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Whole-exome sequencing analysis of products of conception
identifies novel mutations associated with missed abortion
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Abstract. Missed abortion (MA) refers to a pregnancy
in which there is fetal demise without outside interven-
tion, and additionally no uterine activity that may expel the
product of conception (POC) prior to 20 weeks of gestation.
Chromosomal abnormalities are the primary cause of MA and
single gene defects in the POC may additionally be associ-
ated with MA; however, few studies have been conducted on
the identification of mutations by whole-exome sequencing.
In the present study, 19 unrelated MA POCs were collected
and whole-exome sequencing was performed on the POC.
Bioinformatics analysis was performed on sequence variants
from a list of 286 selected candidate genes that were associ-
ated with early embryonic lethality and MA. A total of 36
sequence variants in 32 genes potentially associated with
MA were identified in 15 out of 19 patients. Gene Ontology
analysis suggested that these genes were enriched in biological
processes in early embryonic development, including ‘chordate
embryonic development’, ‘cell proliferation’ and ‘forebrain
development’. Further strict in silico bioinformatics analysis
predicted that the LIM domain-binding protein 1 (c.662C>T;
p-S221L) variant was a highly pathogenic variant. In conclu-
sion, the results of the present study provide researchers and
clinicians with a better understanding of the etiology and
molecular mechanism of human embryonic lethality and MA.
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Introduction

The term ‘missed abortion (MA)’, a type of miscarriage,
refers to a pregnancy in which there is fetal demise without
outside intervention, and also no uterine activity that may
expel the product of conception (POC) prior to 20 weeks of
gestation (1). Multiple epidemiological factors, including
parental or embryonic chromosomal abnormalities, infection,
immunological factors, hereditary thrombophilia, uterine
abnormalities, endocrinological disorders, and nutritional
and environmental factors have been associated with miscar-
riage (2,3). Cytogenetic analysis of the retained POC is thought
to be the most effective test for identifying the cause of MA (4).
Chromosomal abnormalities are the primary cause of MA,
with errors in chromosome number, copy number variations
and abnormalities resulting in structural defects accounting
for 60-80% of MAs (4-8). However, the cause of 20-40% of
MAs remains unknown, despite current detection methods.

High-throughput sequencing technology is currently
widely used for identifying genetic alterations associated with
MAs of unknown causes. Single gene defects in the POC may
additionally be associated with MA; however, few studies have
used high-throughput sequencing methods to study genetic
defects in the POC.

In the present study, 19 unrelated MA POCs were collected
and whole-exome sequencing (WES) was performed on the
POC. Bioinformatics analysis was performed on sequence vari-
ants from a list of 286 selected candidate genes that are associated
with early embryonic lethality and MA. A total of 36 sequence
variants in 32 genes potentially associated with MA were
identified in 15 out of 19 POCs. Gene Ontology (GO) analysis
suggested that these genes were enriched in biological processes
in early embryonic development, including ‘chordate embryonic
development’, ‘cell proliferation’ and ‘forebrain development’.
The novel genes and genetic alterations may increase knowledge
of MA pathogenesis and aid future genetic counseling for MA.

Materials and methods

Subjects. A total of 19 women (between 23 and 42 years of age)
participated in the present study, who experienced MA between
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5-12 weeks of gestation and who were treated in the Department
of Obstetrics and Gynecology of the Chinese People's Liberation
Army (PLA) General Hospital (Beijing, China) between
March 2017 and June 2017. Patient details are given in Table I.
The inclusion criteria were as follows: The participants with
spontaneous abortions in early pregnancy with unexplained
etiology prior to the 12th week of gestational age and lack of
any successful pregnancy in the previous history were included
in the study. The exclusion criteria were as follows: The patients
with a history of risk factors, including chronic infections,
thrombosis, autoimmune diseases, endocrinological disorders
or genital malformation were not included in the present study.

