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Objectives: Copy number variant (CNV) is believed to be the potential genetic cause of
pregnancy loss. However, CNVs less than 3Mb in euploid products of conceptions (POCs)
remain largely unexplored. The aim of this study was to investigate the features of CNVs less
than 3Mb in POCs and their potential clinical significance in pregnancy loss/fetal death.

Methods: CNV data were extracted from a cohort in our institution and 19 peer-reviewed
publications, and only those CNVs less than 3Mb detected in euploid pregnancy loss/fetal death
were included. We conducted a CNV map to analyze the distribution of CNVs in chromosomes
usingRpackages karyoploteR_1.10.5.Genenamesandannotatedgene typescoveredby those
CNVsweremined from the humanRelease 19 reference genome file andGENECODEdatabase.
Weassessed the expressionpatterns and theconsequencesofmurine knock-out of thosegenes
using TiGER and Mouse Genome Informatics (MGI) databases. Functional enrichment and
pathway analysis for genes in CNVs were performed using clusterProfiler V3.12.0.

Result: Breakpoints of 564 CNVs less than 3Mb were obtained from 442 euploid POCs,
with 349 gains and 185 losses. The CNV map showed that CNVs were distributed in all
chromosomes, with the highest frequency detected in chromosome 22 and the lowest
frequency in chromosome Y, and CNVs showed a higher density in the pericentromeric and
sub-telomeric regions. A total of 5,414 genes mined from the CNV regions (CNVRs), Gene
Ontology (GO), and pathway analysis showed that the genes were significantly enriched in
multiple terms, especially in sensory perception, membrane region, and tight junction. A total
of 995 protein-coding genes have been reported to present mammalian phenotypes in MGI,
and 276 of them lead to embryonic lethality or abnormal embryo/placenta in knock-out
mouse models. CNV located at 19p13.3 was the most common CNV of all POCs.

Conclusion: CNVs less than 3Mb in euploid POCs distribute unevenly in all
chromosomes, and a higher density was seen in the pericentromeric and sub-
telomeric regions. The genes in those CNVRs are significantly enriched in biological
processes and pathways that are important to embryonic/fetal development. CNV in
19p13.3 and the variations of ARID3A and FSTL3 might contribute to pregnancy loss.
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BACKGROUND

Approximately 15–20% of clinically recognized pregnancies end
in pregnancy loss (Practice Committee of the American Society
for Reproductive Medicine, 2012; ESHRE Guideline Group on
RPL et al., 2018), and the etiology is complicated. It is evident that
there are many genetic and environmental factors that are
essential for a successful pregnancy, and disruption of any of
them could cause pregnancy loss (Yamada et al., 2005). From the
genetic perspective, abnormal number and structure of
chromosomes are clearly pathogenic genetic causes, and
smaller copy number variant (CNV) and mutations in genes
that are important for early fetal development are also the
potential genetic causes (Colley et al., 2019).

The array-based detection has been used to detect the
chromosomal abnormalities of pregnancy loss owing to its
higher resolution and detection rates (Hillman et al., 2011;
Dhillon et al., 2014). Meanwhile, the array-based detection
allows unbiased search for CNVs across the whole genome,
which involves unbalanced rearrangements that increase or
decrease the DNA content. CNV is associated with a wide
range of human diseases, including congenital anomalies and
neurodevelopmental disorders (Grayton et al., 2012; Wapner
et al., 2012; Dong et al., 2016). However, owing to limited
data, it is challenging for clinicians and geneticists to interpret
CNVs detected in POCs. Those “pathogenic CNVs” are based on
individuals with neurodevelopmental disorders and/or congenital
anomalies or fetuses with ultrasound abnormalities (Riggs et al.,
2020), as well as on healthy population [e.g., Database of
Genomic Variants (DGV) and the 1,000 Genomes database]
(Lee and Scherer, 2010; MacDonald et al., 2014), which cannot
accurately interpret CNVs in demised embryos/fetuses. There is a
continuous spectrum of phenotypic effects of CNV, varying from
adaptive and maladaptive traits to embryonic lethality
(Beckmann et al., 2007; Hurles et al., 2008). Most of the
CNVs less than 3 Mb have been believed not to be associated
with adverse phenotypes among healthy individuals (Zarrei et al.,
2015). However, the roles of these CNVs less than 3 Mb played in
pregnancy loss remain largely unexplored. We suppose that some
of the small-sized CNVs detected in POCs involving embryonic
lethal or placental function-specific genes have never been
reported in DGV and might contribute to pregnancy loss/
fetal death.

