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STUDY QUESTION: Can whole exome sequencing (WES) followed by trio bioinformatics analysis identify novel pathogenic genetic
causes of first trimester euploid miscarriage?

SUMMARY ANSWER: We identified genetic variants in six candidate genes that indicated plausible underlying causes of first-trimester
euploid miscarriage.

WHAT IS KNOWN ALREADY: Previous studies have identified several monogenic causes of Mendelian inheritance in euploid miscar-
riages. However, most of these studies are without trio analyses and lack cellular and animal models to validate the functional effect of pu-
tative pathogenic variants.

STUDY DESIGN, SIZE, DURATION: Eight unexplained recurrent miscarriage (URM) couples and corresponding euploid miscarriages
were included in our study for whole genome sequencing (WGS) and WES followed by trio bioinformatics analysis. Knock-in mice with
Rry2 and Plxnb2 variants and immortalized human trophoblasts were utilized for functional study. Additional 113 unexplained miscarriages
were included to identify the mutation prevalence of specific genes by multiplex PCR.

PARTICIPANTS/MATERIALS, SETTING, METHODS: Whole blood from URM couples and their <13 weeks gestation miscarriage
products were both collected for WES, and all variants in selected genes were verified by Sanger sequencing. Different stage C57BL/6J
wild-type mouse embryos were collected for immunofluorescence. Ryr2N1552S/þ, Ryr2R137W/þ, Plxnb2D1577E/þ, and Plxnb2R465Q/þ point
mutation mice were generated and backcrossed. Matrigel-coated transwell invasion assays and wound-healing assays were performed using
HTR-8/SVneo cells transfected with PLXNB2 small-interfering RNA and negative control. Multiplex PCR was performed focusing on RYR2
and PLXNB2.

MAIN RESULTS AND THE ROLE OF CHANCE: Six novel candidate genes, including ATP2A2, NAP1L1, RYR2, NRK, PLXNB2, and
SSPO, were identified. Immunofluorescence staining showed that ATP2A2, NAP1L1, RyR2, and PLXNB2 were widely expressed from the
zygote to the blastocyst stage in mouse embryos. Although compound heterozygous mice with Rry2 and Plxnb2 variants did not show em-
bryonic lethality, the number of pups per litter was significantly reduced when backcrossing Ryr2N1552S/þ

# with Ryr2R137W/þ
$ or

Plxnb2D1577E/þ
# with Plxnb2R465Q/þ

$ (P< 0.05), which were in accordance with the sequencing results of Family 2 and Family 3, and the
proportion of Ryr2N1552S/þ offspring was significantly lower when Ryr2N1552S/þ female mice were backcrossed with Ryr2R137W/þ male mice
(P< 0.05). Moreover, siRNA-mediated PLXNB2 knockdown inhibited the migratory and invasive abilities of immortalized human
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trophoblasts. Besides, additional 10 variants of RYR2 and PLXNB2 were detected in 113 unexplained euploid miscarriages by
multiplex PCR.

LIMITATIONS, REASONS FOR CAUTION: The relatively small number of samples is a limitation of our study which may result in
the identification of variants in unique candidate genes with no definitive although plausible causal effect. Larger cohorts are needed to rep-
licate these findings and additional functional research is needed to confirm the pathogenic effects of these variants. Moreover, the se-
quencing coverage restricted the detection of low-level parental mosaic variants.

WIDER IMPLICATIONS OF THE FINDINGS: For first-trimester euploid miscarriage, variants in unique genes may be underlying ge-
netic etiologies and WES on trio could be an ideal model to identify potential genetic causes, which could facilitate individualized precise di-
agnostic and therapeutic regimens in the future.
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Introduction
Miscarriage is a common distressing pregnancy disorder that affects
15–25% of pregnant women (Practice Committee of the American
Society for Reproductive Medicine, 2012). In clinical practice, �80% of
miscarriages occur within the first trimester of pregnancy (Sarah et al.,
2018). Although most miscarriages are sporadic, 1–5% of couples suf-
fer from two or more consecutive miscarriages, a scenario that is diag-
nosed as recurrent miscarriage (RM) (Practice Committee of the
American Society for Reproductive Medicine, 2020; Quenby et al.,
2021). Multiple factors, including embryo aneuploidy, uterine anatomic
abnormalities, autoimmune disorders, thrombophilia, endocrine disor-
ders, and infection, have been causatively linked to RM. However,
nearly 50% of RM lack a clear etiology; these are termed as unex-
plained RM (URM) (Kaandorp et al., 2010). Data supporting familial
predisposition in RM pedigrees highlight the contribution of genetic fac-
tors to pregnancy loss (Christiansen et al., 1990; Kolte et al., 2011),
and 60% of miscarriages are associated with chromosomal abnormali-
ties of embryos (Kolte et al., 2015; Qiao et al., 2016). However,
whether additional genetic factors, such as genetic variants, are re-
sponsible for URM still needs further investigation (Zhao et al., 2021).

Next-generation sequencing (NGS), including whole genome se-
quencing (WGS) and whole exome sequencing (WES), has emerged
as an efficient approach for screening potential pathogenetic variants at
the single-nucleotide level. For RM patients, preimplantation genetic
testing for aneuploidy (PGT-A) has been utilized as a therapeutic inter-
vention, since PGT-A can preclude the transfer of mosaic/aneuploid
embryos for transfer, thereby avoiding miscarriages caused by embryos
with chromosome abnormalities (Bhatt et al., 2021; Eggenhuizen et al.,
2021). However, miscarriages still occur in some RM patients who
underwent PGT-A treatment, highlighting the necessity of revealing un-
known embryonic lethal copy number variants or single-nucleotide var-
iants (SNVs) that may be causative factors of euploid miscarriages. A
deeper understanding of the genetic causes of euploid miscarriages
could help advance diagnostic and therapeutic strategies for URM clini-
cal management.

