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ABSTRACT

Objective: To investigate the requlatory mechanisms and signaling molecules

underlying hatching in mouse embryos.-hatehing-

Design: Experimental laboratory study using a mouse embryo model.

Setting: University-based basic scientificee research laboratory.

Animals: A total of 40 B6C3F1 x B6D2F1 mouse embryos were used in this study.

Interventions: Frozen/thawed mouse embryos, at the 8-cell stage, were cultured in

vitro for two days. The resulting hatching and pre-hatching blastocysts were then used
for cDNA library preparation and RNA-sequencing analysis (n=8 for each group). The

Didifferentially expressed qgenes (DEGs) were further—used—forthen used for

downstream functional analysis. In addition, a list of genes related to developmental

progression in humans was used to identify genes that were potentially related to the

hatching of human embryos.

Main Outcome Measures: Differentiallyexpressed-genes{DEGsSY .DEGS, enriched

gene ontology (GO) terms and canonical pathways, clustered genes networks,

activated upstream requlators, and-the common genes between a gene list of meyse

hatching-related genes in mice lst—and a gene list associated with human

developmental progression gene-list.in humans.

Results: A total ef 275-differentially-expressed-genes{BEGs)-DEGs were identified

between hatching and pre-hatching blastocysts: 230 up-regulated genes and 45

down-regulated genes_(adjusted P<0.05). Functional enrichment analysis suggested



that blastocyst hatching in vitro is an ATP-dependent process that involves protein
biosynthesis and organization of the cytoskeleton. Furthermore, by regulating cell
motility, the RhoA signaling pathway (including Arpc2, Cfl1, Gsn, Pfnl, Tpil, Grb2,
Tmsb10, Enah, and Rnd3 genes) may be a crucial signaling pathway during hatching.
Furthermore, we identified a cluster of genes (Krt8, Krt7, Cldn4, and Aqp3) that
exerted functional roles in cell-cell junctions and water homeostasis during hatching.
Moreover, some growth factors (AGT and FGF2) and endocrine factors (oestrogen
receptor and prolactin), were predicted to be involved in the regulation of embryo
hatching. In addition, we identified 81 potential genes that are potentially involved in

the hatching process in human embryos.

Conclusion: Our analysis identified potential genes and molecular regulatory
pathways involved in the blastocyst hatching process in mice; we also identified genes
that may potentially regulate hatching in human embryos. Our findings enhance our
knowledge of embryo development and provides useful information for further

exploring the mechanisms underlying embryo hatching.

Keywords: Mouse embryo; hatching; RNA sequencing; mechanism; pathway;

upstream regulator



Introduction

Blastocyst hatching is a prerequisite for embryo implantation and is accompanied by
partial rupture of the zona pellucida (ZP) and subsequent dynamic movements of the
embryo into the external environment (1). The structure of the ZP is comparable
across most species (2), however, the hatching process is a highly intriguing biological
phenomenon. Previous studies have suggested that hatching is the result of a well-
orchestrated sequence of increasing mechanical pressure, protease activation, and
the dynamic formation of trophectodermal projections (TEPs). Furthermore, it is
hypothesised that hormones, and the secretion of growth factors, also play a key role
and that this physiological process may be controlled via cross-talk between embryos

and the maternal uterus (3-8).

In most mammals, blastocyst hatching is thought to be subjected to both mechanical
and chemical factors (5). First of all, the ZP can be affected by the hydrostatic pressure
exerted by the expanded blastocyst; the ZP is subsequently stretched and becomes
thinner (6). It has been demonstrated that the formation of the blastocyst cavity is
closely regulated by active ion transport (Na*/K*-ATPases), aquaporin water channels
(AQPs), and tight junctions (such as tight junction proteins (TJPs), occludins, and
claudins) (9-13). In addition, a previous study found that the inhibition of Na*/K*-
ATPase reduced the probability of hatching (6). The roles of these molecules have
been well established during the formation of the blastocyst cavity; however, it remains

unclear as to whether they are directly involved in the hatching process.

Apart from mechanical force, the enzymatic degradation of the ZP is believed to play
an important in the hatching process; however, different classes of protease, such as

serine proteases, cysteine proteases (cathepsin), and matrix metalloproteinases



(MMP), are known to participate in the hatching in different species (1,14,15).
Furthermore, a significant number of growth factors (such as HB-EGF, LIF, and EGF),
hormones (e.g., progesterone), and cytokines (e,g., IL-6, GM-GSF, and IL-11), have all
been found to play a role in hatching via the crosstalk between embryos and the
maternal uterus (1,16-19). However, most previous studies targeted only a limited
number of molecules in each experiment by using related inhibitors or activators.
Nevertheless, the regulatory mechanisms of these maternally derived or embryo-

derived secretions on embryo hatching remains unknown.

Trophectodermal projections (TEPs) are single, finger-like, F-actin enriched
cytoplasmic outgrowths. The formation of these TEPs has been observed during the
hatching process in many species (1,5,20). It is widely believed that TEPs can
participate in the initiation of the hatching process as well as embryo attachment (5).
Furthermore, some studies have indicated that cytoskeleton organization, mostly
relating to actin-based modifications (F-actin formation) in TE cells, potentially take
parts in shaping the blastocysts to hatch from the ZP (5,7). However, studies related
to the biogenesis of TEPs, embryo cell movement, and cytoskeleton organization, are
sparse. It is not yet clear which active molecules and related biological signalling

pathways underly this process.

Collectively, it is highly likely that multiple molecules and regulatory mechanisms are
involved in the blastocyst hatching process; however, to the best of our knowledge,
the patterns of embryonic gene expression during this short period of embryo
development remain elusive. Given the importance of this physiological process in
embryo development and the establishment of pregnancy, it is necessary to profile the

transcriptome of hatching embryos, and to examine hitherto unstudied signaling



mechanisms that might regulate embryo hatching. Furthermore, although clinical
observations have indicated that human embryos begin hatching between Day 5 and
Day 7 after fertilization; most investigations regarding embryo hatching mechanisms
have been carried out in animal models. Therefore, it is imperative that we focus on

hatching mechanisms in human embryos.

