

92 Process

130



5.14580 | GO:0009791 Post-embryonic development | Upp_ GO- SCUBE1
2911633 Biological-

26 Process

3.68122 | GO:0003158 Endothelium development Upp GO- SCUBEI1
8236783 Biological-

79 Process

3.33081 | GO:0006954 Inflammatory response Upp GO- SCUBEI
4494694 Biological-

85 Process

2.73897 | GO:0009611 Response to wounding Upp_GO- SCUBEI1
4268386 Biological-

03 Process

2.63207 | GO:0030855 Epithelial cell differentiation Upp_GO- SCUBE1
8189300 Biological-

41 Process

2.58680 | GO:0042060 Wound healing Upp_GO- SCUBE1
9031253 Biological-

48 Process

2.39173 | GO:0006952 Defense response Upp_GO- SCUBEI1
0617026 Biological-

86 Process

2.38177 | GO:0009986 Cell surface Upp_GO- SCUBEI1
1633384 Cellular-

54 Component

2.25804 | GO:0060429 Epithelium development Upp_GO- SCUBE1
4108712 Biological-

13 Process
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2.22585 | GO:0005509 Calcium ion binding Upp_GO- SCUBE1
8933869 Molecular-

27 Function

2.21604 | GO:0098552 Side of membrane Upp_GO- SCUBEI
2576939 Cellular-

31 Component

2.19510 | GO:0005615 Extracellular space Upp GO- SCUBEI1
6530803 Cellular-

93 Component

2.16797 | GO:0072359 Circulatory system | Upp_ GO- SCUBEI1
1662938 | development Biological-

11 Process

2.12201 | GO:0009888 Tissue development Upp_GO- SCUBE1
9787300 Biological-

77 Process

1.97662 | GO:0007166 Cell surface receptor signaling | Upp_ GO- SCUBE1
5939337 | pathway Biological-

93 Process

1.96542 | GO:0005576 Extracellular region Upp_GO- SCUBEI1
1535617 Cellular-

61 Component

1.95632 | GO:0048513 Animal organ development Upp_GO- SCUBEI1
9406726 Biological-

85 Process

1.89320 | GO:0065008 Regulation of biological quality | Upp_GO- SCUBE1
3093203 Biological-

09 Process
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1.85316 | GO:0006950 Response to stress Upp_GO- SCUBEI1
8362103 Biological-

7 Process

1.82731 | GO:0023056 Positive regulation of signaling | Upp GO- SCUBEI1
7628372 Biological-

55 Process

1.78608 | GO:0048731 System development Upp GO- SCUBEI1
6944835 Biological-

62 Process

1.78160 | GO:0010647 Positive regulation of cell | Upp GO- SCUBEI1
7874679 | communication Biological-

23 Process

1.77758 | GO:0009967 Positive regulation of signal | Upp_ GO- SCUBE1
6705167 | transduction Biological-

8 Process

1.70127 | GO:0030154 Cell differentiation Upp_GO- SCUBE1
8628877 Biological-

5 Process

1.70092 | GO:0048869 Cellular developmental process | Upp_GO- SCUBEI1
2936084 Biological-

5 Process

1.58405 | GO:0048584 Positive regulation of response | Upp_GO- SCUBEI1
1870922 | to stimulus Biological-

04 Process

1.55566 | GO:0023051 Regulation of signaling Upp_GO- SCUBE1
9593269 Biological-

14 Process
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1.52813 | GO:0010646 Regulation of cell | Upp_GO- SCUBE1
0933843 | communication Biological-

19 Process

1.44842 | GO:0009966  Regulation  of  signal | Upp GO- SCUBEI1
5153698 | transduction Biological-

22 Process

1.42428 | GO:0048583 Regulation of response to | Upp GO- SCUBEI1
4734469 | stimulus Biological-

92 Process

1.38197 | GO:0046872 Metal ion binding Upp_GO- SCUBEI1
9247307 Molecular-

45 Function

1.35322 | GO:0043169 Cation binding Upp_GO- SCUBE1
8719641 Molecular-

79 Function
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