Theriogenology 245 (2025) 117527

Contents lists available at ScienceDirect

THERIOGENOLOGY

Theriogenology

ELSEVIER journal homepage: www.theriojournal.com

Original Research Article ' :.)

Check for

KHDC3 affects the lineage differentiation of early embryo by regulating the "=
differential distribution of YAP signal

Qian Xu®', Yuling Lin b1 Lina Yu®, Yang Zhang®, Na Kong°, Guijun Yan *>%,

Haixiang Sun®, Guangyi Cao *-"*“%""

2 Center for Reproductive Medicine and Obstetrics and Gynecology, Nanjing Drum Tower Hospital, Affiliated Hospital of Medical School, Nanjing University, Nanjing,
210008, China

Y State Key Laboratory of Reproductive Medicine and Offspring Health, Center for Reproductive Medicine and Obstetrics and Gynecology, Nanjing Drum Tower Hospital
Clinical College of Nanjing Medical University, Nanjing, 210008, China

¢ Center for Molecular Reproductive Medicine, Nanjing University, Nanjing, 210008, China

4 Jiangsu Human Reproductive Function Remodeling Engineering Research Center, Nanjing, 210008, China

ARTICLE INFO ABSTRACT

Keywords: Hydatidiform mole (HM) is characterized by abnormal fetal tissue loss and placental villous trophoblastic hy-
Hydatidiform mole perplasia, indicating aberrant early embryonic cell fate differentiation. Clinical observations linking KH Domain
Embryo

Containing 3 (KHDC3) mutations to complete hydatidiform mole (CHM) suggest a potentially unforeseen role for
KHDC3 in early embryonic development. Single-cell transcriptome analysis of early embryos revealed notable
heterogeneity in KHDC3 expression levels from the 8-cell to blastocyst stage. Initial investigations indicated that
varying KHDC3 expression levels at the 8-cell stage could influence the Yes-associated protein (YAP) signaling
pathway. Knocking down KHDC3 in individual blastomeres at the 2-cell stage resulted in reduced blastocyst
formation rates. Khdc3-knockdown (Khdc3-KD) embryos exhibited disruptions in embryonic cell lineage differ-
entiation, characterized by decreased expression of the inner cell mass (ICM) marker organic cation/carnitine
transporter 4 (OCT4) and diminished differential expression of the trophectoderm (TE) marker caudal type
homeobox 2 (CDX2). The nuclear entry of phosphorylated YAP in outer cells is pivotal for inducing lineage
differentiation. Intriguingly, in Khdc3-KD morulae, a significant reduction in the nuclear entry of phosphorylated
YAP in outer cells was observed. Moreover, KHDC3 knockdown simultaneously impaired cortical actin cap
formation during the morula stage. Forces generated at the apical cortex during this process segregate cells into
inner and outer positions within the embryo, thereby influencing ICM versus TE fate specification. Our research
underscores the role of KHDC3 in modulating the YAP signaling pathway to establish distinct inner and outer cell
distributions during the morula stage, consequently influencing early embryonic lineage differentiation.
Nevertheless, the precise mechanism by which KHDC3 influences the YAP signaling pathway via the actin
cytoskeleton remains to be fully elucidated. Given the severity of recurrent miscarriages associated with KHDC3
mutations, elucidating the distinctive role of KHDC3 in early embryonic development warrants further
investigation.

Cell lineage
Khdc3
YAP

1. Introduction trophoblastic hyperplasia and pronounced interstitial edema [1,2].
Epidemiological studies indicate significant regional variation in HM

Hydatidiform mole (HM), one of the most common gestational incidence worldwide, ranging from 0.2 to 9.9 per thousand pregnancies
trophoblast diseases, is primarily characterized by abnormal fetal [3]. In North America and Europe, the estimated incidence is 60-120
development or tissue loss, accompanied by placental villous cases per 100,000 pregnancies [4]. However, higher rates are observed
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in Asia, potentially linked to genetic factors, with reported incidences of
approximately 0.5 % in China, 1.3 % in Indonesia, and 0.19-0.49 % in
Japan [5-9]. Consequently, HM poses a serious threat to female fertility.