To further understand the features of CNVs less than 3 Mb
detected in POCs and potential clinical roles of those CNVs in
euploid pregnancy loss, we constructed a CNV map based on the
data obtained from our samples and reported in the literature and
analyzed the gene content and function in silico.

MATERIALS AND METHODS

Cohort Copy Number Variant Data
The first part of CNV data was extracted from a retrospective,
hospital-based cohort of the Guangzhou Women and Children’s
Medical Center, a tertiary referral hospital in South China. The
study protocol was approved by the Ethics Committee of the

institute (2020-15001). All patients provided a written informed
consent for the tests and the inclusion of results in research. All
women were Han Chinese who experienced clinically confirmed
pregnancy loss or fetal death according to the guideline (Doubilet
et al., 2013) and underwent chromosomal microarray analysis
(CMA) detection of the fresh POC sample in our hospital. The
methods used for DNA extraction, maternal cell contamination
test, and CMA platform have been reported in our previous
publication (Gu et al., 2021). The reporting threshold of the copy
number result was set at 100 kb with marker count ≥50 bp. Data
were visualized and analyzed with the Chromosome Analysis
Suite (ChAS) software (Affymetrix, Santa Clara, CA) based on the
GRCh37/hg19 assembly. In this study, only those euploid POCs
with CNV size less than 3 Mb were included.

Published Copy Number Variant Data and
Quality Control
The second part of CNV data was extracted from the peer-
reviewed publications. The literature search was focused on
studies using microarrays and next-generation sequencing
(NGS) to detect POC following pregnancy loss or fetal death.
PubMed, Medline, Embase, and CNKI databases were searched
electronically, with the last search updated on 30 September 2020.
The complete search string is outlined in Supplementary Table
S1. Data included in this study must meet the following criteria:
1) the subjects of the study were POCs of pregnancy loss or fetal
death; 2) the methods of detection were genome-wide assessment
and estimated breakpoint resolution. Studies or data would be
excluded if the chromosomal karyotype was aneuploid or if the
CNV length was longer than 3 Mb. Study selection was achieved
independently by two investigators by screening the title, abstract,
and full-text. The data of the eligible studies were documented in
a table detailing the methods of the detection, chromosomal
locations of CNV, sites of CNV beginning and end, and CNV gain
or loss, etc. Then, quality control was performed independently
by two investigators.

All CNV data were reported in the hg19 version except for two
studies. In one study (Donaghue et al., 2017), CNVs were shown
in OMIM, and we obtained the location information and
converted it to the hg38 version according to the OMIM ID
(https://omim.org/). Together with another study (Rajcan-
Separovic et al., 2010), in which CNVs were also reported in
the hg38 version, we converted CNV coordinates into the human
assembly hg19 using the UCSC liftOver tool 18 (http://genome.
ucsc.edu/cgi-bin/hgLiftOver).

Generating the Copy Number Variant Map
To capture the maximum extent of CNVs, we combined the data
from our cohort and the published data into a single map. First, we
analyzed the density distribution of CNVs through locating all
CNVs to the chromosomes using R packages karyoploteR_1.10.5.
Second, we investigated the distribution of the CNVs in the
pericentromeric and sub-telomeric regions of the genome. We
used a sliding window of 5 Mb with steps of 0.5 Mb within 18Mb
from both sides of the centromeres (9 Mb from each side) and
9Mb away from the telomeres. The percentage of un-gapped
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nucleotides varying in each window was calculated per
chromosome and plotted for all chromosomes. The
chromosome length information and telomere and centromere
position file was obtained from the UCSC database (hg19). The R
packages ggplot2_3.3.0 were used to construct the histograms.
Third, to explore the differences between CNVs detected in POCs
and CNVs reported in human diseases, we compared the CNVs
including those with data in the Database of Genomic Variants
(DGV, http://dgv.tcag.ca/dgv/docs/GRCh37_hg19_variants_2020-
02-25.txt), the CNVs reciprocal overlap more than 75% with the
CNVs in DGV, and have the correspondent gain or loss which
were considered reported CNV.