Advancements in high-throughput next-generation sequencing (NGS) techniques
have created powerful tools for studying physiological and pathophysiological
phenomena. Of these NGS techniques, RNA-sequencing (RNA-seq) has become the
standard technology for the transcriptomic analysis of genomics and is often used to
analyze differential gene expression due to its high degree of accuracy, extension,
and affordability (21,22). Previously, researchers have used RNA-seq to improve our
understanding of the embryonic transcriptome, particularly with regards to the
molecular mechanisms involved in embryo linage and differentiation (23-26). More
recently, with the development of the single-cell RNA-seq technique, it is possible to
investigate the role of different cell populations during embryogenesis (27-30).
However, information regarding the molecular regulation of hatching remains largely

elusive.

In order to address the clear gaps in knowledge relating to this critical stage of embryo
development, we used RNA-seq and downstream analysis to characterize the
transcriptional profile of hatching blastocysts in a mouse model to explore the potential
mechanistic pathways underlying the hatching process. In addition, to explore the
potential genes and pathways involved in the hatching of human embryos, we

compared our dataset with a published dataset of genes related to developmental



progression in human embryos and identified common differentially expressed genes

(DEGS).

Methods and materials

Embryo preparation and culturing

Cryopreserved 8-cell stage mouse embryos (B6C3F1 x B6D2F1) were purchased
from Embryotech Laboratories (Wilmington, MA, USA). Each cryopreserved straw
contained 20 embryos which were randomly collected from embryo-pools harvested
from 8 to 12 mice. The batch number of the straw was marked and identified according
to the origin of the contained embryos. Generally, four straws of frozen embryos were
thawed in accordance with the instructions provided by the supplier (4 x 20 = 80
embryos); half of these embryos were used for experimental purposes (n=40). After
thawing, the embryos were transferred into KSOM-AA medium (Millipore, Abingdon,
UK). Embryos were cultured individually in KSOM-AA medium and covered with
mineral oil (FertiPro NV, Beernen, Belgium) at 37°C with 5% CO:2. According to a
previous study, the mean time of hatching commencement was 108 hours post-hCG
injection (E4.5) for in vitro developed embryos (31); therefore, we cultured embryos in
vitro for 48 hours to E4.5; at this point, some of the embryos would hatch

spontaneously while the others would be at the expansion stage.

Library preparation and RNA sequencing

After 48 hours of in vitro culture, embryos were assessed morphologically. Analysis
showed that 90.0% (36/40) of the embryos developed to the blastocyst stage and only
36.1% (13/36) of embryos reached the hatching stage. Representative images of the

blastocysts in the hatching group and pre-hatching group are shown in Supplementary



Fig 1. Overall, 8 hatching blastocysts and 8 pre-hatching expanded blastocysts were
randomly collected for subsequent RNA sequencing experiments. Whole single
blastocysts were lysed in 2.3 pl of lysis buffer (0.8% (vol/vol), Triton X-100, and 2 U/ul
of RNase inhibitor (both from Thermo Fisher, UK)) for cDNA synthesis using the
SmartSeq2 method, as described previously (32). Libraries were then prepared using
using Nextera-XT (lllumine, US). ERCC RNA Spike-in mix (ThermoFisher, UK) was
added at a 1/100,000 dilution. Amplified libraries were analysed for size distribution
using the TapeStation High Sensitivity D1000 kit (Agilent, US). Libraries were then
guantified using PicoGreen (Invitrogen, US) and relative volumes were pooled
accordingly. Sequencing was then performed as 75bp paired-end reads on a

HiSeq4000 system according to Illumina specifications.

RNA-sequencing (RNA-seq) data processing and quality control

RNA-seq reads were aligned to the mouse reference genome (GRCm38) using
HISAT2 (33) and duplicate reads were removed using the Picard ‘MarkDuplicates’ tool
(http://broadinstitute.github.io/picard). Reads mapping uniquely to Ensembl-annotated
genes (approximately 5 million per sample) were summarised using FeatureCounts
(34). The raw gene count matrix was imported into the R/BioConductor environment
(35) for further processing and analysis. Advanced RNA quality control was then
conducted to test the similarity and distance between library samples: (1) read
assignment by category, (2) count metrics, (3) gene detection curve, (4) read biotype
counts, and (5) sample clustering. Two sample libraries in the pre-hatching group
resulted in a low gene detection level (Supplementary Fig 2A). Furthermore,
Spearman’s correlation test showed these two samples were positioned further away

from other samples (Supplementary Fig 2C); therefore, these samples were



considered unsatisfactory and were excluded from further processing (Supplementary
Fig 2 B and D). Further steps included data normalisation and applying a filter to

include only genes with at least 10 reads in at least 3 of the samples.

Differentially expressed genes (DEGs) analysis

The edgeR package (36) was used to test for differentially expressed genes between
hatching blastocysts and pre-hatching blastocysts. This package combines the use of
the trimmed mean of M-values as the normalisation method for count data, the
empirical Bayes approach for estimating tagwise negative binomial dispersion values,
and finally, generalized liner models and quasi-likelihood F-tests for detecting DEGs
for the hatching stage. Embryo batch was also included as an additional explanatory
variable. Raw P-values were adjusted for multiple testing using the Benjamini-

Hochberg (BH) procedure (37) to control the false discovery rate at 5%.

Functional enrichment analysis

All DEGs were analysed using Over Representation Analysis (ORA) to identify
enriched Gene Ontology (GO) terms (38). These enrichment analyses were performed
in the R environment using the ClusterProfiler (39) package. In addition, the canonical
pathway analysis and upstream regulator analysis were generated through the use of
Ingenuity Pathway Analysis (IPA) software (QIAGEN Inc.,

https://lwww.giagenbioinformatics.com/products/ingenuitypathway-analysis).