Among HM subtypes, complete hydatidiform mole (CHM) is char-
acterized by trophoblastic proliferation and complete deletion of the
epiblast (EPI). These evidences suggest abnormal lineage differentiation
during the development of human CHM. Following zygotic genome
activation, differences emerge between embryonic cells, eventually
forming three distinct cell lineages: the extraembryonic trophectoderm
(TE), the primitive endoderm (PrE), and the embryonic EPI. They are
specified by undergoing two rounds of separation [10]. The first lineage
separation was marked by the differentiation of blastomeres into the
inner cell mass (ICM) and TE between morula and blastocyst. The em-
bryo begins to show polarity during this stage. In the outer cells of the
embryo, unphosphorylated Yes-associated protein 1 (YAP1) is trans-
located into the nucleus and interacts with TEA domain family member
4 (TEADA4) transcription factors to promote TE-specific gene expression,
including caudal type homeobox 2 (Cdx2) and GATA binding protein 3
(Gata3) and inhibit the expression of pluripotency related genes sex
determining region Y-box 2 (Sox2) [11-14]. In inner cells, phosphory-
lated YAP1 is confined outside the nucleus, preventing the induction of
TE-specific gene expression [13]. Lineage tracing of mice showed that
TE produced the placenta, and ICM produced all tissues of the fetus and
some outer membrane tissues of the embryo [15]. During the second
lineage separation, ICM would separate into PrE and EPI. PrE-cells
mainly develop into the extraembryonic endoderm layers of the
visceral and parietal yolk sacs after implantation in mice, while EPI cells
are pluripotent and eventually constitute fetal tissue [10,16,17].

While the precise cause of abnormal lineage differentiation in CHM
remains unclear, maternal gene mutations are identified as the most
significant risk factor for familial recurrent hydatidiform mole. In 2011,
Parry and his colleagues found that KH domain containing 3-like
(KHDC3) gene mutation could lead to recurrent hydatidiform mole
[18]. Approximately 10-14 % of biparental hereditarily CHM is related
to KHDC3 mutations. Besides, several different KHDC3 mutation sites,
leading to recurrent hydatidiform mole, has been reported so far
[18-20]. However, the pathogenesis of human recurrent hydatidiform
mole caused by KHDC3 gene mutation remains poorly understood.

Current studies of KHDC3 mainly focus on its role during oocyte
maturation. For example, KHDC3 has been identified as one of the main
components of the human subcortical maternal complex (SCMC). The
SCMC complex consists of several maternal protein [21]. SCMC is a key
protein complex essential for oocyte maturation, oocyte zygotic transi-
tion and embryo development [21]. Furthermore, KHDC3 can interact
with poly(ADP-ribose) polymerase 1 (PARP1), stimulating its enzymatic
activity and thereby reducing DNA damage in mouse embryonic stem
cells [22-24].

This project focuses on investigating the critical role of Khdc3 in the
lineage differentiation and embryo polarity during early mouse em-
bryonic development, according to the typical feature of trophoblast
hyperplasia in human CHM. We aim to determine whether the loss of
Khdc3 affects blastomere cell fate decisions during embryo lineage dif-
ferentiation. We hypothesize that, following the completion of maternal-
to-zygotic transition at the 2-cell stage, the absence of KHDC3 would
disrupt embryonic lineage differentiation from the 8-cell stage to the
blastocyst stage. This disruption may provide a mechanistic explanation
for why KHDC3 mutations cause CHM. Our goal is to elucidate the
mechanism of HM caused by KHDC3 mutation, providing insights for the
clinical diagnosis and treatment of recurrent HM and informing genetic
counseling.

2. Materials and methods
2.1. Experimental design

Following data analysis revealing the expression trend of KHDC3,
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subsequent experiments were designed to specifically ablate its signifi-
cant influence from the 2-cell to blastocyst stage. This design was
motivated by both the observed differential expression of KHDC3 be-
tween blastomeres and established reports highlighting its critical role
in the oocyte-to-embryo transition (oocyte to zygote) [25]. Embryos of
consistent quality were obtained via IVF. To experimentally induce
asymmetry between blastomeres, control siRNAs or Khdc3-targeting
siRNAs was microinjected into single blastomere at the late 2-cell stage.
This timing was chosen to ensure complete separation of the two blas-
tomeres. Embryos were injected with control siRNAs served as the
control group, while those injected with Khdc3-targeting siRNA consti-
tuted the Khdc3-knockdown group. Following injection, embryos were
cultured further and collected at the E3.5 and E4.5 stages for evaluation.
These embryos were subjected to immunofluorescence, quantitative
RT-PCR, and transcriptome sequencing analyses to comprehensively
assess the impact of KHDC3 knockdown on early embryonic develop-
ment. Fig. 4A was the experimental design diagram.