Copy Number Variant Gene Content and
Gene Characteristics
Gene names and chromosomal coordinates of CNVs were mined
from the human Release 19 reference genome file (https://www.
gencodegenes.org/human/release_19.html), and CNV location
information in the GENECODE database using the bedtools
version 1.58 intersects function to investigate CNVRs coverage
genes and annotate gene types. In order to explore the functional
relevance of CNVs, we assessed the expression patterns of their
integral genes using the TiGER database (Tissue-specific Gene
Expression and Regulation: http://bioinfo.wilmer.jhu.edu/tiger/)
(Liu et al., 2008) and the consequences of murine knock-out
studies using the Mouse Genome Informatics (MGI) database
(http://www.informatics.jax.org). Then, we focused on the genes
expressed in the placenta and the genes resulted in embryonic
lethality and abnormal embryonic development in knock-out
murine.

Functional Gene Enrichment Analyses
Functional enrichment and pathway analysis for protein-coding
genes in CNVs was performed using the clusterProfiler V3.12.0 R
package 19. Gene-enrichment for Kyoto Encyclopedia of Genes
and Genomes (KEGG) pathways and GO terms (biological
process, cellular component, and molecular function) were
carried out for gain or loss CNV groups separately and
together. A p value < 0.05 was considered statistically
significant for GO terms and pathway analysis. Data were
reported as significantly enriched GO terms and pathways.

RESULTS

Characteristics of Copy Number Variant
Data
A total of 564 CNVs less than 3 Mb (mean: 690.2 Kb, ranging
from 6.4 Kb to 2.98 Mb) were obtained from 442 euploid POCs,
of which 176 CNVs were detected in our institution and 266 were
extracted from 19 peer-reviewed publications (Supplementary
Figure S1). All CNVs were detected using SNP array (9 research
studies) (Reddy et al., 2012; Kooper et al., 2014; Wang et al., 2017;
Qi et al., 2018; Zhu et al., 2018; Mao et al., 2019; Sato et al., 2019;
Yang et al., 2019; Wang et al., 2020), array CGH (4 research
studies) (Shimokawa et al., 2006; Deshpande et al., 2010; Rajcan-

Separovic et al., 2010; Donaghue et al., 2017), or CMA (6 research
studies plus our data) (Sahlin et al., 2014; Wang et al., 2014;
Rosenfeld et al., 2015; Parchem et al., 2018; Chau et al., 2020;
Zhang et al., 2021). The threshold of those studies called the
CNVs has been reported ranging from 50 to 135 Kb. Among the
19 peer-reviewed publications, 11 were based on the report of 141
Caucasian cases in total and 8 based on the report of 125 Asian
cases in total. Among the 564 CNVs, gains (microduplications)
were largely more than losses (microdeletions, 349 vs. 185), and
30 CNVs were uncertain gain or loss from the articles. After
removing the repeated CNVs and 30 CNVs unknown gain or loss,
we compared the CNVs in this study with DGV data, and the
results showed that 234 (52%) variants were reported, while 215
(48%) variants were not reported by DGV (Table 1).