All procedures performed in studies involving human
participants were in accordance with the ethical standards
of the Chinese PLA General Hospital's research committee
and with the 1964 Helsinki declaration and its later amend-
ments, or comparable ethical standards. The present study
was approved by the ethical committee of Chinese People's
Liberation Army (PLA) General Hospital. Written informed
consent was obtained from each participant.

The present study was conducted on 19 preserved chori-
onic villus samples with the normal chromosome number as
determined by next-generation sequencing (NGS). WES was
performed on chorionic villus genomic DNA from miscarriage
samples of unknown cause.

WES analysis. Each exome was captured using Roche
Nimblegen SeqCap EZ Exome v3.0 kit (Roche Applied
Science, Madison, WI, USA) according to the manufacturer's
protocol. Subsequently, the enriched exomes were sequenced
using the Illumina HiSeq X10 platform (Ilumina, Inc., San
Diego, CA, USA). Reads were mapped against the human refer-
ence genome hg38 (https://genome.ucsc.edu/index.html) using
Burrows-Wheeler Aligner (http://bio-bwa.sourceforge.net/).
The single nucleotide variants (SNV) were called by SAMTools
(version 0.1.19, http://samtools.sourceforge.net/) and the Genome
Analysis Toolkit (GATK, version 4.0,4.0, Broad Institute,
https://software.broadinstitute.org/gatk/), and ANNOVAR
(http://annovar.openbioinformatics.org/en/latest/) was used for
SNV annotation and filtering. Variants fulfilling the following
criteria were retained: i) Missense, nonsense, frame-shift, or
splice site variants; ii) absent in the dbSNP (http://www.ncbi.
nlm.nih.gov/snp/), 1000 Genomes (http://browser.1000genomes.
org/index.html), ESP6500 (http://evs.gs.washington.edu/EVS/),
Exome Aggregation Consortium (ExAC; http://exac.broadin-
stitute.org/) and the Genome Aggregation Database (gnomAD;
http://gnomad.broadinstitute.org/) databases. Four online func-
tional prediction tools including Polyphen2 (http:/genetics.bwh.
harvard.edu/pph2/), SIFT (http://sift.jcvi.org/), MutationTaster
(http:/mutationtaster.org/) and FATHMM-MKL (http:/fathmm.
biocompute.org.uk/fathmmMKL.htm), were used to predict the
variant effect on protein function. Constraint Metrics Z score
for missense variation (9), Loss Intolerance (pLI) (10) and
Haploinsufficiency Score (11) were used for evaluating the
haploinsufficiency effect of each gene. DECIPHER database
(https://decipher.sanger.ac.uk/) was used for identifying the
previous published copy number variations and single nucleo-
tide variants and the associated disease phenotypes. DAVID
Bioinformatics Resources 6.7 (https://david-d.ncifcrf.gov/) was
used for conducting the GO analysis.
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Sanger sequencing validation. Sanger sequencing was used
to validate the WES results and verify whether the potentially
disease-causing variants identified were true variants or
sequencing artifacts. Sanger sequencing for the LDB] variant
in the POC QWO013 was performed using gene-specific primers
as follows; the forward primer was 5'-AGGAGTGTCACA
ATGCTCAGATGAT-3' and the reverse primer was 5'-GTA
AACGGAGACTCAGATGGGAGAG-3'. Cycling parameters
were an initial denaturation at 94°C for 5 min followed by
35 cycles of denaturation at 94°C for 20 sec, annealing at
60°C for 30 sec and extension at 72°C for 1 min, followed by
a final extension at 72°C for 5 min. TransStart FastPfu DNA
polymerase (TransGen Biotech Co., Ltd., Beijing, China) was
used in the PCR reaction.