2.2. Animals

All animal experiments were conducted in accordance with the
guidelines of the Animal Care and Use Committee of Nanjing Drum
Tower Hospital (2025AE01013). The C57BL/6 mice were purchased
from Beijing Vital River Laboratory Animal Technology Company. The
mice were fed a regular diet and placed in a room with a 12:12-h light-
dark cycle control at 22 °C strictly.

2.3. Embryo acquisition and culture

The methods for embryo acquisition and culture refer to the article
already published by the previous research [26]. 8-week-old female
B6D2F1 mice and 12-week-old male B6D2F1 mice were used in the IVF
experiments. Female mice were treated with 10 IU of serum gonado-
tropin (Ningbo Sansheng Biotechnology Co., LTD., Veterinary drug No.
110914564). After 48 h, these mice were injected with 10 IU chorionic
gonadotropin (Ningbo Sansheng Biotechnology Co., LTD., Veterinary
medicine word 110911282) for superovulation. Fifteen hours after
chorionic gonadotropin injection, MII oocytes were collected from the
ampulla of the fallopian tube and transferred to G-IVF™ PLUS supple-
mented with HSA (Vitrolife Sweden, REF 10136, Balance overnight at
37 °C and 5 % CO; before use). For 1h after the capacitation of sperm,
the MII oocytes of female B6D2F1 mice were fertilized with epididymal
sperm of male B6D2F1 mice in the G-IVF™ PLUS. Four to 6 h after
fertilization, the fertilized oocytes were washed and cultured in the
G-1™ PLUS supplemented with HAS (Vitrolife Sweden, REF 10128,
overnight equilibrium at 37 °C, 5 % CO-, before use). The embryos used
in the experiment were all of high quality and had the same develop-
mental starting point. The embryos of zygotic, two-cell, four-cell,
eight-cell, morula and blastocyst stages were collected at 8h, 24h, 36h,
48h, 60h and 72h after fertilization, respectively.

2.4. Antibodies

The following antibodies were used in this study. ECAT1/KHDC3
antibody (AP11238a; dilution: IF 1:200; WB 1:1000; Abcepta).
Rhodamine-Phalloidin (YP0063-50T; dilution IF 1:300; US EVER-
BRIGHT®INC).ProLong™ Gold AntiFade with DAPI (P36931; Invi-
trogen). OCT4 (ab181557; dilution 1:300; abcam). CDX2 Antibody
(3977; dilution 1:200; Cell signaling technology).YAP(AB535096; dilu-
tion 1:200; Abnova). Phospho-YAP(Ser127)(PA5-114675; dilution
1:200; Thermo Fisher Scientific).p-Actin Mouse Monoclonal Antibody
(AF0003; dilution 1:2000; Beyotime). Anti-mouse IgG Antibody
(ZB2305; dilution 1:10000; Nakasugi Golden Bridge).Alexa Fluor 488
goat anti-rabbit IgG (A11008; dilution 1:1000; Thermo Fisher Scienti-
fic).Alexa Fluor 594 donkey anti-mouse IgG(A21203; dilution 1:1000;
Thermo Fisher Scientific).
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2.5. Microinjection

Mouse embryos were microinjected with about 10 pl siRNA (25 pM),
a mix pool of three sequence, through FemtoJet microinjector (Eppen-
dorf, Germany) during the 2-cell stage. The siRNA was purchased,
diluted with RNase-free water and stored at —80 °C.

The siRNA 5 -3 sequence of Khdc3 is as follows: F1: GCAGCUAU-
GUCAUAGUUCATT, R1: UGAACUAUGACAUAGCUGCTT; F2: CCCU-
GAUACAUGUGAACGUTT, R2: ACGUUCACAUGUAUCAGGGTT; F3:
CAAGGUACCUUAUUUGAAATT, R3: UUUCAAAUAAGGUACCUUGTT.
The control embryos were injected with control siRNAs (GenePharma,
China). The embryos were cultured in an incubator at 37 °C (5 % Oz, 5 %
CO2, 90 % N2) and keep recorded.