WES is widely utilized to detect pathogenetic mutations located
within exons, and its application in genetic determinants of diseases
could be very helpful, especially considering that �85% of human ge-
netic diseases occur in the exons of genes. Recent WES studies have
identified several novel genetic causes for euploid miscarriages (Qiao
et al., 2016; Quintero-Ronderos et al., 2017; Zhao et al., 2021), includ-
ing compound heterozygous mutations of DYNC2H1 and ALOX15
(Qiao et al., 2016). Moreover, mutations in genes essential for devel-
opment, such as KIF14, CEP55, STIL, FOXP3, GLE, RYR1, and POMT1,
have been identified as novel causative genetic factors of second tri-
mester miscarriages by sequencing several different combinations of
RM specimens (Rajcan-Separovic, 2020). Although previous studies
have identified candidate genetic causes of euploid miscarriages, the in-
terpretation of these findings was primarily based on WES results in
miscarriage products per se, lacking evidence from RM couples to iden-
tify the hereditary feature of SNVs. Genetic sequencing of both RM
couples and their euploid miscarriages followed by trio bioinformatics
analysis could effectively benefit the identification of genetic causes
(Yates et al., 2017). Even though it would be ideal to sequence DNA
samples from both partners in RM couples and all their miscarriages,
in practice, it is more feasible to collect and sequence DNA from both
partners and one of their corresponding miscarriage tissues (Rajcan-
Separovic, 2020).

In the present study, we collected blood samples from eight URM
couples and their euploid miscarriage products after PGT-A treatment.
Using WGS and WES sequencing data of DNA prepared from these
URM couples and miscarriages for trio analysis, we aimed to identify
novel pathogenic genes and variants that are associated with miscar-
riages with euploid embryos. To verify the phenotypes of putatively
pathogenic variants, we also generated knock-in mice to examine mis-
carriage and development-related phenotypes. Furthermore, we
screened other variants in candidate genes in euploid miscarriages by
multiplex PCR, which could provide further evidence supporting the
causative role of mutations of these genes in euploid miscarriage. A
better understanding of the genetic causes of euploid RM could
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promote the development of individualized, precise diagnostic and
therapeutic regimens for URM couples.

Materials and methods

Subjects
URM couples with normal karyotypes, aged under 36 years old, who
experienced more than two historical consecutive miscarriages and
underwent PGT-A treatments followed by subsequent miscarriages at
the Reproductive Hospital affiliated to Shandong University from
January 2014 to December 2017 were included. All of the transferred
embryos were euploid, which was verified by both PGT-A and genetic
testing of miscarriage products based on Affymetrix microarrays. The
exclusion criteria were as follows to eliminate interference from fac-
tors known to cause miscarriage: (i) female patients >36 years old;
(ii) patients diagnosed with uterine cavity abnormalities such as con-
genital uterine anomalies, endometrial polyps, or adenomyosis;
(iii) patients with chromosome abnormalities; (iv) females diagnosed
with thrombophilia, diabetes, hypothyroidism, or autoimmune disease;
(v) patients diagnosed with infectious disease (bacterial vaginosis, syphi-
lis, human cytomegalovirus, parvovirus B19, etc.) within three months;
and (vi) endometrial thickness <0.7 cm under the transplantation cy-
cle. Finally, eight couples and their miscarriage products after PGT-A
treatment were included for WGS, WES, and trio bioinformatics
analysis. Whole blood from URM couples (anticoagulated by EDTA)
and their <13 weeks of gestation miscarriage products previously
assessed by PGT-A (based on the low-coverage WGS with a depth
<1�) were both collected.

To test the carriage rate of putatively pathogenic variants in unex-
plained first trimester miscarriages, 1261 first trimester villi that had al-
ready undergone genetic tests based on the MiSeq or NextSeq 500
platform at the same hospital from September 2018 to September
2021 were screened. Aneuploids and mosaics, miscarriages whose
parents had abnormal or unknown karyotypes, novel maternal risks
(such as uterine cavity abnormalities, thrombophilia, thyroid dysfunc-
tion, and autoimmune disease), or without available clinical tests for
maternal risks were excluded. Finally, 113 unexplained miscarriage first
trimester villi specimens were successfully included for further analysis
using multiplex PCR.

This study was approved by the Ethics Committee of the
Reproductive Medicine Center of Shandong University, and informed
consent was obtained from all patients.

WGS and data analysis
For WGS and WES, genomic DNA was extracted from peripheral
blood and miscarriage product samples using MagPure Tissue & Blood
DNA LQ Kits (Magen, Beijing, China) following the manufacturer’s
instructions. The ends of the DNA fragments were repaired, and
Illumina Adaptor was added (Fast Library Prep Kit, iGeneTech, Beijing,
China). After the sequencing library was constructed, paired-end se-
quencing (150 bp) was performed on the Illumina NovaSeq 6000 plat-
form (Illumina, San Diego, CA, USA). The read depth is estimated to
be 1�, and we finally obtained �3 GB of data per individual. Quality
control and trimming of raw data were processed by FastQC software

and Trimmomatic software (Bolger et al., 2014). Then, clean reads
were mapped to the reference genome GRCh37 using Burrows–
Wheeler Aligner (BWA) (Li and Durbin, 2009). CNV calling was per-
formed using low-coverage massively parallel CNV sequencing (Liang
et al., 2014). CNVs were selected if they were detected only in mis-
carriages but not in parents (i.e. overlap ratio <50%) and their popula-
tion maximum allele frequencies in gnomAD database
(GD_POPMAX_AF) were below 0.01. Selected CNVs were further
annotated using AnnotSV (Geoffroy et al., 2018) and CNVs annotated
as ‘likely pathogenic’ or ‘pathogenic’ were retained for subsequent
analysis.

WES and variant prioritization
Using the sequencing library built during WGS, whole exons were cap-
tured with an AIExome Enrichment Kit V1 and sequenced on an
Illumina NovaSeq6000 platform (Illumina, San Diego, CA, USA) in
150-bp paired-end mode. We finally obtained �12 GB of data per in-
dividual, with over 97% of the exome covered by more than 20 reads.
Quality control and trimming of raw data were processed by FastQC
software and Trimmomatic software (Bolger et al., 2014). Then, clean
reads were mapped to the reference genome GRCh37 by using BWA
(Li and Durbin, 2009). After removing duplications, the Genome
Analysis Toolkit (GATK) (DePristo et al., 2011) was used for variant
calling and called variants were annotated using Annovar (Wang et al.,
2010) and snpEff (Cingolani et al., 2012). Variant filtering and prioritiza-
tion were performed in multiple steps based on predicted variant im-
pact, inheritance pattern, and allele frequency; briefly, candidate
pathogenic variants were prioritized based on (i) variant type, including
missense, nonsense on protein, frameshift, and splice-site variants;
(ii) variant impact predicted to be protein damaging or pathogenic by
at least one of eight tools, including SIFT, Polyphen2, LRT, Mutation-
Taster, MutationAssessor, FATHMM, fathmm-MKL, and/or Combined
Annotation Dependent Depletion (CADD) (Ng and Henikoff, 2001;
Chun and Fay, 2009; Schwarz et al., 2010; Adzhubei et al., 2013;
Gnad et al., 2013; Kircher et al., 2014; Shihab et al., 2013, 2015);
(iii) inheritance pattern including de novo, autosomal recessive, X-
linked, or compound heterozygous inheritance models; (iv) minor
allele frequency (MAF) in the East Asian population of gnomAD,
1000 genomes, and ExAC database <0.01 de novo mutations and
MAF <0.05 for variants in other inheritance patterns; (v) number of
homozygous East Asian individuals �3 in the gnomAD exome data-
base; and (vi) finally, since the equivalent age of mice and humans
cannot be based on the percent of elapsed pregnancy (Otis and
Brent, 1954), genes harboring candidate variants were manually
reviewed for their functional relevance to embryo development or
embryonic lethality during whole gestation based on literature and
databases, including PubMed, OMIM, ClinVar, human gene mutation
data (HGMD), GeneCards, and UniProtKB. Candidate pathogenic
variants in relevant genes were confirmed using Sanger sequencing
of the miscarriage products and their parents. Furthermore, the
remaining variants were classified according to the American
College of Medical Genetics and Genomics/Association for
Molecular Pathology (ACMG/AMP) guidelines (Richards et al.,
2015).