Construction and analysis of the protein-protein network

Protein-protein interactions (PPI) networks that corresponded to the DEGs were
retrieved from the Search Tool for Retrieval of Interacting Genes (STRING) database

(40). The confidence score cut-off value was set as 0.4, and the PPl network was



visualized by Cystoscope software (41). Furthermore, Molecular Complex Detection
(MCODE) (42) was used to investigate the substructure of the PPI network extracted
from the constructed network and focused on highly connected nodes (known as

clusters).

Validation

To corroborate gene expression from the RNA-seq analysis, twelve DEGs and one
unchanged gene were selected for validation by quantitative real-time PCR (gqRT-
PCR). Embryo cDNA was directly synthesised from three whole blastocysts using a
cell-to-cDNA kit (Invitrogen, UK). Because of the small amount of cDNA produced from
the three embryos, we pre-amplified the target cDNA using the TagMan PreAmp Mater
Mix Kit (Applied Biosystems, UK), in accordance with the manufacturer’s instructions.
Pooled TagMan Assays were then created by combining an equal volume of each 20
x TagMan probe: (Actb (Mm02619580_g1l), Rnd3 (MmO00512162_m1l), Myl6
(Mm02342525_g1), Cox8a (Mm02342396_g1), Tmeffl (Mm05907935 s1), Ctsh
(MmO00514455 m1), Lgalsl (Mm00839408 g1), Krtl8 (Mm01601704_g1), Agp3
(MmO01208559 _m1), Atp5b (MmO01160389 gl1), Rpll3a (MmO05910660 g1),
Ndufa7 (MmO00458227_m1), and Cdx2 (Mm01212280_m1)). RT-qPCR was then
carried out using the TagMan Gene Expression System (Applied Biosystem, UK),
running an Applied Biosystems QuantStudio 3 (Thermo Fisher, UK) with standard
thermocycler parameters. After validating appropriate housekeeping genes, the mean
CT (cycle threshold) values for Canx and Ywhaz were used as the internal controls.
Subsequently, the relative expression levels of target genes were calculated using the
2(A2C) method (43). The expression of target genes was firstly normalised to the

internal control; then, the relative gene expression in the treatment/ hatching group

10



was presented as the fold change relative to the mean Ct value of the control/pre-
hatching group (2-(CT treatment-CT control)) * The validation experiment was conducted with
six biological repeats. Relative gene expression levels were compared between
hatching and pre-hatching groups using the student’s t-test. In addition, correlation
analysis was used to investigate the association of fold changes in gene expression
were compared between datasets obtained by RNA-seq and RT-PCR. A probability

(P) value < 0.05 was considered to be statistically significant.

Common gene identification between mouse hatching and human

developmental progression

A dataset of genes related to developmental progression in human embryos was
previously generated by Petropoulos et al. (30) by single cell RNA-seq. In this dataset,
DEGs were identified by comparing between different embryonic days and between
different time-points in the same linage. A significance cut-off of 0.05 (adjusted) was
used to determine whether a gene was significantly expressed at a developmental
timepoint. Considering that human hatching is initiated on Day 5 to Day 7, we grouped
the DEGs between E5 and E6, and between E6 and E7. The identification of common
genes between the dataset of genes related to human development and genes related
to mouse hatching were obtained using the R programming language. Downstream
analysis (described above) was also conducted to identify terms and pathways that

were enriched.

Results

According to the advanced quality control results, we used eight hatching blastocysts

and six pre-hatching blastocysts in our subsequent analyses. After normalisation of
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the data, and filtration of the genes with low expression levels, a total of 10861

assigned genes passed the filter criteria and were used for DEG analysis.

Differentially expressed genes in hatching E4.5 blastocysts

Alternations in the blastocyst transcriptome at the hatching stage were analysed by
comparing hatching vs pre-hatching blastocysts, and 275 DEGs were identified (BH
adjusted P<0.05); of these, 230 were up-regulated and 45 were down-regulated
(Supplementary Table 1). However, the absolute fold changes of these DEGs were
relatively small; most were smaller than 2 (logFC <1) (Fig.1A). The expression profiles
of these DEGs were then extracted and displayed as a clustered heatmap; the sample
clustering is shown in Fig.1B with red representing pre-hatching samples and green
representing hatching samples at the top of the plot. In addition, we compared these
DEGs with previously published mouse linage-specific sing-cell RNA seq datasets.
We found that there were 16 trophectoderm (TE)-specific genes (including Lgals1,
Krtl8, Actb, Myl6, Ctsh, and Krt8.) and six genes that were specific to the inner cell
mass (Rnd3, Tmeffl, Rpl13a, Qki, Rps20, Myef2). Interestingly, all these TE-specific

genes were up-regulated in hatching blastocysts (Fig.1C).

The downstream functional analysis of DEGs

The DEGs in hatching blastocysts were significantly enriched in 33 GO terms for
biology process, 18 GO terms for molecular function, and 14 GO terms for cell
components (Supplementary Table 2). As shown in Fig. 2A and Supplementary Fig
3, these enriched biological terms were related to three main process and functions:
(1) ribosome biogenesis; (2) ATP (adenosine triphosphate) metabolic process,
including energy coupled proton transport and down electrochemical gradient; and (3)

regulation of cytoskeleton organization and actin polymerization. Furthermore, apart
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from the ribosome and cytochrome, other cell components, such as keratin filament

and podosome were also enriched (Supplementary Fig 3).