2.6. Immunofluorescence

Embryo were fixed at room temperature with PBS containing 4 %
paraformaldehyde (PFA) for 30 min. The samples were then permeated
with 0.5 % Triton X-100 at room temperature for 20 min and blocked
with PBS containing 5 % FBS at room temperature for 1 h. The primary
antibody was incubated at 4 °C overnight, and washed with PBST (PBS
containing tween-20) three times. The secondary antibody was incu-
bated at room temperature and shielded from light for 1 h. The embryos
were washed three times without light. The embryo sample was placed
on a slide and sealed with ProLong™ Gold anti-quenching tablet
(including DAPI). Imaging was performed using a laser scanning
confocal microscope (Leica STELLARIS, Germany). Photos were taken
using z stacks. Continuous images were obtained from the presence of a
positive signal until the positive signal disappears and then super-
imposed. The software that comes with Leica was used to measure the
fluorescence intensity.

2.7. Quantitative RT-PCR

Single cell sequence specific amplification kit (P621; Vazyme) was
used to achieve embryo cDNA according to the instructions. The primers
to be tested were mixed into a primer pool (the final concentration of
each is 0.1 pM). Ten morulas were used in average in each sample group.
Embryos that degenerated due to the injection operation itself were all
excluded. The reaction system of cell sample and primer pool was
configured in the Nuclease-free centrifuge tube, and amplification was
performed according to the 16 cycles as suggested. The cDNA was used
for subsequent differential gene expression analysis. The cDNA was used
for fluorescence quantitative PCR on LightCycler 480 II (Roche). Gene
expression was normalized to 18s. The expression level of the gene was
determined by 2—AACt. The primers used in qPCR were listed in
Table S1.

2.8. RNA-seq

The RNA-seq library was established using commercial kits (N712;
Vazyme; TD503; Vazyme). The embryos after microinjection at the 2-
cell stage were cultured till morula stage. Each sample contained five
morulae. Three samples were collected in both control and Khdc3-KD
group and cleaved with 18 pL lysis buffer containing 2 pL RNase in-
hibitor (all provided by N712 kit). Full-length cDNA was amplified using
N712 kit. According to the recommendations in the instruction manual,
15 cycles were used for full-length cDNA amplification. After that, 1 ng
DNA was recommended as the guidance to prepare DNA library using
TD503 kit. The library was sequenced using Illumina HiSeq X Ten
platform. The differentially expressed genes were analyzed and
normalized using R package Deseq-2 (v1.28.1). Gene enrichment anal-
ysis of different-expressed transcripts was performed on David platforms
(https://david.nciferf.gov/) and Metascape (https://metascape.org/)
[27-29].
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2.9. Immunoprecipitation-mass spectrometry (IP-MS)

Ovaries were collected from 3-week-old ICR female mice 44-46 h
after injection of PMSG. Every group contained 10 ovaries. The steps of
IP are briefly described as follows: Beads were used to pre-clean the lysis
first. The KHDC3 antibody and IgG were each incubated with ovarian
lysate, and then magnetic beads are added to obtain complexes. The
coprecipitated proteins were then analyzed by mass spectrometry
(Thermo ScientificTM QExactiveTM HFX). The mass spectrometry data
were studied using Proteome Discovery 2.4.

2.10. Statistical analysis

Student’s t-test was used to evaluate differences between 2 groups.
Multiple comparisons between more than 2 groups were analyzed by
one-way ANOVA followed by Tukey’s honest significant difference
(HSD) test using Prism 5.0. The differences of P < 0.05 were considered
to be significant. Data are expressed as mean + SEM from at least three
independent experiments.

3. Results
3.1. Expression of KHDC3 in early human embryonic development

Considering that KHDC3 mutations can lead to recurrent hydatidi-
form mole, we first reviewed the reported phenotypic consequences of
these mutations. In addition to recurrent HM and recurrent pregnancy
loss, KHDC3 mutations also result in early embryonic developmental
arrest (Fig. 1A,B) [30]. Combining the main clinical manifestations of
recurrent hydatidiform mole, characterized by excessive proliferation of
trophoblast layer and absence of epiblast, these phenotypes collectively
suggest that KHDC3 may disrupt lineage differentiation during early
embryonic development.