Results

WES analysis of MA embryos. A total of 19 patients (between
23 and 42 years of age) with MA participated in the present
study (Table I). A total of 19 MA POCs (chorionic villus from
5-12 gestational weeks) were examined. The karyotypes of
all POC were normal (Table I). WES was performed for each
POC. The sequencing depth of each WES is listed in Table I.
Therefore, WES-detected sequence variants identified in each
embryo were focused upon. The present study aimed to iden-
tify direct sequence variants causing MA, which should not
exist in live human beings. Therefore, polymorphisms with a
minor allele frequency absent in the dbSNP, 1000 Genomes,
ESP6500, ExAC and gnomAD databases were retained.
Subsequently, all variants were further filtered, according to
the list of 286 selected candidate genes that were associated
with early embryonic lethality and MA. A total of 36 sequence
variants in 32 genes potentially associated with MA were
identified in 15 out of 19 patients (data not shown). All variants
were in the heterozygous state.

In silico analysis of the variants. GO analysis suggested
that these 32 genes were enriched in biological processes in
early embryonic development, including ‘chordate embryonic
development’, ‘cell proliferation’ and ‘forebrain development’
(Fig. 1). In silico analysis predicted that 12 of 36 variants
were considered to be pathogenic alleles by four online
prediction tools, including Polyphen-2, SIFT, Mutation Taster
and FATHMM-MKL (Table II). As all the variants were
heterozygous, the present study aimed to determine whether
the heterozygous state of the variants influenced disease
tolerance. The variation intolerance scores were analyzed
using three scoring systems, including the Constraint Metrics
Z score for missense variation (9), Loss Intolerance (pLI) (10)
and Haploinsufficiency Score (11). Out of the 12 genes, LIM
domain binding 1 gene (LDBI) was the only gene that was
predicted as intolerant to variation by the three scoring systems
(Table II). Sequence variant ¢.3064C>T; p.P1022S (Table II)
in another gene, death induced obliterator-1 (DIDOI), was
additionally a potential candidate gene causing MA. This
variant was predicted to be a pathogenic allele by Polyphen-2,
MutationTaster and FATHMM-MKL. The variant in DIDOI
was considered loss-of-function-intolerant, as predicted by
the Constraint Metrics Z score for missense variation and pLI
(Table II). Therefore, it was hypothesized that the variant in
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Table I. Clinical and sequencing features of the patients and the embryos.

Embryo ID Patient age, years Gestational age, weeks Sequencing depth, x Karyotype analysis of each embryo
QWO001 30 6 170.95 46, XY
QW002 28 12 114.06 46, XX
QWO003 28 7 96.61 46, XY
QWO004 29 9 101.93 46, XX
QWO005 30 7 92.99 46, XX
QWO006 28 10 104.26 46, XY
QWO007 30 8 106.04 46, XY
QWO008 23 6 32.32 46, XX
QW009 42 14 131.72 46, XX
QWO010 27 10 114.73 46, XX
QWO11 28 8 124.83 46, XX
QWO012 28 9 127.92 46, XY
QWO013 28 8 116.69 46, XX
QW014 42 6 126.82 46, XY
QWO015 32 5 90.60 46, XX
QWO016 29 10 11291 46, XY
QWO017 31 7 87.46 46, XY
QWO018 35 11 93.35 46, XY
QWO019 24 8 93.06 46, XY
GO analysis of the mutations a good candidate gene for human early embryonic lethality
Chordate embryonic development]| @ ealoat0 PValue anq MA In the present study., the heterozygous c.662C.>T
Embryonic development endingin | o 9 32 - variant in LDBI was also validated by Sanger sequencing
birth or egg hatching ' (Fig.2A). DNA samples from the patient and her husband were
Cell proliferation { 3.9 unavailable, therefore it was not possible to analyze whether
Forebrain development { 3.6 this variant was inherited or generated de novo. This variant
H | l f th . . . . . .
egula Igpgﬁaﬁ%ogatﬁ&gg' : - 3.3 and the flanking region were add.monally hlghly. conserveq in
Regulahon of transcnptlon | ® humans and other animals including zebrafish (Fig. 2B), which
NA-dependent reflects the highly conserved role of LDBI in early embryonic
Heglonahzatnon 1 ® Count . .
) @50 development across different species.
Regulation of RNA | O .
metabolic process ®75
Embryonic limb morphogenesis o @100 Discussion
Embryonic af;]Jpenda ge | ° ’
morphogenesis