Furthermore, there were 63 canonical pathways7 enriched KEGG pathways, 3 Wiki
pathways, 17 Reactome pathways showing enrichment among these DEGs (adjusted
P<0.05) (Supplementary Table 3). The top-ranked enriched pathways (-log (p-
value)>2) are listed in Fig 3B. These pathways were mainly related with translation-
related signaling (EIF2 signaling and regulation of elF4 and p70S6K signalling),
metabolic-related signaling (oxidative phosphorylation and the sirtuin signalling
pathway), and actin cytoskeleton signalling (mTOR signalling, regulation of actin-
based motility by Rho, RhoA signalling, and actin cytoskeleton signalling). In addition,
canonical pathway analysis demonstrated that EIF2 signaling (Z-score=4.47),
oxidative phosphorylation (Z-score=3.74), the regulation of actin-based motility by Rho
(Z-score= 1.34), and the RhoA signalling pathway (Z-score=2.64) (related molecules
included Actb, Arpc2, Cfl1, Myl6, Pfnl, Rnd3, and Septin9) were predicted as being
activated in hatching blastocysts. In contrast, the RhoGDI (Rho GDP-dissociation

inhibitor) signaling pathway (Z-score=-1) was inhibited (Fig.2B).

The predicted upstream regulator involved in hatching

The goal of IPA upstream regulator analysis was to identify the cascade of upstream
transcriptional regulators that can explain the observed changes in gene expression
and can help to identify the biological activities occurring in blastocysts. According to
IPA upstream regulator analysis, 23 upstream regulators (with an activation Z-score>2)
were shown to be activated in the hatching blastocysts. Transcription regulators, such
as MYC (MYC proto-oncogene, BHLH transcription factor), TP53 (tumor protein P53),

RB1 (RB transcriptional corepressor 1), and Esrra (estrogen-related receptor alpha),
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were predicted to be activated in the hatching blastocysts. In addition, growth factors,
including (AGT (angiotensinogen), and FGF2 (fibroblast growth factor 2) were also
predicted to be activated. Furthermore, oestrogen receptor (Cldn4, Krt18, Krt7, Krt8,
and Tmeffl), prolactin (PRL) (Actb, Atp5pd, Cox4il, Ctsh, Tmsb4x, and Tubalb),
insulin, and IGF1R (insulin like growth factor 1 receptor), were all found to be activated
according to their the status of their regulatory genes. Furthermore, nine upstream
regulators (with an activation Z-score<-2) were shown to be inhibited in hatching
blastocysts (Fig.2C). The upstream regulators and target molecules are presented in

Supplementary Table 4.

The PPI network and modules

Based on the String database, a PPl network featuring 167 nodes and 1866 edges
was generated from the 275 DEGs. To identify potential interactions between these
molecules, we used MCODE to identify densely connected networks; four modules
were shown to be significantly clustered (Fig.3). Module A included 103 nodes and
1805 edges (MCODE score: 35.4), while module B included 35 nodes and 176 edges
(MCODE score: 10.4). The molecules in these modules were enriched in the pathways
and terms related to ribosome biogenesis, oxidative phosphorylation, and the actin
cytoskeleton. In addition, module C (MCODE score: 2.9) included 12 nodes and 16
edges (Cfl1, Arpc2, Gsn, Pfnl, Shmtl, Tubalb, Tmsb10, Tpil, Ldlrapl, Rnd3, Enab,
and Grb2); these molecules were related to the regulation of the actin cytoskeleton
pathway (Cfl1, Arpc2, Gsn, Pfnl, and Enab), the RHO GTPase effectors pathway
(Tubalb, Pfnl1, and Arpc2); other GO terms were related to actin filament organisation.
Furthermore, module D included Krt8, Krt7, Krt18, Cldn4, and Agp3 (MCODE score:

3.0). These molecules were related with filaments (Krt8, Krt7, and Krtl18), cell-cell
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junctions (Krt8, Cldn4, and Agp3), channel activity, and water homeostasis (Cldn4 and

Aqp3).

Validation of RNA-seq result

To validate RNA-seq results, we selected certain genes based on their significance
and the implicated pathways, including genes related to the actin-based cytoskeleton
(Actb, Myl6, and Rnd3), oxidative phosphorylation and ATP metabolism (Atp5b,
Cox8a, and Ndufa7), ribosome biogenesis (Rpl13a), water channel (Agp3), and genes
specific to embryo-linage (Krt18, Ctsh, and Lgalsl). As shown in Fig. 4A, qRT-PCR
results showed that all of these genes followed the same trend in terms of expression
pattern, as with the RNA-seq results. Significant differences were validated for the
expression levels of Actb, Atp5b, Ctsh, Agp3, Rpll3a, Krtl8, Lgalsl, and Rnd3
(P<0.05). In addition, the relative expression levels derived from RNA-seq were
significantly and positively correlated to the expression levels obtained by gRT-PCR

(R?= 0.928, P<0.0001) (Fig.4B).

Common gene identification between mouse hatching and human

developmental progression

According to DEG analyses published in a previous study involving human embryo
development (30), there were 4774 DEGs between E5 and E6 embryos (E5 vs E6),
and 5253 DEGs between E6 and E7 embryos (E6 vs E7), when setting the cutoff
criteria (adjusted P<0.05). By comparing these developmental progression-related
DEGs and the hatching-related DEGs, we identified 40 common DEGs between
human E5 vs E6 and mouse hatching DEGs, and 63 common DEGs between human
E6 vs E7 and mouse hatching DEGs. Furthermore, there were 22 common DEGs

among the three datasets (Fig.5A-1). Therefore, these 81 common DEGs were

15



assumed to be involved in the human embryo hatching process (Supplementary Table
5). In addition, when classifying DEGs into different lineages, more common DEGs
were classified into the TE dataset, especially among the E7 vs E6 DEGs (77.8%)

(Fig. 5A-3).