Novel genetic causes of euploid miscarriage 1005
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.Sanger sequencing
The sequenced data were aligned to the reference genome
(GRCh37). Primers flanking the SNVs were created using MFEprimer-
3.0 software (Wang et al., 2019) for the variants in selected genes by
WES. All the primers and PCR conditions are available on request.
The amplicons were purified and sequenced using an ABI 3730XL
Sequencer (Applied Biosystems, Foster City, CA, United States). The
primer sequences of the remaining SNVs in six genes are shown in
Supplementary Table SI.

Variant mapping and evolutionary
conservation analysis
Variant mapping and all structure figures were generated by PyMOL.
Variant mapping was conducted utilizing the published porcine RyR2
(PDBID: 5GOA) and human SERCA2 (5ZTF) and the structures from
AlphaFold for PLXNB2, NRK, and NAP1L1, whose structures were
resolved. Evolutionary conservation analysis was performed with
Clustal Omega and Jalview software.

Embryo immunofluorescence microscopy
The mouse embryos were washed in washing buffer, phosphate-
buffered saline (PBS) containing 0.01% Triton X-100 (v/v) and 0.1%
Tween 20 (v/v), and then fixed in 4% paraformaldehyde/PBS (w/v)
for 30–40 min. Fixed embryos were next permeabilized with 1%
Triton X-100/PBS (v/v) for 40 minutes, except embryos for PLXNB2
staining. After blocking in 1% bovine serum albumin (BSA)/PBS (w/v)
for 1 h, the embryos were incubated with primary antibodies against
ATP2A2 (Abcam, ab150435, 1:100), RyR2 (19765-1-AP, Proteintech,
1:100), NAP1L1 (14898-1-AP, Proteintech, 1:100), and PLXNB2
(10602-1-AP, Proteintech, 1:100) diluted in 1% BSA/PBS for 1 h.
Thereafter, the embryos were stained in FITC-conjugated secondary
antibody (A11008, Invitrogen, USA) at a 1:800 dilution and
TRITC-phalloidin (R415, Invitrogen, USA) at a 1:400 dilution for
45 min and washed in washing buffer three times. Finally, the nuclei
were stained with DAPI (p36935, Invitrogen, USA) for 10 min. All
steps were performed at room temperature. Images were captured
with a Dragonfly spinning disk confocal microscope (Andor
Technology Ltd, North Ireland, UK) and processed using Imaris. The
same experiment was independently repeated three times, and each
developmental stage was stained for >30 embryos. Details of the
in vitro fertilization and embryo culture protocols are reported in the
Supplementary Materials and methods.

Generation of point mutant mice and
validation
Ryr2N1552S/þ, Ryr2R137W/þ, Plxnb2D1577E/þ, and Plxnb2R465Q/þ knock-in
mice were constructed by the CRISPR/Cas9 technique (Cyagen,
Suzhou, China). The gRNAs, donor oligos containing each mutant, to
Plxnb2 (p.D1577E and p.R465Q) or Ryr2 (p.N1552S and p.R137W)
gene, and Cas9 was coinjected into fertilized mouse eggs to generate
targeted knock-in offspring. Genotyping was performed by PCR from
genomic DNA of mouse tails followed by Sanger sequencing. The
method is shown in Supplementary Fig. S1, and the primers are shown
in Supplementary Table SII. All genetically altered mice had a back-
ground of C57BL/6J. WT mice for experiments were purchased from

the Beijing Vital River Laboratory Animal Technology Company. Mice
were housed at 22§ 2�C controlled room temperature with a 12/
12 h light/dark cycle and free access to water and food. All animal
experiments were performed in accordance with the ethical guidelines
approved by the Animal Care and Research Committee of
Shandong University. From the F2 generation, Ryr2N1552S/þ and
Ryr2R137W/þ mice were mated to each other and WT mice, and the
offspring genotypes were validated by sequencing using correspond-
ing primers. The Plxnb2D1577E/þ and Plxnb2R465Q/þ point mutant
mice were mated in the same process. The detailed methods of
reproductive performance and fertility testing are recorded in the
Supplementary Materials and methods.

Matrigel-coated transwell invasion assay
Cell invasion was assessed using Matrigel-based transwell inserts and
HTR-8/SVneo cells were transfected with small-interfering RNA (see
Supplementary Materials and methods). The lower chamber (24-well
plate) was filled with 750 ll of DMEM/F12 medium with 10% FBS.
Approximately 8 �104 of HTR-8/SVneo cells in 250 ll DMEM/F12
medium with 0.1% FBS were placed into the upper transwell compart-
ment. The upper chamber membrane was precoated with 50 ll of
Matrigel (Corning, 354230, USA) at 37�C overnight. The nonmigrated
cells were removed from the upper chambers with a cotton-tipped
swabs after 36 h of incubation. Cells that invaded across the mem-
brane were fixed with cold methanol, and nuclei were then stained
with Hoechst 33258 (Sigma-Aldrich, 94403, USA). Finally, the average
number of invaded cells was counted in five randomly selected fields
per insert captured by Olympus B53 fluorescence microscopy at a
magnification of 100�.