Distribution of Copy Number Variant in
Chromosomes
The location and the number of all CNVs (564) for euploid POCs
on chromosomes are shown in Figure 1. We investigated the
CNVs in genomic gains and losses independently and also
merged the two versions to generate a consensus map that
represents all variations (Figure 1A). CNVs were found in all
chromosomes, and the number varied from 2 CNVs in
chromosome Y to 53 CNVs in chromosome 22. For gain,
chromosome 22 showed the highest number (36 CNVs),
followed by chromosome 19 (32 CNVs). Chromosome Y
showed no CNVs gain, and chromosome 20 showed only 2
CNVs gain (Figure 1B). For losses, chromosome 2 showed the
highest number of 20 CNVs, followed by chromosome 1,
chromosome 16, and chromosome 22 that showed 16 CNVs,
respectively. There was no CNV loss on chromosome 18, and
only 2 CNVs loss on chromosome 20 (Figure 1B). Figure 2
illustrates the distribution of CNVs in the pericentromeric and
sub-telomeric regions, showing that the pericentromeric regions
have a higher proportion of CNVs and the same characteristics
are observed in both gain and loss in the sub-telomeric regions.

Functional Enrichment
After removing the same CNVs in different cases, 479 CNVRs
remained, including 291 gains, 159 losses, and 29 CNVRs
uncertain gains or losses. A total of 5,414 genes including
1,862 protein-coding genes and 1,284 noncoding genes (the
categories of the 5,414 genes are shown in Supplementary
Figure S2) were mined from the 479 CNVRs. GO and KEGG
analyses of the involved protein-coding genes were performed.

TABLE 1 | CNV data from our institution and 19 peer-reviewed publications.

Total Gain Loss Unknown

Total 564 349 185 30
Our hospital 264 188 76 0
Published publications 300 161 109 30
Reported in DGV1 235 161 74
Unreported in DGV1 244 129 85

1After removing the same CNVs in different cases.
DGV, Database of Genomic Variants.
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FIGURE 1 |Chromosomal distribution of 564 CNVs less than 3 Mb from 422 euploid pregnancy loss/fetal death. (A)Overall map for the CNVs; (B) CNV number in
each chromosome.
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FIGURE 2 | Distribution of CNVRs in pericentromeric and sub-telomeric regions of human chromosomes. CNVRs gains (A), CNVRs losses (B), and CNVRs gains
and losses in the inclusive map (C) are shown for pericentromeric regions (left panels) and sub-telomeric regions (right panels). The y axes indicate the percentage of
nucleotides in each window that may involve CNVs.
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For each GO analysis domain, the five top most significantly (p
value < 0.05) enriched GO terms are presented in Figure 3. The
genes in GO biological process were primarily associated with
“sensory perception of smell,” “detection of the chemical stimulus
involved in sensory perception,” and “regulation of gtpase
activity.” The genes in the GO cellular component were
mostly enriched in “anchored component of the membrane,”
“membrane region,” and “cell projection membrane.” The genes
in GO molecular function were mainly associated with “olfactory
receptor activity,” “sulfur compound binding,” and “cysteine-
type peptidase activity” (Figure 3A). The protein-coding genes
KEGG pathway analysis indicated that the CNVRs were
intensively associated with “tight junction,” “Rap1 signaling
pathway,” “adrenergic signaling in cardiomyocytes,”
“progesterone-mediated oocyte maturation,” and “chemokine
signaling pathway” (Figure 3B). The details of GO terms and
KEGG pathways are shown in Supplementary Table S2.

Gene Characteristics
Among the 1,862 protein-coding genes, 53% (995/1862) of
them have been reported to present mammalian phenotypes
in MGI. The number of genes that results in embryonic
lethality or abnormal embryonic size/development and
abnormal placental size/morphology in knock-out models

were 233 and 44, respectively (Figure 4). The results of
tissue-specific expression analysis of protein-coding genes
showed that 19 genes were placental-specific or placental
expression. The details of the involved genes and CNVs
are shown in Supplementary Table S3. The most frequent
CNV was located on 19p13.3, which was detected in 11 POCs
with 9 gains and 2 losses, with a size ranging from 523.9 Kb to
1.5 Mb (Supplementary Table S3). Among CNVRs in
19p13.3, 13 genes with mammalian phenotypes in MGI
caused murine embryonic lethality or abnormal
embryonic/placental size/morphology in knock-out models,
and 2 genes showed placental expression (Figure 4 and
Supplementary Table S3).