Downstream analysis suggested that these 81 common DEGs were enriched in 13
downstream pathways and 51 GO terms related to ribosome biogenesis and
translation. In addition, the ATP metabolic process, oxidative phosphorylation, the
citric acid (TCA) cycle, and the respiratory electron transport pathway, were also
significantly enriched. Furthermore, downstream analysis showed that the actin
cytoskeleton was potentially involved in human embryo hatching, as indicated by the
enriched regulation of the actin cytoskeleton pathway and process (ENAH, GSN,
CFL1, PFN1, GRB2, RANBP1, and ACTB) and the Rho cell motility signaling pathway
(GSN, CFL1, and PFN1) (Fig 6.B). The PPI network and MCODE analysis revealed
four densely connected gene networks (Supplementary Fig 4); module 3 (KRT7,
KRT8, CLDN4, KRT18, and AQP3) and module 4 (CFL1, PFN1, GSN, GRB2, TPI1,
ALDOA, CTSH, LGALS1, PLA2G15, AKR1A1, MYL6, and SPRY1) contained the
same genes as those shown in the list of genes related to mouse embryo (module C

and D).

Discussion

The phenomenon of blastocyst hatching still remains as one of the least studied
aspects of early mammalian development, despite the fact that it is of paramount
importance to implantation and pregnancy. Embryo hatching is likely to be a process
that is regulated by multiple factors. The potential mechanisms revealed by previous

studies of hatching includes embryo-derived proteases, the hydrostatic pressure
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caused by blastocyst expansion, regulatory molecules, and the cell movement caused
by cytoskeleton organization (1). However, most of the previous work on embryo
hatching only investigated a select number of molecules; the exact molecular network

and mechanisms involved still remain unclear.

Previous researchers aimed to investigate the transcriptome of hatching embryos by
using cDNA microarrays and by profiling gene expression levels between pre-hatched
and hatched in vitro cultured mouse blastocysts. However, the embryos in these two
groups were collected at different development timepoints (E4.0 and E4.5) (8).
Consequently, the results of this research could have been confounded since the
mouse embryo undergoes a dynamic genetic change from E3.5 to E4.5 (44). This
previous study revealed that some genes related to cell adhesion and migration, such
as E-cadherin and NCAM, are highly expressed in E4.5 hatched blastocysts (8);
However, these molecules were found to play a key role in blastocyst development
and linage segregation in a subsequent study (44). Thus, it is important to control the
study timepoint when investigating this transitory period of embryo hatching. In the
present study, we used blastocysts from the same culture timepoint (E4.5) but with a
different hatching status in order to avoid the confounding factor of different embryo

stage.

According to our RNA-seq results, we found that the cytoskeleton system is highly
involved in the blastocyst hatching process. The actin cytoskeleton system was first
related to hatching in a previous pioneering study that showed that the expression of
actin filaments rose significantly in TE cells and that the inhibition of actin
polymerisation by cytochalasin B could completely impede the hatching of mouse

embryos (45). Since then, two other molecules were demonstrated to be important in
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embryo hatching: SK3 (small-conductance calcium-activated K* channels 3) and
AmotL2 (angiomotin like 2). SK3 was demonstrated to regulate blastocyst hatching by
controlling the formation of F-actin (7). In addition, AmotL2 (angiomotin like 2) was
shown to be associated with E-cadherin and cytoskeletal actin; the tension generated
by E-cadherin/AmotL2/actin filament play a crucial role in generating the forces
required for hatching at the blastocyst stage in mouse embryos (46). In addition, these
authors showed that the genetic inactivation of AmotL2 could block mouse blastocysts
from hatching out of the ZP (7,46). Collectively, from previous data, it is implicated that
TE cells are capable of briefly modifying their actin network to produce actomyosin
contractility, thus forcing themself into shape during the hatching process. However,
the involved mechanism pathway has yet to be determined (7,46). In this present study,
we found that certain genes play a vital role in the hatching process, including Actb,
Myl6, Cfl1, Gsn, Pfnl, Arpc2, Rnd3, Grb2, Tubalb, Tpil, Shmtl, Ldirapl, and Tmsb10;
these genes act by participating in the re-organisation of the cytoskeleton, especially
with regards to actin polymerisation. Furthermore, IPA analysis suggested that the
active regulation of actin-based motility by Rho, especially the RhoA signalling
pathway, might represent the primary regulatory mechanism responsible for such
changes. It is known that the RhoA pathway plays a crucial role in actomyosin
contractility and does so by regulating cell motility, cell shape, and movement (47-49).
Thus, for the first time, we have demonstrated how this network (Arpc2, Cfl1, Gsn,
Myl6, Pfnl, Setp9, and Rnd3) might regulate actomyosin contractility via the RhoA

signaling pathway, thus participating in the blastocyst hatching process in mice.

In addition, TEPs have been observed during the hatching in many species (5,14);
however, the regulatory mechanisms underlying the biogenesis of TEPs remains

unknown. Our RNA-seq results revealed that genes related to podosomes (Actb, Gsn,
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and Arpc2) were upregulated in hatching embryos. Podosomes are the dynamic actin-
rich cellular protrusions that degrade the extracellular matrix through local proteolysis;
these structures consist of a dense core of F-actin and a ring structure of actin-
associated proteins (50). Considering the F-actin enriched structure in hatching
blastocysts and the ability of TEPs to degrade the matrix (51), it follows that
podosomes may be implicated in the biogenesis of TEPs during the hatching process.
Further studies, including immunoassays and functional assays, are now needed to

confirm this hypothesis.