Wound-healing assay
HTR-8/SVneo cells were seeded in a six-well plate and cultured
under a humidified atmosphere of 5% CO2 at 37�C. The mono-
layers were then scratched vertically using a 200-ml sterile pipette
tip, and any floating cells were washed off with PBS. Subsequently,
the cells were photographed after 12, 24, 36, and 48 h at a
magnification of 40�. The cell migration area was measured
using ImageJ software. For further details on HTR-8/SVneo cell
culture and viability assessments, please refer to Supplementary
Materials and methods.

Multiplex PCR
Genomic DNA was extracted from villi of 113 unexplained first tri-
mester miscarriages using a TIANamp Genomic DNA Kit (Tiangen,
DP304, China). Then, sequencing libraries were generated using
MultipSeqCustom Panel (iGeneTech, Beijing, China) following stan-
dard procedures, and amplified enriched DNA was subjected to
NGS on the Illumina HiSeq2500 platform. Raw data were processed
similarly to WGS. We only considered nonsynonymous variants in
exonic regions that were absent or MAF< 0.01 in the East Asian
population of gnomAD v2.1.1, 1000 genome, and ExAC database
as well as predicted to be damaging in at least one computational
tool, including SIFT, PolyPhen-2, MutationTaster2, and CADD
(score >15).

1006 Wang et al.

https://academic.oup.com/humrep/article-lookup/doi/10.1093/humrep/dead039#supplementary-data
https://academic.oup.com/humrep/article-lookup/doi/10.1093/humrep/dead039#supplementary-data
https://academic.oup.com/humrep/article-lookup/doi/10.1093/humrep/dead039#supplementary-data
https://academic.oup.com/humrep/article-lookup/doi/10.1093/humrep/dead039#supplementary-data
https://academic.oup.com/humrep/article-lookup/doi/10.1093/humrep/dead039#supplementary-data
https://academic.oup.com/humrep/article-lookup/doi/10.1093/humrep/dead039#supplementary-data
https://academic.oup.com/humrep/article-lookup/doi/10.1093/humrep/dead039#supplementary-data
https://academic.oup.com/humrep/article-lookup/doi/10.1093/humrep/dead039#supplementary-data


..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..Statistical analysis
Data are expressed as the mean § SD of at least three independent
experiments. A Chi-squared test or Fisher’s exact test was applied to
compare qualitative variables and genotype/allele frequencies. For
quantitative variables, statistical significance was determined using an
unpaired t-test or one-way ANOVA. The Mann–Whitney U test or
Kruskal–Wallis test was performed to analyze nonnormally distributed
variables. All statistical tests were two-tailed. GraphPad Prism was
employed for statistical analysis. Means were considered significantly
different if P< 0.05, and columns without letters in common are signif-
icantly different.

Results

Specimen characteristics of eight URM
families
A total of eight URM couples and their euploid miscarriages were
included for NGS. All female patients were under 36 years old, and
miscarriages with previous PGT-A assessments that excluded aneu-
ploid embryos were obtained between 8 and 12 weeks of gesta-
tion. WES and low-coverage WGS were performed for all the
specimens. Two families were excluded for excessive CNVs in mis-
carriages based on WGS data. The remaining six families did not
have pathogenic CNVs related to miscarriages and thus were
included in the trio-WES analysis (Supplementary Table SIII).
Nine variants in six candidate genes from four families were
verified successfully by Sanger sequencing. The flowchart and base-
line characteristics of these four families are shown in Fig. 1 and
Table I.

WES identified novel candidate genes for
euploid miscarriages
The identified variants in six novel candidate genes are shown in
Table II, including two de novo heterozygous mutations in ATP2A2
(MIM 108740) from Family 1 and NAP1L1 (MIM 164060) from Family
2, three compound heterozygous mutations in RYR2 (MIM 180902),
PLXNB2 (MIM 604293), and SSPO (MIM 617356) from Family 2–4,
and one X-linked mutation in NRK (MIM 300791) from Family 2.
These candidate genes are further described below. The results of
Sanger sequencing along with the structural analysis of candidate genes
are shown in Fig. 2, and the evolutionary conservation is shown in
Supplementary Fig. S2. For de novo heterozygous mutations, the read
depth of the mutated allele in each parent was manually checked to
detect parental mosaicism. We found that the read depth of the mu-
tated allele in each parent is �1, suggesting that the identified muta-
tions in miscarriages are more likely to be de novo mutations rather
than a consequence of low-level mosaicism in parents (Supplementary
Table SIV) (Acuna-Hidalgo et al., 2015).

i. ATP2A2: ATP2A2 encodes sarco (endo) plasmic reticulum Ca2þ

ATPase (SERCA2) with two isoforms, muscle-specific SERCA2a and
ubiquitous SERCA2b (Periasamy and Kalyanasundaram, 2007), and
functions to reuptake Ca2þ into the sarco/endoplasmic reticulum
through hydrolysis of ATP. SERCA2 knockout zebrafish died at 6 days
postfertilization, and targeted mutation is embryonic lethal (Shull et al.,
2003; Ebert et al., 2005). Heterozygous mutants of ATP2A2 might also
impair cardiac contractility and relaxation (Periasamy et al., 1999). We
detected a heterozygous de novo SNV of ATP2A2 (p.T357I) in Family 1.
This change in amino acids induced hydrogen bond reduction (Fig. 2B).

ii. RYR2: RYR2 encodes one of the three subtypes of ryanodine receptors,
which are L-type voltage-dependent Ca2þ channels in the sarcoplasmic
reticulum. RyR2 is enriched in the myocardium to maintain the pivotal
excitation–contraction coupling of cardiomyocytes through the
calcium-induced calcium release process and is necessary for cardiac
development (Takeshima et al., 1998; Priori and Napolitano, 2005).
RYR2 mutations are pathogenic for catecholaminergic polymorphic ven-
tricular tachycardia and atrial fibrillation (Kushnir et al., 2018). Ryr2�/�

mice exhibit embryonic lethality (Takeshima et al., 1998). The two var-
iants in RYR2 (p.R137W and p.N1551S) we identified are both located
in the hotspot mutation regions, the N-terminal domain, which is the
hotspot mutation region (Peng et al., 2016).

iii. NAP1L1: NAP1L1, a member of the NAP1 gene family, is expressed
ubiquitously in all tissues and mainly participates in nucleosome assem-
bly and cell proliferation that are attributable to regulation (Okuwaki
et al., 2010; Yan et al., 2016). Nap1l1 knockout mice showed deficien-
cies in embryonic neurogenesis and decreased birth rate (Qiao et al.,
2018). The de novo variants c.161A>G, p.E54G from Family 2 were
predicted to change the electric potential from positive to moderate in
the patch (Fig. 2B).