To comprehensively characterize the dynamic expression pattern of
Khdc3 during early embryonic development, we reanalyzed the ribo-
some profiling sequencing data of Khdc3 and SCMC major components
at various stages of early embryonic development (GSE165782) [31].
We found that the expression of other major SCMC components peaked
before the 4-cell stage. In contrast, Khdc3 exhibited minimal expression
before the 4-cell stage, initiated expression from the 8-cell stage, and
increased significantly in ICM (Fig. 2A). Integration of single-cell tran-
scriptomic data from individual blastomeres (GSE45719) [32]
confirmed that KHDC3 indeed began to express from the 8-cell stage at
the single blastomere level, persisting until the late-blastocyst stage
(Fig. 2B-D).

3.2. The differential expression of KHDC3 between different blastomeres
affects the activation of the YAP/TAZ signaling pathway

From the 8-cell stage, Khdc3 expression became increasingly het-
erogeneous between blastomeres, and this differential expression
continued to expand until the late-blastocyst stage (Fig. 3A). To quantify
single-cell variability, we compared standard deviations of Khdc3
expression within individual embryos across developmental stages.
Importantly, despite the increase in Khdc3 expression at the single-cell
level, the standard deviation of Khdc3 within individual embryos also
significantly increased (Fig. 3B and C).

To further elucidate the reason for the differentiation of Khdc3
within the 8-cell stage, we compared the transcriptomic differences
between Khdc3-high and Khdc3-low blastomeres at the 8-cell stage. We
found that genes stimulated by YAP/TAZ signaling pathway were
significantly activated in Khdc3-high cells (Fig. 3D and E).

Moreover, Khdc3 exhibited varying expression levels in different
cells of each blastocyst (Fig. S1A). Through gene ontology enrichment
analysis in different cells, it was observed that differentially expressed
genes were primarily involved in cellular response to DNA damage
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A
Arg6Leufs*7 Thr99Arg lle100Argfs*2 E150_V160del E150_V172del A201G
M1V Q15Rfs*25 Ar%m\‘N108llefs*30 D108IfsX30 152_175del A154P
1 40 03 217
RNA binding domain KH domain
B
No Sequence variation Amino acid change  Zygosity Phenotype Ref.
1 c.44delA p.Q15Rfs*x25 Hom Early embryonic arrest Wang et al, 2018
2 €.322_325delGACT Het Recurrent pregnancy loss Fatemi et al, 2021
3 ¢.322_325delGACT p.Asp108llefs*30 Hom Recurrent hydatidiform moles/Recurrent pregnancy loss Parry et al, 2011; Fatemi et al, 2022
4 c.1A>G Het Recurrent hydatidiform moles Parry et al, 2011
5 c1A>G p.M1V Hom Recurrent hydatidiform moles Fallahi et al, 2020
6 c.3G>T Hom Recurrent hydatidiform moles Parry et al, 2011
7 €.299_302delTCAA p.lle100Argfs+2 Hom Recurrent hydatidiform moles Reddy et al, 2013
8 ¢.17_20delGGTT p.Arg6Leufs*7 Hom Recurrent hydatidiform moles Rezaei et al, 2016
9 c.349+1G>A splicing variant Hom Recurrent hydatidiform moles Rezaei et al, 2016
10 c.448-480del33 p.E150_V160del Het Recurrent pregnancy loss Zhang et al, 2019
11 c.448_516del69 p.E150_V172del Het Recurrent pregnancy loss Zhang et al, 2019
12 c.602 C>G p.A201G Het Recurrent pregnancy loss Jietal,2019
13 €.296C>G p.Thr99Arg Het Beckwith-Wiedemann syndrome (BWS) Pignata et al, 2022
14 c.232C>T p.Arg78Ter Hom Recurrent hydatidiform moles Rath et al,2023
15  c1A>G/c.322_325delGACT p.D108IfsX30 Het Recurrent hydatidiform moles Fallahian et al,2013
16 c.456_524del p.152_175del Het Hydatidiform mole Yang et al, 2022
17 c.460G > C p.A154P Het Hydatidiform mole Yang et al, 2022

Fig. 1. | Summary of abnormal early human embryonic development caused by clinical KHDC3 mutations (A) Identified sites of KHDC3 mutations reported in
clinical cases. (B) Tabulated data on mutation sites, amino acid alterations, zygosities, associated phenotypes, and relevant studies.

stimulus (Fig. S1B and S1C).