ATP powers all the energy-dependent activity, such as the synthesis of protein, nucleic
acids, and all other molecules that make up organisms. In addition, ATP fuels transport
of molecules across the membrane, cell movement and cell division (52). During
embryo development, ATP production rises dramatically at the blastocyst stage, which
is predominantly derived by oxidative phosphorylation. The increased level of ATP
production at the blastocyst stage is due to the activity of Na*/K* ATPase, together
with the increased requirement for the synthesis of numerous macromolecules,
including DNA, RNA, protein, and lipid (53,54). In this study, genes related to ATP
metabolism were found to be upregulated in hatching blastocysts (Cox8a, Ndufa5,
Cox7c, Uqgcrh, and many ATP synthase coding genes). This suggested that ATP
metabolism was activated during the hatching process. It has been demonstrated that
most of the cellular ATP is utilized in protein synthesis via tRNA aminoacylation and
GTP regeneration (55). Consistently, we found that genes related to the biogenesis of
ribosomes and translation were upregulated in hatching blastocysts. Therefore, the
enhanced level of protein synthesis explains the high consumption of ATP during
embryo hatching, at least in part. Furthermore, ATP plays a vital role in the dynamics

of actin filaments in the cytoskeleton (56); the hydrolysis of ATP in actin flaments has
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been shown to modulate specific properties of the filament (actin polymerization), thus
providing a pivotal regulation role for the life cycle of actin (57). We also found that
genes related to the positive regulation of the cytoskeleton, along with actin
polymerization or depolymerization (Tmsb10, Pfnl, Gsn, Cfl1, Enah, Arpc2, Grb2, and
Semaba) were upregulated in hatching blastocysts. Thus, the enhanced activity of

actin cytoskeleton during embryo hatching may also require high production of ATP.

Another important factor that consumes ATP is the activity of Na*/K* ATPase, an
enzyme that is critical during blastocyst formation (58). Nevertheless, we observed no
differences in the Na*/K* ATPase subunit coding genes (Atplal, Atpla3, Atplbl,
Atplb2, and Atplb3) when compared between hatching and expanded blastocysts;
this suggested that the abundance of Na*/K* ATPase (at lease at mMRNA level) might
be not crucial for the hatching process. This hypothesis agreed with previous findings,
that once the blastocyst is fully expanded, Na*/K* ATPase activity decreases to basal

levels, and ATP is no longer required for Na*/K* ATPase (59).

Interestingly, our RNA-seq results identified an upregulated network of Aqp3, Cldn4,
Krtl18, Krt8, and Krt7. By participating in cell-cell junctions, water channel activity, and
water homeostasis, these genes might be heavily involved in blastocyst hatching. It is
known that aguaporins (AQP3/7) mediate water movement across the TE and that the
expression of Agp3 is influenced by osmotic challenges in mammalian cells (11,60).
Furthermore, a previous study demonstrated the establishment of tight junction seals
(TIP1/2 (Tight junction protein 1/2)) and CLDN4/6 (Claudin-4/6)) can block the
leakage of water during blastocyst formation (11,61,62). Recently, it has also been
found that all TE cells are covered with a dense keratin filament network during the

blastocyst stage (63). Together with the data revealed in the present study, these
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findings suggest that the elevated osmotic potential of an expanded blastocyst can
lead to an increase in the expression of Aqp3, thus further facilitating the flow of water
into the cavity. Combined with the reinforcement of cell-cell junctions by tight junctions
(Cldn4), and keratin filaments (Krtl8, Krt8, and Krt7), the further increase of
hydrostatic pressure created by the expanded blastocysts will inevitably lead to
embryo hatching. However, functional studies are now needed to investigate the

importance of AQP3, CLDN4, and keratin filament, in the blastocyst hatching process.

Gene analysis of embryo linage showed that 16 TE-specific genes were all
upregulated (i.e., Ctsh (cathepsin H), and Lgals1 (lectin, galactose binding, soluble 1)),
thus suggesting TE cells might be promoted in hatching blastocysts. This result is
consistent with previous findings in that enhanced TE development could lead to the
advancement of embryo hatching (64). Previously, the role of cathepsin P and L in
hatching was investigated in the golden Syrian hamster (14). Our RNA-seq dataset
demonstrated the increased expression of Ctsh in hatching blastocyst but not
cathepsin B and L (Ctsb and Ctsl). This result indicated the potential role of cathepsin
H in mouse embryo hatching. In addition, it was demonstrated that advanced TE
development improves blastocyst attachment and trophoblast outgrowth in vitro; this
may be related to the embryonic secretion of cathepsins and galectins (65-68).
Consistently, the RNA-seq data demonstrated the increased levels of Ctsh and Lgalsl
in hatching blastocysts, this providing a clue that cathepsin H and galectin-1 may
contribute to the hatching process or the preparatory process for early implantation in

mice.

Furthermore, for the first time, we revealed novel upstream regulators during the

hatching process by applying IPA software. Several transcription regulators were
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predicted to be activated in the hatching embryos. MYC/MYCN have been implicated
in the transcriptional regulation of several thousand genes involved in a wide range of
cellular process, including cell-cycle control, metabolism, signal transduction, self-
renewal, the maintenance of pluripotency, and the control of cell fate decision. MYC
clearly plays an essential role in the process that supports early embryonic
development and pluripotent stem cell biology (69). In this study, we found that
MYC/MYCN may also play a role in the embryo hatching process. In addition, NFE2L2
(known as NRF2) is a transcription factor that regulates the cellular defense response
and has been implicated to participate in early mouse embryo development by
affecting embryo cleavage and blastocyst formation (70). In this study, NFE2L2 was
also predicted to be active in hatching embryos by regulating downstream molecules

(Akrlal, Aldoa, Calml, Cox4il, Dadl, Ppib, Rpl18, Rpsl16, and Tpil).