iv. PLXNB2: PLXNB2 belongs to a transmembrane family of plexin pro-
teins that are widely expressed in various mammalian organs. PLXNB2
has a unique role in the development of cerebellar granule cells. In
mice, it is expressed from embryo to adult (Perälä et al., 2005) and
plays an essential role in both central and peripheral neural system de-
velopment, involving neuronal migration, synaptogenesis, and axonal
guidance regeneration (Saha et al., 2012; Van Battum et al., 2021), or
as a receptor of angiogenin (Yu et al., 2017). Most Plxnb2�/� mouse

Figure 1. Flowchart for identifying putatively pathogenic
variants and candidate genes by WGS and WES in URM
families. URM, unexplained recurrent miscarriage; WES, whole
exome sequencing; WGS, whole genome sequencing.
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..embryos, especially in the C57BL/6 strain, show cephalic neural tube
closure defects, leading to perinatal lethality or abnormal nervous sys-

tem development (Deng et al., 2007; Van Battum et al., 2021). In

Family 3, the euploid miscarriage contained a compound heterozygous
mutation in PLXNB2 (p.D1573E and p.R463Q).

v. NRK: As our sequencing results showed, the embryo from Family 2

was male, and we detected an SNV (rs758879022) located in exon 18
of NRK, which is an X-linked gene. NRK has been suggested to partici-

pate in the developmental process of the spongiotrophoblast layer, a
region derived from the fetus whose loss and expansion could cause

embryonic lethality, overgrowth of the fetus, or abnormal delivery

(Denda et al., 2011), potentially by regulating placental cell proliferation
by modulating AKT signaling (Lestari et al., 2022).

vi. SSPO: SSPO, a high-molecular-weight glycoprotein, is required for

central nervous system development, especially in aggregation to
form Reissner fiber, which impairs the body axis during embryonic

development (Lu et al., 2020; Rose et al., 2020). Mutation of SSPO

is associated with the etiology of human idiopathic scoliosis (Rose
et al., 2020). Homozygous sspo mutant zebrafish died around 10

days postfertilization (Cantaut-Belarif et al., 2018). Our results
showed that in Family 4, the euploid miscarriage carried a com-

pound heterozygous mutation in SSPO from its parents, carrying

two SNVs, p.R3960H and p.S4104T, respectively. Of note, similar
to the variants in NRK, p.S4104T of SSPO was not conserved in

mammals.

The expression patterns of the identified
candidate genes in early mouse embryos
To elucidate the expression patterns of these proteins encoded by
genes we identified during early embryo development, we performed
immunofluorescence staining in mouse preimplantation embryos to ex-
amine the expression of ATP2A2, RyR2, NAP1L1, and PLXNB2, but

not SSPO due to a lack of available efficient antibody. As shown in
Supplementary Fig. S3, ATP2A2 and RyR2 were primarily localized to
the cytoplasm, and PLXNB2 was mainly localized to the cell mem-
brane. Our data show that the expression level of NAP1L1 was higher
in the cytoplasm than in the nucleus during the early embryonic stage,
which is consistent with previous findings in neural progenitor cells
(Qiao et al., 2018). Each protein was continuously expressed from the
zygote to the blastula stage in mouse embryos, and we did not ob-
serve expression level differences between the inner cell mass and
trophectoderm.

Genotypes of offspring from crosses of
heterozygous point mutant mouse parents
matched Mendelian inheritance
To further evaluate the potential causative roles of variants located
in RYR2 and PLXNB2 in euploid miscarriage, we generated four Ryr2
and Plxnb2 point mutant knock-in mice (Supplementary Fig. S1). The
offspring of backcrossing Ryr2N1552S/þ with Ryr2R137W/þ parents and
Plxnb2D1577E/þ with Plxnb2R465Q/þ parents followed Mendelian he-
redity (Table III) and showed normal morphology and weight at six
weeks after birth, which indicates that the Plxnb2D1577E/R465Q and
Ryr2N1552S/R137W mutations did not induce embryonic lethality in
mice under regular conditions without an environmental burden
(Supplementary Fig. S4). Interestingly, when Ryr2N1552S/þ female
mice were backcrossed with Ryr2R137W/þ male mice, the birth rate
of Ryr2N1552S/þ offspring was significantly lower (10% vs 25%,
P¼ 0.02, n¼ 5, Table III). Although the underlying mechanisms still
need to be further revealed, our findings suggest that the concurrent
presence of these two variants might exert potential roles in regulat-
ing maternal endometrial condition or fetal Ryr2N1552S/þ mouse
development.

.............................................................................................................................................................................................................................

Table I Clinical characteristics of unexplained recurrent miscarriage couples with verified candidate genes.

Family ID Family 1 Family 2 Family 3 Family 4

Female age (years) 27 32 28 26

Gravidity 5 6 4 4

Parity 0 0 0 1

History of previous miscarriages 5 6 4 3

Gestational age (wk1days) 9þ3 8þ3 9þ1 12

Female BMI 29.69 29.30 25.12 21.09

Cycle length 40�50d 28�30d 30�50d 28�30d

Female karyotype 46, XX 46, XX 46, XX 46, XX

Morphology of uterus Normal Normal Normal Normal

Endometrial thickness (cm) 0.85 0.75 0.75 0.8

Autoimmune disease (–) (–) (–) (–)

Infection (–) (–) (–) (–)

Male age (years) 35 34 30 35

Male diagnosis Teratozoospermia Asthenozoospermia Oligozoospermia Teratozoospermia

Male karyotype 46, XY 46, XY 46, XY 46, XY

Villi karyotype Euploid Euploid Euploid Euploid

1008 Wang et al.

https://academic.oup.com/humrep/article-lookup/doi/10.1093/humrep/dead039#supplementary-data
https://academic.oup.com/humrep/article-lookup/doi/10.1093/humrep/dead039#supplementary-data
https://academic.oup.com/humrep/article-lookup/doi/10.1093/humrep/dead039#supplementary-data


....................................................................................................................................................................................................................................................................................................

Table II Putative pathogenic variants in candidate genes identified in unexplained recurrent miscarriage families screened by whole exome sequencing.