3.3. Knockdown of Khdc3 in a single blastomere of two-cell embryos
disrupts early embryonic development

To further elucidate the impact of differential Khdc3 expression in
individual blastomeres on early embryonic development, we micro-
injected Khdc3-targeted siRNA into single blastomeres of 2-cell mouse
embryos (Fig. 4A). This manipulation led to a significant decrease in
Khdc3 mRNA expression in the Khdc3-knockdown (Khdc3-KD) morulae,
with immunofluorescence confirming diminished KHDC3 protein at the
eight-cell stage (Fig. 4B-D). In examining the distribution of KHDC3 in
eight-cell embryos, we assessed the fluorescence intensity of KHDC3
along an axis passing through the central point of the embryo. The X-axis
denoted the distance to the subcortical region of the morula, while the Y-
axis represented the fluorescence intensity of KHDC3. Compared to the
control group, the Khdc3-KD group exhibited significantly reduced
fluorescence intensity both at the central region and near the periphery
of the embryo (Fig. 4E-G). Khdc3-KD embryos exhibited relative
developmental delays. In comparison to the control group, the Khdc3-KD
morulae exhibited a lower rate of blastocyst formation at 84 h post-
fertilization. Furthermore, at 96 h post-fertilization, the Khdc3-KD em-
bryos showed a higher rate of embryonic degeneration (Fig. 4H-I).

3.4. Transcriptome sequencing revealed abnormalities in cell polarity and
lineage differentiation pathways in Khdc3-KD morulae

Transcriptome suggests that, in comparison to the control group
morulae, the Khdc3-KD morulae exhibited significant upregulation of
360 genes and downregulation of 713 genes (Fig. 5A-C). Gene set
enrichment analysis (GSEA) revealed upregulation of pathways
including “mitotic cell cycle arrest”, “establishment of epithelial cell
polarity” and “regulation of trophoblast cell migration”, while “cell fate
specification” was significantly suppressed (Fig. 5D-G). These pathways
are closely related to early embryonic lineage differentiation. Further

validation through q-RT-PCR confirmed the altered expression of genes
associated with embryonic differentiation and development. It was
observed that the expression of genes related to “cell fate specification,”
such as Oct4 and Wnt3a, was reduced in the Khdc3-KD group (Fig. 5H).
To further elucidate how Khdc3 regulates early embryonic lineage dif-
ferentiation, considering the challenges in obtaining embryos and the
abundant expression of Khdc3 in oocytes, immunoprecipitation and
mass spectrometry were employed to identify potential proteins inter-
acting with KHDC3 in the ovary. Among these proteins, those linked to
pluripotency may warrant special attention, as these pluripotency genes
are also involved in epiblast formation and lineage differentiation
(Fig. 5I.

3.5. Khdc3 knockdown inhibits the formation of ICM in E3.5 blastocyst

To elucidate the impact of Khdc3 knockdown on the formation of the
ICM, we investigated the expression of OCT4, a crucial transcription
factor for the ICM (Fig. 6A). The overall expression of OCT4 was
significantly decreased in E3.5 embryos in the Khdc3-KD group.
Furthermore, both the quantity and the percentage of OCT4-positive
cells in E3.5 embryos exhibited a significant reduction in the Khdc3-
KD group (Fig. 6B-D).

3.6. Khdc3 knockdown affected the differentiation of trophoblast cells in
E4.5 blastocyst

Following Khdc3 knockdown, only a small portion of blastocysts
could hatch. This raises the question of whether these hatching blasto-
cysts exhibit abnormalities in lineage differentiation. To investigate the
impact of Khdc3 knockdown on trophoblast cell differentiation, we
focused on CDX2, a transcription factor specific to trophoblast cells, in
E4.5 blastocysts and measured the fluorescence intensity of CDX2 per
cell in each embryo (Fig. 7A). While the expression of CDX2 was slightly
reduced in Khdc3-KD blastocysts, the standard deviation of CDX2
expression in each cell showed significant variation (Fig. 7B,C).
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Fig. 2. | KHDC3 Expression in pre-implantation early embryos (A) Expression levels of SCMC components in early mouse embryos inferred from ribosomal tran-
scriptomes. PN3: pro-nucleus stage 3; PN5: pro-nucleus stage 5. (B) Principal Component Analysis (PCA) of mouse single-cell blastomeres at various early embryo
developmental stages. (C) Khdc3 expression in mouse single-cell blastomeres at different early embryo developmental stages. (D) Violin plot depicting the relative
expression levels of Khdc3 in individual blastomeres at different developmental stages of early mouse embryos.