Growth factors, including AGT (Angiotensin) and FGF2 (beta fibroblast growth factor),
were also found to positively regulate the hatching process in mouse embryos.
Upstream analysis showed that the activation of AGT might upregulate the expression
levels of Calm1, Cox4il, Cox7a2, Cox7c, Hmgb2, Pfnl, and Tbx20. This could explain
the previous finding that the supplementation of medium with angiotensin (Ang II)
could improve embryonic development and increase the hatching rate (71). FGF2, a
uterine factor, was previously found to be important for blastocyst formation (72,73). It
has been reported that FGF2/ FGFR2 may act in an autocrine manner and activate
the downstream PKC/p39 pathway during the formation of expanded mouse
blastocysts (74). Interestingly, our results further showed that FGF2, by targeting Agp3,

Tmsb10, Spryl, and Dadl, could also positively influence the hatching process.
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Apart from growth factors, the regulation of key hormones, including estrogen, PRL
(prolactin), and insulin, is also important for embryo hatching. Estrogen-related
receptors (ERRS) are nuclear receptors; there are three types of these receptors:
Esrra, Esrrb, and Esrrg (75). Studies involving knockout animals have revealed that
ERRs play a role in the regulation of metabolism and energy homeostasis. In particular,
Esrrb was demonstrated to be important in embryo development by sustaining
pluripotency and reprogramming (75). The present study, for the first time, showed
that Esrra, the gene most closely related to the estrogen receptor, was predicted to be
triggered in the hatching blastocyst, by actively regulating Aldoa, Atp5flb, Atp5mcl,
Atp5pb, Atp5po, Cox7c, Cox8a, and Ndufa5. Furthermore, the estrogen receptor was
also found to actively regulate the expression of Cldn4, Krt18, Krt7, Krt8, and Tmeff1.
These findings are consistent with a previous study in which the treatment of hamster
embryos with an estrogen receptor-a (ER-a) antagonist induced a profound reversible
inhibition of blastocyst hatching, thus indicating the definitive regulatory role of ER-a
in the hatching process (5). Collectively, the available data suggests that estrogen, by
activating Esrra and the estrogen receptor, can promote the hatching of mouse

embryos in vitro.

PRL has been previously reported to be involved in blastocyst formation, as
demonstrated by higher blastocyst rates when PRL was added to the culture medium
(76). Furthermore, it was recently demonstrated that PRL signaling could stimulate the
adhesion of blastocysts by promoting integrin-based focal adhesion and cytoskeletal
organization during blastocyst outgrowth; it was also found that the addition of PRL to
culture medium significantly increased human blastocyst outgrowth (77). Our results
demonstrated that PRL could improve embryo hatching by targeting Actb, Atp5h,

Cox4il, Tmsb10, and Tubalb. This may also explain the improved blastocyst
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outgrowth shown in a previous study (77). Similarly, insulin also plays a role in embryo
development, since the in vitro development of mouse embryos could be enhanced
by the addition of insulin to the culture medium (78). Furthermore, it was shown that
the proportion of hatching embryos was increased when insulin was added to the
culture medium (78). In line with these findings, the analysis of upstream regulators
in the present study suggested that insulin can positively regulate embryo hatching by
targeting Actb, Aldoa, Atp5mcl, Cox7c, Mdh2, Ppib, and Rpl32. Previously, Igflr
signaling was demonstrated to be indispensable for preimplantation mouse embryo
development (79). Studies in mouse and feline embryos further suggested that IGF-
1 supplementation in culture medium improved the in vitro preimplantation
development of embryos (80,81). Interestingly, we found that IGF1R, by regulating

some genes related to metabolism, may also improve the embryo hatching process.

The RNA-seq and upstream analysis described herein demonstrate the connection
between maternal hormones, growth factors, and the embryo hatching process. These
findings could explain the observed difference between in vitro and in vivo hatching
rates (82). In addition, this study identified potential genes for future investigations;
studying these genes may enhance our understanding of how this upstream regulator
is involved in embryo development, hatching and implantation. Furthermore, these
hormones and growth factors might represent promising supplementation for in vitro
culture media to enhance the efficiency of embryo hatching, although future studies

now need to verify these findings in human embryos.

Many studies have investigated the human embryo linage and differentiation
mechanisms using NGS techniques; however, there are no human data available that

can allow us to profile transcriptomic regulation in the hatching process. It is known
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that the human blastocyst hatches out from the ZP between E5 to E7 (1); thus, in this
study, we compared our hatching-related gene dataset with a human developmental
progression-related (from E5 to E7) gene dataset. We identified 81 common DEGs
that may be involved in human embryo hatching. In addition, we also found that these
DEGs were mainly TE-specific genes; thus, suggested that the TE is the main cell
type participating in the hatching process in human embryos. The downstream
analysis of these common DEGs suggested that ribosome biogenesis and translation,
ATP metabolism, and regulation of the cytoskeleton, are important processes in the
hatching of human blastocysts. In addition, according to these common DEGs, we
also identified similar vital gene networks that may be important in the hatching
process for human embryos, including genes related to water homeostasis and cell-
cell junctions (AQP3, CLDN4, KRT18, KRT8, and KRT7) and genes related to the
regulation of the cytoskeleton (e.g., CFL1, PFN1, MYL6, and GRB2). This study, for
the first time, identified a suite of potential genes that participate in the hatching
process of human embryos; however, future studies with donated human embryos are
now necessary to study the specific role of these genes and investigate the underlying

mechanisms.

Conclusion

This is the first study to characterise the transcriptome of mouse blastocysts during in
vitro hatching by applying RNA-seq. Our findings indicated that the in vitro hatching of
mouse embryos is an ATP-dependent process and that protein biosynthesis and the
organization of the cytoskeleton play critical roles. The findings described herein also
identified the novel genes, pathways, and upstream regulators, that are involved in the
dynamic process of hatching, thus serving as the basis for further investigations

targeted to the hatching mechanism. Furthermore, this study identifies candidate
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molecules for future research relating to the human embryo hatching mechanism,

which could potentially help to develop diagnostic methods or therapeutic targets to

improve the competence of embryos for implantation.

F&S Science Clinical Quick Take

RNA-seq data analysis revealed that the in vitro hatching of mouse blastocysts is
an ATP-dependent process, and that protein biosynthesis and the cytoskeleton
organization are highly activated. In addition, RhoA signaling could also be a vital
regulatory pathway that participates in the hatching process.