Family ID Gene Child Mother Father Position Reference sequences cDNA change AAChange Variant ID ACMG Inheritance

Family 1 ATP2A2 0/1 0/0 0/0 Chr12:110765797 NM_001681.3 c.1070C>T p.T357I – VUS De novo

Family 2 RYR2 0/1 0/1 0/0 Chr1:237538041 NM_001035.2 c.409C>T p.R137W rs761916230 VUS Com. het

0/1 0/0 0/1 Chr1:237765380 c.4652A>G p.N1551S rs185237690 VUS

NRK 1/1 0/1 0/. ChrX:105167311 NM_198465.2 c.2812T>C p.S938P rs758879022 VUS X-linked

NAP1L1 0/1 0/0 0/0 Chr12:76461196 NM_004537.4 c.161A>G p.E54G – VUS De novo

Family 3 PLXNB2 0/1 0/0 0/1 Chr22:50716877 NM_012401.3 c.4719C>A p.D1573E – VUS Com. Het

0/1 0/1 0/0 Chr22:50726459 c.1388G>A p.R463Q rs192965378 VUS

Family 4 SSPO 0/1 0/1 0/0 Chr7:149516462 NM_198455.2 c.11879G>A p.R3960H – VUS Com. Het

0/1 0/0 0/1 Chr7:149517589 c.12310T>A p.S4104T rs753616243 VUS

AA, amino acid; ACMG, American College of Medical Genetics and Genomics; Com. het, compound heterozygous; Chr, Chromosome; VUS, variant of uncertain significance.
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Figure 2. Sanger sequencing of putatively pathogenic variants in six candidate genes and corresponding structural mapping.
(A) Sanger sequencing validated the existence of putatively pathogenic genetic variants in six genes from four families. (B) Structures of RyR2,
ATP2A2, PLXNB2, and NAP1L1 are shown. Structural mapping of the mutation T357I onto the structure of ATP2A2. T357 forms four hydrogen
bonds with K352, G354, and D600, whereas only one is left after changing to I357. The variant p.N1551S (located in the SPRY3) and p.R137W
(located in the NTD) are indicated on the structure of RyR2. Structural mapping of the mutation E54G onto the structure of NAP1L1, and this

1010 Wang et al.
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.Backcrossing Ryr2N1552S/þ with Ryr2R137W/þ

parents and Plxnb2D1577E/1 with
Plxnb2R465Q/þ parents showed reduced
reproductive performance
When backcrossing Ryr2N1552S/þ # with Ryr2R137W/þ $ or Plxnb2D1577E/

þ
# with Plxnb2R465/þ

$, the litter sizes were significantly reduced
(7.94§ 1.82 vs 5.94§ 2.35, P¼ 0.03, and 7.94§ 1.82 vs 5.93§ 2.15,
P¼ 0.04, Fig. 3), findings in accordance with the sequencing results of
Family 2 (p.N1551S/þ # and p.R137W/þ $) and Family 3
(p.D1573E/þ # and p.R463Q/þ $). Moreover, the litter sizes of
backcrossing Ryr2R137W/þ # with Ryr2N1552S/þ $ or Plxnb2R465Q/þ#

with Plxnb2D1577E/þ
$ exhibited no difference compared with WT

(7.94§ 1.82 vs 7.13§ 2.42, P¼ 0.66, and 7.94§ 1.82 vs 7.06§ 2.11,
P¼ 0.61, Fig. 3). All the heterozygous female mice were sure fertile
and the reproductive performance showed no differences com-
pared with WT female mice (Supplementary Fig. S4D). These data
suggest that the identified variants in Ryr2 and Plxnb2 impair murine
reproductive ability under specific mating pairs. It is worth noting
that the observed decreased litter size could not prove that Ryr2
and Plxnb2 point mutations are lethal, additional functional studies
including the fertility ability and embryonic development examina-
tions are needed to exclude the possibility of other plausible
explanations, for example, subfertility.

Figure 2. Continued
mutation changes a negatively charged residue to a non-charged residue. Structural mapping of the variant p.R463Q and p.D1573E onto the
structure of PLXNB2. R463Q and D1573E are located on the extracellular and intracellular sides, respectively. The reference structures were
downloaded from the PDB and AlphaFold protein structure databases. All the figures were prepared using PyMOL.

.............................................................................................................................................................................................................................

Table III Genotype distribution of offspring from heterozygous Ryr2 and Plxnb2 knock-in mouse parents.

Genotype distribution of total offspring from Ryr2R137W/þmice backcross with Ryr2N1552S/þmice

1/1 N1552S/1 R137W/1 N1552S/R137W

# 16 15 21 21

$ 23 15 23 25

Sum 39 30 44 46

Ratio 24.5% 18.9% 27.7% 28.9%

Genotype of parents Ryr2R137W/1# 3 Ryr2N1552S/1 $

1/1 N1552S/1 R137W/1 N1552S/R137W

# 6 2 9 12

$ 9 5 15 12

Sum 15 7 24 24

Ratio 17.3% 10%* 34.3% 34.3%

Genotype of parents Ryr2N1552S/1 # 3 Ryr2R137W/1$

1/1 N1552S/1 R137W/1 N1552S/R137W

# 9 8 6 5

$ 7 7 5 9

Sum 16 15 11 14

Ratio 28.6% 26.8% 19.6% 25%

Genotype distribution of total offspring from Plxnb2D1577E/1 mice backcross with Plxnb2R465Q/1 mice

1/1 D1577E/1 R465Q/1 D1577E/R465Q

# 17 13 9 14

$ 10 14 21 15

Sum 27 27 30 29

Ratio 23.8% 23.9% 26.5% 25.7%

*P< 0.05.