DISCUSSION

This study presents a unique analysis of CNVs less than 3 Mb
detected in euploid POCs and their integral gene content in a
large cohort and 19 published studies in order to evaluate
their overall chromosomal distribution, genomic features,
and functions based on bioinformatics. Collectively, all the
chromosomes are susceptible to CNV in POCs, and CNVs
distribute unevenly along the chromosomes and among

FIGURE 3 | Functional enrichment analysis of significant terms. A total of 1,862 protein-coding genes were submitted to clusterProfiler. (A) Top GO terms enriched
for BP, CC, and MF in protein-coding genes; GO terms are assigned to y-axis, and negative log10 p values are assigned to x-axis; (B) top KEGG pathways for protein-
coding genes of gains, losses, and both, and KEGG terms are assigned to y-axis, and negative log10 p values are assigned to x-axis; GO, gene ontology; KEGG, Kyoto
Encyclopedia of Genes and Genomes; BP, biological process; CC, cellular component; MF, molecular function.
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chromosomal regions. Some CNVs might have a pathogenic
role in pregnancy loss because of containing embryonic
lethality genes.

Gene and segmental duplications are thought to have a
significant role in gene and genome evolution and are often
under positive selection, whereas deletions are biased away
from certain categories and more likely to cause disease or alter
the fitness (Hurles, 2004; Redon et al., 2006; Uddin et al., 2014).
In our data, there are more gains than losses detected in
euploid POCs (349 vs. 185), which is in contrary to CNVs
in healthy individuals from various populations according to
the research of Mehdi Zarrei, who analyzed 23 studies and
reported that the losses were almost 10 times the gains (Redon
et al., 2006). The mechanism of germ line CNVs is
complicated, and it is unclear that the proportion of
duplication and deletion is in the early stage of
embryogenesis. There are approximately 22% of
spontaneous conceptions ending in biochemical pregnancy
losses (BPLs), which are poorly understood since embryonic
arrest is prior to the development of a clinical pregnancy
(Wilcox et al., 1988; Ellish et al., 1996; Zinaman et al.,
1996). If the variational chances to duplication and deletion
in embryogenesis are equal, it is possible that the embryo with

CNV duplication might be more likely to cause pregnant
failure than the embryo with CNV deletion.

In our data, CNVs distribute unevenly in all chromosomes,
and chromosome 22 is found to have the highest variability,
which is consistent with CNVs in healthy individuals (Makino
et al., 2013; Zarrei et al., 2015). However, Y chromosome carries
the lowest number of CNVs in our study, which is contrary to the
highest proportion of CNVs in Y chromosome reported in
healthy individuals (Zarrei et al., 2015). Those results indicate
that the pregnancy with Y chromosome microduplications or
microdeletions might not result in embryonic/fetal death. After
all, the biological function of Y chromosome is believed to mainly
impact male fitness such as fertility (Quintana-Murci et al., 2001;
Schlegel, 2002). Our study also demonstrates that CNVs unevenly
distribute within the chromosome. The pericentromeric and sub-
telomeric regions have a higher density of CNVs, in both gain and
loss, which are same as the results of healthy individuals (Zarrei
et al., 2015).

For gene functional enrichment, to our surprise, the two most
significant GO germs in biological process of the protein-coding
genes are involved in “sensory perception of smell” and
“detection of the chemical stimulus involved in sensory
perception”. Sensory development is complex, with both