Key networks of genes involved in the regulation of cytoskeleton organization (e.qg.,
Actb, Myl6, Cfl1, Gsn, and Rnd3) and cell-cell junction and water homeostasis (Krt8,
Krt7, Krtl8, Cldn4, and Agp3) are implicated in the mouse hatching process.
Upstream regulators, such as transcription factors (MYC and MYCN), growth
factors (AGT and FGF2), and endocrine factors (oestrogen receptor, Esrra, and
PRL, insulin, and IGF1R), are predicted to regulate hatching in mouse embryos.
We identified potential genes involved in the human embryo hatching process;

these represent candidate molecules for further human research.
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Figure legends
Figure 1 Differentially expressed genes (DEGs) and the linage-specific genes

(A) A volcano plot for DEGs: the x-axis shows the fold change in gene expression
between samples, and the y-axis shows the statistical significance of the differences.
The significantly up- and downregulated genes are highlighted in red and blue,
respectively (adjusted P value<0.05). The top 50 genes by fold change are marked by
gene name. The gray points represent non-significant DEGs. (B) Heatmap of relative
expression level of the DEGs between hatching and pre-hatching blastocysts from all
samples (pre-hatching (green) and hatching (blue) blastocysts). (C) A venn diagram
of the DEGs and the ICM or TE-specific genes. (D) Heatmap of the expression of
embryos lineage-specific genes among the DEGs between hatching and pre-hatching
blastocysts. For the heatmap plots, yellow represents elevated levels (red was the
highest level), while blue represents the decreased levels. The intensities were
normalized for each gene in each row; samples and genes were clustered according
to their similarity in profile using hierarchical cluster analysis. The annotation on the
top showing clustering of the samples.

Figure 2 The downstream functional analysis of the DEGs

(A) The annotated Gene Ontology (GO) biological process term network of DEGs: the
enriched terms are represented as separately nodes and organized into a network
with edges connecting overlapping gene sets. The node sizes represent the gene
numbers, and the term enrichment significance is represented by the colour (adjusted
P value). (B) The top-ranked canonical pathways and (C) upstream regulators
generated in Ingenuity Pathway Analysis (IPA). For each enriched pathway and
regulators, the enrichment significance is plotted by a bar (-log(P-value)), and the
predicted activity is presented in different colours (activated (orange), inhibited (blue),
no predicted activity (gray), and Z-score=0 (white)). The Z-score of each predicted

pathway is plotted by a red dot (x-axis above).

Figure 3 MCODE (molecular complex detection) analysis based on the PPI

(protein-protein interaction) network
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The nodes modules generated from PPI network using MCODE. The red nodes
represent the up-regulated DEGs, the blue nodes represent the down-regulated DEGs,
and the saturation of nodes indicates the absolute value of logFC (fold change); lines
represent the interaction relationship between nodes. Module (A) contained 103 nodes,
and 1805 edges; module (B) had 35 nodes and 176 edges; module (C) had 12 nodes

and 16 edges; and module (D) contained 5 nodes, and 6 edges.
Figure 4 Validation of DEGs generated by RNA-sequencing using qRT-PCR

(A) The mRNA expression of 12 genes was detected using gRT-PCR. The amount of
MRNA was quantified by measuring the cycle threshold (Ct) value. Relative
expression of each transcript was normalized to mean Ct value of two housekeeping
gens, and the ACt values of each sample were normalized to the mean ACt values of
all pre-hatching samples (AACt). Data presented as mean = SD, and statistical
analysis was carried out using the unpaired t-test to compare pre-hatching and
hatching groups (*P<0.05). (B) The correlation between RNA-seq and qRT-PCR gene
expression (R?=0.93, P<0.0001)

Figure 5 The common DEGs between mouse hatching and human

developmental progression-related gene lists and the downstream analysis

(A) The common DEGs representation through the Venn diagrams: the common
DEGs between mouse embryo hatching-related and the human development
progression-related gene lists (A-1), the common DEGs between mouse embryo
hatching-related and human lineage-related gene lists in E6 vs E5 (A-2) and E7 vs E5
(A-3). (B) the downstream analysis of these common DEGSs, including pathway

analysis (B-1) and the GO term analysis (B-2).
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Supplementary:

Figure S.1 Representative images of mouse blastocysts for RNA-seq

experiment

Representative images for the frozen-thawed 8-cell embryo (E2.5), the early
blastocyst at 24h of culture (E3.5) (400x magnification), and the pre-hatching and
hatching blastocyst at 48h of culture (E4.5) (200x magnification) used in RNA-

sequencing experiment (scale bar=50 pum).
Figure S.2 The advance quality control of RNA-seq data

The RNA-seq data was assessed from the read assignment by category (A, B), and
the spearman correlation (C, D). The two outliners were marked in (A) and (C). For
the name of each sample, the first and second number represents the embryo batch,

and embryo number.

Figure S.3 The GO term analysis of cell components (CC) and molecular
function (MF)

The enriched CC terms and MF terms are represented as separately nodes and
organized into a network with edges connecting overlapping gene sets. The node
sizes represent the gene numbers, and the term enrichment significance is

represented by the colour (adjusted P value).

Figure S.4 The PPI network of mouse hatching-related genes (A), and the
common DEGs between mouse hatching and human developmental

progression-related gene lists (B)

(A) The red nodes represent the up-regulated DEGSs, the blue nodes represent the
down-regulated DEGs, and the saturation of nodes indicates the absolute value of
logFC (fold change); lines represent the interaction relationship between nodes. (B)
The PPI network of the common DEGs (B-1), and the node modules generated by
MCODE analysis (B-2). Module 1 contained 35 nodes, and 284 edges; module 2 had
9 nodes and 19 edges; module 3 had 5 nodes and 7 edges; and module 4 contained
12 nodes, and 16 edges.
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