3.7. Khdc3 knockdown suppressed the differential expression and
localization of YAP/p-YAP in inner and outer cells of the morula

Through immunofluorescence analysis, we confirmed the expression
and phosphorylation status of YAP in both control and Khdc3-KD
morulae (Fig. 8A). Evidently, in the control group, YAP was predomi-
nantly localized in the nucleus of outer cells, while phosphorylated YAP
was confined outside the nucleus in the inner cells. However, in the
Khdc3-KD morulae, this distinct distribution pattern was notably dis-
rupted (Fig. 8A,B). Notably, the overall fluorescence intensity of YAP
was diminished in the Khdc3-KD morulae (Fig. 8C). Moreover, the
average fluorescence intensity of each cell in the Khdc3-KD morulae was
significantly lower compared to the control group (Fig. 8D).

3.8. Khdc3 knockdown altered the expression and distribution of F-actin
in the morula

RNA-seq analysis of Khdc3-KD morulae revealed a significant down-
regulation of the “positive regulation of actin filament bundle assembly”
pathway (Fig. 9A). Immunofluorescence analysis confirmed a distinct
reduction in the expression of F-actin, particularly in the Khdc3-KD
group where abnormal cortical actin cap formation was evident, char-
acterized by a decreased intensity of the actin cap (Fig. 9B-F).

4. Discussion

KHDC3 mutations represent a significant etiological factor in recur-
rent miscarriage and early embryonic arrest. However, the mechanistic
basis for KHDC3-related developmental abnormalities remains unclear.
This study focuses on investigating how KHDC3 regulates early em-
bryonic development through lineage specification and YAP/TAZ
signaling modulation.

Through transcriptome analysis of individual blastomeres, we
observed an increase in Khdc3 expression post 8-cell stage, accompanied
by expression variations among blastomeres. It is known that the 8-cell/
morula stage is a critical period for blastomere polarity and cell fate
determination [11-14]. Thus, our results may suggest a potential asso-
ciation between high Khdc3 expression levels and cellular lineage dif-
ferentiation. To further dynamically capture subtle changes of KHDC3 at
the single blastomere level, we carefully reanalyzed the data published.
Our finding clearly indicates that Khdc3 undergoes expression differ-
entiation after the 8-cell stage. Genes stimulated by YAP/TAZ signaling
pathway were significantly activated in Khdc3-high cells. The activation
of the YAP/TAZ signaling pathway is crucial for embryonic polarization,
indicating a potential association between the differential expression of
Khdc3 and cell polarization during the 8-cell stage.

Next, we herein proved that embryo with reduced Khdc3 expression
exhibited a significantly decreased rate of blastocyst formation. Clini-
cally, recurrent miscarriages caused by Khdc3 mutations are
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characterized by excessive proliferation of trophoblast cells and the
absence of the epiblast. This severe phenotype indicates a possible
disruption in early embryonic lineage differentiation. Just as our
sequencing results suggest, knocking down Khdc3 in a single blastomere
at the two-cell stage caused the expression of related genes in the

“mitotic cell cycle arrest”, “establishment of epithelial cell polarity” and

“regulation of trophoblast cell migration” pathway was upregulated.
However, the expression of genes related to the “cell fate specification”
pathway was downregulated. The decreased mRNA levels of genes such
as OCT4, a molecular marker for the ICM in the “cell fate specification”
pathway, further reveal that the deletion of KHDC3 may lead to ICM
differentiation disorders. The OCT4 protein level also reduced in Khdc3-
KD blastocysts congruously. In addition, Six1 and its family are also
important upstream genes for the differentiation and development of
other cells, regulating the expression of other important transcription
factors and thus participating in the determination of cell fate [33,34].
Acvrl and Cdon have been confirmed to be involved in cell differentia-
tion and fate determination [35,36].Timp1 and Gjal are proposed to be
related to oocyte and embryo developmental competence [37-39].
These all strongly suggests that KHDC3 plays an important role in the
lineage differentiation process, especially from 8-cell to blastocyst, and
may influence the fate of cells from different lineages.