Mutations in
missed abortion

Figure 1. GO analysis of the 36 genes. GO analysis was performed using
the DAVID Bioinformatics Resources 6.7 (https://david-d.nciferf.gov/).
The Logl0 (P-value) was calculated. Red indicates higher significance and
enrichment, while green indicates relatively lower enrichment. The size of
each circle indicates the gene numbers enriched in each biological process.
GO, gene ontology.

LDBI (c.662C>T; p.S221L) and DIDOI (c.3064C>T; p.P1022S)
was likely to be associated with embryo lethality and MA.

Analysis of the variant in LDBI1. LDBI serves important roles
in the regulation of a variety of processes in early embryonic
development, including heart formation (12), head and brain
development (12-17), limb patterning (18), and eye develop-
ment (16). In previous studies, the development of LDBI null
mutant mice was arrested at embryonic day 8.5 (E8.5) and
mice succumbed at E9-E10 (12,19). Therefore, LDBI may be

In the present study, WES was performed on 19 POC and
using a strict filtering strategy, 36 rare sequence variants
associated with MA were identified. GO analysis suggested
that these 32 genes were enriched in biological processes in
early embryonic development, including ‘chordate embryonic
development’, ‘cell proliferation” and ‘forebrain development’.
Further strict in silico bioinformatics analysis predicted the
LDBI (c.662C>T; p.S221L) variant to be a highly pathogenic
variant.

Previous studies suggest that chromosomal abnormalities
account for 60-80% of MA cases (4-8). However, to the best
of the authors' knowledge, no studies have been performed on
POC using NGS technology to elucidate single gene defects.
Therefore, the present study attempted to dissect the genetic
causes of the remaining 20-40% of MA cases. A total of 36 rare
sequence variants in 32 genes potentially associated with MA
were identified in 15 out of 19 patients. Of the 32 genes, seven
genes [lycine acetyltransferase 2A, lycine demethylase 1A
(KDM1A), spalt like transcription factor 4, heat shock tran-
scription factor 1, integrator subunit complex 1, patched 1 and
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Table II. Continued.

MZ

FATHMM-
score

Mutation

Mutation

Reference

Gene mRNA no. type Variants Aa change Polyphen-2 SIFT Taster MKL pLI HI, %

Embryo ID

30.36

0.98
0.66
1.00

4.61

D (0.987)
D (0.996)
D (0.992)

D (1.0)
D (1.0)
D (1.0)

T (0.249)
D (0.019)
T (0.055)

D (0.999)
B (0.388)
P (0.952)

pK383T

c.1148A>C
c.758C>T
c2917C>A

m
m

NM_004896

NM_015908

SRRT

QWO18

11.04
0.62

94
58

0.

p.A253V
p.P973T

NM_004380

VPS26A

5.

m

CREBBP

QWO019

Polyphen-2 prediction scores range from O to 1 with high scores indicating probably or possibly damaging. D, probably damaging; P, possibly damaging; B, benign; N.A., not available. SIFT scores

vary between 0 and 1. Variants with scores close or equal to 0 are predicted to be damaging. D, Damaging; T, tolerated; N.A., not available. Mutation Taster: The probability value is the probability of
the prediction, i.e., a value close to 1 indicates a high ‘security’ of the prediction. D, probably deleterious; N, polymorphism; A, known to be deleterious. FATHMM-MKL values >0.5 are predicted to be