Novel genetic causes of euploid miscarriage 1011
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PLXNB2 knockdown impaired the
migratory and invasive abilities of HTR-8/
SVneo cells
The migratory and invasive abilities of extravillous trophoblasts
(EVTs) which are differentiated from the trophectoderm of blasto-
cysts are essential for maternal–fetal interface establishment and
pregnancy maintenance (Abbas et al., 2020). The revelation of tro-
phoblast behavior-regulating molecules could better broaden our
understanding of miscarriage pathogenesis. PLXNB2 has been previ-
ously reported to regulate cancer cell migration and invasion
(Gurrapu et al., 2018); here we investigated the regulatory effects of
PLXNB2 on the immortalized human EVT cell line HTR-8/SVneo
cells. The knockdown efficiency of PLXNB2 by small-interfering
RNA was confirmed by qRT-PCR analysis and western blotting
(Fig. 4A and B). Wound-healing assay results indicated that the mi-
gration of HTR-8/SVneo cells was significantly inhibited after 48 h of
siPLXNB2 transfection (P< 0.001, Fig. 4C and D), and the number
of invaded cells was also reduced compared to the siCtrl group as
measured by transwell invasion assay (P¼ 0.02, Fig. 4E). The EdU
assay showed that PLXNB2 knockdown did not influence HTR-8/
SVneo cell proliferation (50.2% vs 45.7%, P¼ 0.35, Supplementary
Fig. S5A). However, according to flow cytometric analysis and
TUNEL assay, downregulation of PLXNB2 moderately induced HTR-
8/SVneo cell apoptosis (P¼ 0.01 and P¼ 0.03, respectively,
Supplementary Fig. S5B and C). We also examined the effects of
PLXNB2 knockdown on the endothelial-like tube formation ability
of HTR-8/SVneo cells, and no difference was observed in tube
branches, junctions, meshes, or mesh areas between the siCtrl and
siPLXNB2 groups (Supplementary Fig. S5D).

Screening potential pathogenic variants in
RYR2 and PLXNB2
To screen additional pathogenic variants of RYR2 and PLXNB2 in unex-
plained first trimester miscarriages (Supplementary Fig. S6), we next
performed multiplex PCR to sequence all exons of these genes in an
additional 113 euploid miscarriages (villous tissues) from 113 families
with maternal age between 22 and 42 years (mean maternal age of
31.54§ 4.34 years). All of the variants identified by the bioinformatic
pipeline were missense mutations, and we found two previously identi-
fied variants in the trio analysis and another ten new variants in RYR2
and PLXNB2 (Table IV and Supplementary Table SV). One of the previ-
ously identified variants, NM_001035.2:c.4652A>G of RYR2, was ob-
served in two out of 113 miscarriages, and the allele frequency
(MAF¼ 0.009) was slightly higher than the expected allele frequency in
the East Asian population (MAF in gnomAD¼ 0.0036). Seven out of
10 addition variants were identified in only one subject with a rare allele
frequency (MAF< 0.001) or absent in the 1000 Genomes, ExAC, and
gnomAD databases and were predicted to be deleterious and con-
served. Variant NM_012401.3:c.4612C>T in PLXNB2 showed higher
allele frequency (MAF¼ 0.018) in miscarriages than expected (MAF in
gnomAD¼ 0.0073) in the East Asian population. Taken together, these
results support the potential pathogenic roles of variants located in
RYR2 and PLXNB2 in unexplained first trimester miscarriages.

Discussion
In our study, we screened eight URM family samples by WGS and
WES. After trio bioinformatics analysis and Sanger sequencing valida-
tion, we identified six candidate genes from four URM families. We

Figure 3. Reproductive performance of backcrossing Ryr2N1552S/1 with Ryr2R137W/1 parents and Plxnb2D1577E/1 with Plxnb2R465Q/1

parents. The number of pups per litter derived from pairs of Ryr2N1552S/þ with Ryr2R137W/þ, Plxnb2D1577E/þ with Plxnb2R465Q/þ and WT with WT
at the age of 8 weeks for 3 months. The results are shown as the mean § SD, both female and male mice n ¼ 8/group. *P < 0.05.
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..observed that proteins encoded by ATP2A2, RYR2, NAP1L1, and
PLXNB2 were expressed uniformly from the zygote to the blastocyst
stage. Knock-in mice with Rry2 and Plxnb2 variants were generated to

investigate their potential effects on early euploid miscarriages.
Experiments in immortalized human trophoblasts showed the function
of PLXNB2 in regulating trophoblast migratory and invasive abilities.

Figure 4. PLXNB2 knockdown inhibited the migration and invasion ability of HTR-8/SVneo cells. (A and B) Transfection efficiency
was examined by RT-qPCR and western blot analysis respectively. The results showed that PLXNB2 knockdown attenuated PLXNB2 expression at
both mRNA and protein levels. (C and D) Representative images of scratch wound-healing assays at 0, 12, 24, 36, and 48 h. The migration ability of
HTR-8/SVneo cells was significantly inhibited 48 h after siPLXNB2 transfection. Scale bars ¼ 200 lm. (E) Representative images of transwell invasion
and migration assays. Cell invasion ability was inhibited after transfection with siPLXNB2. Scale bars ¼ 100 lm. The results are shown as the mean §
SD of at least three independent experiments. *P < 0.05, **P < 0.01; ***P < 0.001. RT-qPCR, reverse transcription-quantitative polymerase chain
reaction.
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Table IV Variants of RYR2 and PLXNB2 identified in euploid miscarriage tissues.

Gene name Case ID Position cDNA change AAChange Variant ID Nhet. ExAC gnomAD SIFT PPH2 LRT MutationTaster CADD GER ACMG

RYR2 71 chr1:237494211 c.G202C p.V68L rs752526125 1/113 0 0 D B D 23 4.35 VUS

RYR2 116 chr1:237730053 c.C3401G p.A1134G 1/113 0 D B D D 33 5.29 VUS

RYR2 65,120 chr1:237777856 c.G5428C p.V1810L rs754364233 2/113 0.0012 0.0012 D P N D 23.1 5.62 VUS

RYR2 7 chr1:237806708 c.G7303T p.V2435F rs188835713 1/113 0.0001 5.80E�05 D D N D 24.2 3.53 VUS

RYR2 45 chr1:237824228 c.G8417A p.R2806H rs955927781 1/113 0 D D D D 33 5.46 VUS

RYR2 95 chr1:237870428 c.C9760A p.P3254T 1/113 D B D D 26.6 5.72 VUS

RYR2 114 chr1:237947871 c.T12859C p.Y4287H rs190009333 1/113 0 0 D D D D 23.5 5.11 VUS

PLXNB2 29,43,68,75 chr22:50717060 c.C4612T p.R1538W rs182970183 4/113 0.0076 0.0073 D D D D 34 4.48 VUS

PLXNB2 109 chr22:50721219 c.G2908A p.V970M rs569852454 1/113 0.0015 0.0015 T D N N 23.1 2.65 VUS

PLXNB2 111 chr22:50724504 c.G1901A p.R634H rs144108995 1/113 0 0 T P N D 23.1 1.99 VUS

ACMG, American College of Medical Genetics and Genomics, B, Benign; D, deleterious; Nhet, number with heterozygous variant; P, possibly damaging; T, tolerated, VUS, variant of uncertain significance.
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Furthermore, we detected additional 10 variants of RYR2 and PLXNB2
in 113 unexplained euploid miscarriages.