According to our results, we considered that KHDC3 impacts the
expression of lineage differentiation-related molecules by influencing
the YAP/TAZ pathway. The differentiation of early embryonic lineages
is highly regulated by the YAP/TAZ signaling pathway. YAP phos-
phorylation governs its movement between the nucleus and cytoplasm.

Unphosphorylated YAP enters the nucleus to stimulate trophoblast cell-
specific gene expression and suppress the expression of pluripotency-
related genes in the outer cells of the embryo, while phosphorylated
YAP remains outside the nucleus in the inner cells [8-10,24]. Under
physiological conditions, unphosphorylated YAP1 translocates into the
nucleus in the outer cells of the embryo, interacting with TEAD4 to
promote TE-specific gene expression, including Cdx2 and Gata3. This
process leads to fate divergence between inner and outer cells of the
embryo [11-14]. However, in our study, following KHDC3 knockdown,
the gap in unphosphorylated YAP1 expression between inner and outer
cells of the embryo significantly narrows. This inhibition of the differ-
ences between inner and outer cells drives the morula towards homo-
geneity. Consequently, this outcome leads to abnormal blastocyst
lineage differentiation. Recently, it has been suggested that the epiblast
(EPI) cells of diapause embryos maintain survival through
YAP-mediated signaling [40]. YAP-knockout dormant embryos showed
a significant decrease in the number of EPI cells and the development of
EPI in diapause embryos was also strongly dependent on YAP signaling
[40]. This suggests that YAP signaling plays an unexpected role in early
embryonic lineage differentiation. The YAP signaling is highly associ-
ated with integrin receptors. The establishment of EPI polarity is also
considered dependent to the integrin activity [41]. Integrin is important
for the establishment and correct organization of EPI during blastocyst
development and maturation [42]. Therefore, the effects of Khdc3 on
early embryonic development and polarity establishment need to be
further explored.

In addition, KHDC3 is an important component of SCMC. No
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additional role of SCMC members in the early embryonic lineage dif-
ferentiation was observed in our outcomes. As a maternal protein, the
transcript is thought to be degraded during meiosis maturation but the
protein persists during early embryonic development [43]. The fertility
of female mice with Khdc3 biallelic knockout was seriously decreased,
which did not affect oocyte development, ovulation, fertilization, and
two-cell ratio, but led to delayed embryo development and affected the
number of morula and blastocyst [44]. Khdc3 therein was considered
important in maintaining embryo euploidy by involving in spindle for-
mation and the spindle assembly checkpoint (SAC). Whether SCMC
plays an important role in the determination of embryonic cell fate re-
mains to be further studied.

Furthermore, it was observed in our study that at the blastocyst
stage, cells with varying levels of Khdc3 expression exhibited signifi-
cantly different levels of pathways associated with DNA damage
response. This may suggest that the differential expression of Khdc3 in
each cell of blastocyst may be linked to the DNA damage stimulus
received and the varied response to DNA damage. The functional
investigation of KHDC3 focuses on regulating DNA damage response

across multiple tiers. In studies involving embryonic stem cells (ESCs),
KHDC3 was found to engage in cell cycle surveillance and DNA damage
repair by interacting with PARP1, markedly enhancing PARP1 enzyme
activity [22-24]. Additionally, KHDC3 plays a role in repairing damage
at DNA double-strand break sites through a PARP1-independent
pathway [45]. The involvement of KHDC3 in repairing DNA damage
in Epiblast cells and maintaining genomic integrity necessitates further
scrutiny.

5. Conclusion

In summary, we have established the significant heterogeneity in
Khdc3 expression levels among individual blastomeres from the 8-cell to
blastocyst stages. KHDC3 influences the differentiation of early embryos
by affecting the differential distribution of the inner and outer layers
during the morula stage through the YAP pathway. Nonetheless, it re-
mains uncertain whether KHDC3 impacts the YAP pathway by modu-
lating the actin cytoskeleton. Given the severity of recurrent
miscarriages resulting from KHDC3 mutations, the distinctive role of
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