deleterious, while those <0.5 are predicted to be neutral or benign. D, deleterious; N, neutral; M Z score, missense Z score: Positive Z scores indicate increased constraint (intolerance to variation) and
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therefore that the gene had fewer variants than expected. Negative Z scores are given to genes that exhibit more variants than expected. pLI: The closer pLI is to one, the more LoF-intolerant the gene

appears to be. pLI >= 0.9 was considered as an extremely LoF intolerant set of genes. HI, high ranks (e.g. 0-10%) indicate a gene is more likely to exhibit HI; low ranks (e.g., 90-100%) indicate a gene is

more likely to not exhibit HI. m, missense; s, stopgain; Aa, amino acid; LoF, loss of function; HI, haploinsifficiency; pLI, loss intolerance.

LDB1,
c.662C>T

’ |

GAGCTCATGTTACGCCACAAG

\ [‘\Mﬁ A

B p.S221L

!

Human EMOEEVMSEH
Rhesus monkey PMGEEMSE

THSESPRECH

SESPRECE
Tlsl3P||c|
THsESPRBECE
THsESPRBCE
TESESPEBCE
THSESPEBCE
Tropical clawed frog PMOEEMSEHE THSESPRECE

Zebrafish PMOEEMSEHE TESESPRBCE
Consensus PMQELMSRHK TYSLSPRDCL

it [T TN

Conservation
0%

Figure 2. Analysis of the LDBI variant. (A) Sanger sequencing validated the
heterozygous ¢.662C>T variant in the LDBI gene. The red arrow indicates
the mutation site. (B) Amino acid sequence alignment of LDBI in different
species. The red arrow indicates the mutational amino acid. Serine at posi-
tion 211 was 100% conserved (full red columns) in all species. LDBI, LIM
domain-binding protein 1.

growth arrest specific 1] were significantly enriched in the
biological process of ‘chordate embryonic development’, and
five genes (KDM1A, notch 1, neurofibromin 1, orthodenticle
homeobox 2 and Rac family small GTPase 1) were enriched in
‘forebrain development’. The embryos succumbed or arrested
if each of the above genes were knocked out.

LDBI is a critical gene involved in embryonic morpho-
genesis (12-17,19). LDBI gene deficiency leads to early
embryonic arrest and embryo loss between E9-E10 (12,19).
Therefore, LDBI is a good candidate gene for embryonic
lethality. Additionally, LDBI was searched for in Online
Mendelian Inheritance in Man (OMIM) and PubMed;
however, no study demonstrating LDBI gene mutations asso-
ciated with developmental diseases was identified. Therefore,
it was hypothesized that human embryos harboring patho-
genic mutations in LDBI may lead to embryonic lethality,
meaning that no child carrying the LDBI pathogenic muta-
tion would be born; this may explain why no LDBJ mutation
was observed in OMIM. Furthermore, in the present study,
the c.662C>T; p.S221L variant in LDBI was predicted as a
pathogenic allele by a number of prediction tools, which,
along with the extreme rarity and conservation of the variant
and flanking regions, suggested that the LDB/ mutation in
the POC was associated with MA.

Ablation of DIDOI in mice causes embryonic lethality
during the gastrulation stage (20). DIDO heterozygous deletion
mice demonstrate abnormalities in their spleen, bone marrow
and peripheral blood (21). By checking the DECIPHER
database (https://decipher.sanger.ac.uk/), two heterozygous
missense variants in DIDOI were identified, one of which may
be associated with abnormalities in the head, cardiovascular
system, ear, integument, nervous system and skeletal system.
Therefore, the variant in the present study may also be associ-
ated with embryonic developmental abnormalities.
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In conclusion, the present study identified 36 rare sequence
variants in 19 POCs associated with MA. Further bioinfor-
matics analysis predicted that the LDBI (c.662C>T; p.S221 L)
variant is a highly pathogenic variant and may be associated
with embryonic lethality. Taken together, the results of the
present study provide researchers and clinicians with a better
understanding of the etiology and molecular mechanism of
human embryonic lethality and MA.
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