Previous studies have supported the application of NGS in identify-
ing genetic causes of miscarriage (Colley et al., 2019). WES has been
recommended for fetuses with indications of organ system anomalies
without a definitive diagnosis in other genetic examinations (Van den
Veyver et al., 2022). Recently, Zhao et al. (2021) reported that 22–
36% of euploid pregnancy losses could potentially be diagnosed by ge-
netic variants through WES. Our study successfully identified nine var-
iants in six candidate genes by utilizing WGS and WES to screen
samples from eight URM couples. All these genes found in our study
are proposed as causal genetic variants in unexplained first trimester
miscarriage for the first time. We mainly focused on the variants in
RYR2 and PLXNB2, both of which are highly conserved during evolu-
tion, especially RYR2 had been identified as a top-ranked causative
gene in stillbirth (Stanley et al., 2020) and PLXNB2 has been proven to
regulate multiple cell behaviors.

We found that the proportion of Plxnb2D1577E/R465Q and Ryr2N1552S/

R137W offspring followed Mendelian inheritance, indicating that these
compound heterozygous mutations in Plxnb2 and Ryr2 do not result in
severe functional defects or embryonic lethality during the early devel-
opment period. Although smaller litter sizes were observed when mat-
ing Ryr2N1552S/þ and Plxnb2D1577E/þ male mice with Ryr2R137W/þ and
Plxnb2R465Q/þ female mice, respectively, it should be noted that a pre-
vious study reported Plxnb2�/� mice showed perinatal lethality from
exencephaly rather than early miscarriage (Deng et al., 2007). Thus,
the interpretation of the embryonic lethality of our identified SNVs
requires caution. For RYR2, our two variant loci, p.N1551S and
p.R137W, are both located in the N-terminal domain, which belongs
to one of three hotspot mutation regions (Peng et al., 2016), but the
definite role of these variants is still unclear. Further investigation of
these point mutant mice and further functional studies are still needed.
Considering reports that differences in the genetic background can ap-
parently confer tolerance to some assumed loss-of-function mutations
(Santesmasses et al., 2020), it is worth noting that genetic point muta-
tions in mice may not recapitulate the phenotypes we observed in
humans at the same severity.

Furthermore, when mating with Ryr2N1552S/þ and Plxnb2D1577E/þ

male mice, the number of pups per litter of Ryr2R137W/þ and
Plxnb2R465Q/þ female mice was decreased, which was in accordance
with the clinical manifestations of URM patients, indicating that these
variants in Ryr2 and Plxnb2 impaired the reproductive ability of
mice under specific mating pairs. In addition, we observed that the
proportion of Ryr2N1552S/þ offspring was significantly lower when
Ryr2N1552S/þ female mice were backcrossed with Ryr2R137W/þ male
mice. All of these results suggest that the presence of specific combi-
nations of these variants may exert essential roles during pregnancy es-
tablishment and/or maintenance (e.g. maternal endometrial condition,
placenta development). In spite of these phenotype results, it is worth
noting that our current evidence cannot unequivocally establish that
the examined Ryr2 and Plxnb2 point mutations are lethal, especially
considering that subfertility cannot be ruled out and that developing
embryos were not examined; thus, additional functional studies regard-
ing individual variants focusing on these processes are needed.

During normal pregnancy establishment, the migration of EVT
cells away from the villi and invasion into the maternal decidua are es-
sential for remodeling the maternal spiral arteries to form a stable

maternal–fetal interface during the first trimester of pregnancy
(Suryawanshi et al., 2018). Dysregulation of EVT cell migration and
invasion is at least partially involved in RM pathogenesis (Wang
et al., 2021). It has been shown that PLXNB2 plays an essential role
in regulating cellular migration (Saha et al., 2012; Van Battum et al.,
2021) and tumor invasion (Gurrapu et al., 2018). Our results
showed that PLXNB2 knockdown impaired HTR-8/SVneo cell mi-
gration and invasion. Simultaneously, PLXNB2 knockdown did not
influence cell proliferation. Our results support that PLXNB2 plays
an essential role in regulating normal placentation (Daviaud et al.,
2016), and variants in PLXNB2 could potentially influence the ex-
pression of PLXNB2 and thus contribute to the pathogenesis of
miscarriage.

As the increasing prevalence of WGS and WES, abundant data-
bases of genetic variants in miscarriages are expected to be estab-
lished by trio bioinformatics analysis in the near future. High
sequencing coverage (i.e. at 500� or more) is still preferred to ex-
clude the seemingly de novo mutations, which were actually inherited
as a consequence of low-level mosaicism in one of the parents.
Studies showed that at least 140-fold coverage is needed for detect-
ing low-level mosaicism of �5% with �95% probability. In this
study, the inheritance patterns of novelty-identified ATP2A2 and
NAP1L1 variants are most likely to be de novo in Families 1 and 2,
since the read coverage of SNVs in ATP2A2 and NAP1L1 was �140-
fold and the read depth of the mutated allele in each parent is �1.
Another challenge for sequencing research is the sample size. Since
variants in candidate genes, identified from small groups of trios, are
usually indefinite, findings of WES, especially rare variants, needed
to be replicated in a larger group. Moreover, it is tough but indis-
pensable to determine the function of genetic variants in different
species and individuals, leading to uncertainties in their pathological
evaluation. Thus, larger cohorts, multiple tissue samples, high cover-
age sequencing, and further functional studies are required for eluci-
dating the genetic etiology and pathogenic mechanisms of URM,
which holds promise for diagnostic and therapeutic target applica-
tions for URM clinical management. In addition, recent ultrasonogra-
phy studies have been focusing on detecting structural abnormalities
before 11 weeks of gestation, providing more morphological evi-
dence for future evaluation of putative pathogenic variants identified
by NGS of euploid miscarriages (Brown et al., 2021).

Conclusion
Our research identifies variants in six genes as plausible genetic con-
tributors to euploid miscarriages and shows reduced reproductive
ability in Ryr2 and Plxnb2 point mutant mice. The current findings
suggested that variants in unique candidate genes may be underlying
genetic etiologies for first trimester euploid miscarriage and WES
on trio could be an ideal research model, which could facilitate indi-
vidualized precise diagnostic and therapeutic regimens, thereby alle-
viating the psychological and sociopsychological burden of RM
patients.

Supplementary data
Supplementary data are available at Human Reproduction online.
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