FIGURE 4 | Identification of CNV genes in POCs associated with embryonic lethality or abnormal embryonic size/development, abnormal placental size/
morphology, and placental expression located in 19p13.3. This was determined by assessing 995 protein-coding genes of the CNVRs that had reported to present
mammalian phenotypes in mouse knock-out studies and cataloged on MGI as well as assessing 19 human placental-expressed genes listed on TiGER.
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morphological and neural components (Clark-Gambelunghe and
Clark, 2015). The tissues of the oral cavity, eye, and auditory
system form the face and palate between 6 and 12 gestational
weeks (Witt, 2019). The development of the nervous system and
sensory perception is established throughout the fetal and
postnatal period, which is important for fetal survival. We
speculate that genes involved in sensory perception might
be dose-sensitive and have potential to cause embryonic
arrest when CNV occurs. In GO cellular component, four
of top five significant terms are enriched in membrane-related
components, such as “anchored component of the
membrane,” “membrane region,” and “membrane
microdomain.” The genes for the cell membrane
component are vital to embryonic development, and our
results imply that functions of those genes might be easily
affected by gene dosage. The genes in GO molecular function
are significantly associated with olfactory receptor activity,
sulfur compound binding, and heparin binding, and those
functions are related to transmembrane transport. Our results
also show that the KEGG pathway is significantly related to
“tight junction.” It is well known that the tight junction (TJ) is
an essential component of the differentiated epithelial cell
required for polarization and intercellular integrity during
early development (Eckert and Fleming, 2008; Green et al.,
2019). These results indicate that pregnancy with CNVs
involving genes in membrane component, transmembrane
transport, and TJ might relate to developmental arrest.

Among the protein-coding genes, 276 genes showed
embryonic lethality or abnormal embryonic/placental size/
morphology in knock-out mouse models. Theoretically,
pregnancy with CNV carrying those genes could increase the
risk for embryonic demise, which, however, needs to be
confirmed by further studies. In addition, CNV located at
19p13.3 is found to be the most frequent one, in 11 POCs.
It is interesting in our results that all the 13 genes contained in
19p13.3 that have mammalian phenotypes in MGI are shown to
cause murine embryonic lethality or abnormal embryonic/
placental size/morphology in the knock-out model.
Chromosome 19 has the highest gene density of all human
chromosomes (Grimwood et al., 2004), and CNVs in 19p13.3
have been reported in several patients with intellectual
disability and congenital malformations (Orellana et al.,
2015; Palumbo et al., 2016). Our study suggests that CNV in
19p13.3 might be pathogenic in pregnancy loss/fetal death.

Among those genes included in 19p13.3, two placental-
expressed genes are worth of attention, namely AT-rich
interaction domain 3A (ARID3A) and follistatin-like 3
(FSTL3). ARID3A has been reported essential to the
execution of the first cell fate decision and is of importance
to regulate mesoderm differentiation and nephric tubule
regeneration in animal models and has a vital role in
placental development (Rhee et al., 2015; Popowski et al.,
2017; Suzuki et al., 2019). FSTL3 has been demonstrated to
be expressed on the maternal–fetoplacental interface in the
first trimester and regulates the invasion and migration of
trophoblast, which is important for establishing and
maintaining normal pregnancy (Xie et al., 2018; Founds and

Stolz, 2020; Xu et al., 2020). In addition, arid3a and fstl3 show
abnormal phenotypes of multiple organs in knockout mouse
models. Therefore, it is possible that duplication or deletion in
ARID3A and FSTL3 results in embryonic/fetal development
arresting.

Our study has several limitations. First, CNV data were
extracted from our laboratory and published studies, which
were detected by different platforms, so that the potential
methodological bias cannot be eliminated. Second, our
study did not compare CNVs in POCs from pregnancy loss/
fetal death with healthy controls, and therefore cautions
should be taken in the interpretation of the pathogenic
CNVs in pregnancy loss/fetal death. Third, we were unable
to identify those CNVs in parents or to achieve those data
about parental origin, which affects the determination of
pathogenic CNV to a certain extent, especially for
pathogenicity of 19p13.3.

In conclusion, this study shows that CNVs less than 3 Mb in
euploid POCs distribute unevenly in all chromosomes and
have a higher density in the pericentromeric and sub-telomeric
regions. The CNVRs are significantly enriched in genes
involving sensory perception, membrane-related
components, and tight junction, and those biological
processes and pathways are important for embryonic/fetal
development. CNV in 19p13.3 might have a pathogenic role
in pregnancy loss, and the variations of ARID3A and FSTL3
might be a predisposing risk for pregnancy loss. A further
study is needed to compare those CNVs with the control group
and identify those CNVs in the parents for getting inheritance
information.
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