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Abstract

Purpose Non-aneuploid recurrent pregnancy loss (RPL) affects approximately 100,000 pregnancies worldwide annually. Exome
sequencing (ES) may help uncover the genetic etiology of RPL and, more generally, pregnancy loss as a whole. Previous studies
have attempted to predict the genes that, when disrupted, may cause human embryonic lethality. However, predictions by these
early studies rarely point to the same genes. Case reports of pathogenic variants identified in RPL cases offer another clue. We
evaluated known genetic etiologies of RPL identified by ES.

Methods We gathered primary research articles from PubMed and Embase involving case reports of RPL reporting variants
identified by ES. Two authors independently reviewed all articles for eligibility and extracted data based on predetermined
criteria. Preliminary and amended analysis isolated 380 articles; 15 met all inclusion criteria.

Results These 15 articles described 74 families with 279 reported RPLs with 34 candidate pathogenic variants in 19 genes (NOP14,
FOXP3, APAF1, CASP9, CHRNAI, NLRP5, MMP10, FGA, FLTI, EPASI, IDO2, STIL, DYNC2H]1, IFTI122, PADI6, CAPS,
MUSK, NLRP2, NLRP7) and 26 variants of unknown significance in 25 genes. These genes cluster in four essential pathways:
(1) gene expression, (2) embryonic development, (3) mitosis and cell cycle progression, and (4) inflammation and immunity.
Conclusions For future studies of RPL, we recommend trio-based ES in cases with normal parental karyotypes. In vitro fertil-
ization with preimplantation genetic diagnosis can be pursued if causative variants are found. Utilization of other sequencing
technologies in concert with ES should improve understanding of the causes of early embryonic lethality in humans.
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Introduction

According to the World Health Organization, 211 million
pregnancies occur each year [1]. Pregnancy loss before
20 weeks, or miscarriage, occurs in an estimated 15-25% of
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pregnancies [2]. About 50% of losses are secondary to chro-
mosomal abnormalities, including monosomy and trisomy
[3]. In many cases, these errors are sporadic and do not predict
future pregnancy losses. Recurrent pregnancy loss (RPL) is
defined as the loss of two or more consecutive clinically rec-
ognized pregnancies before 20 weeks of gestation [4]. RPL is
much less common than singular pregnancy loss, occurring in
only about 1 in 100 pregnancies [4]. RPL is suggestive of a
genetic etiology. Known risk factors in RPL include maternal
endocrine or anatomical abnormalities, maternal inherited
thrombophilia, and parental genetic abnormalities such as bal-
anced translocations. The American Society for Reproductive
Medicine recommends a workup for RPL after the second clin-
ically recognized miscarriage [5]. The workup includes maternal
and paternal karyotype, tests for lupus anticoagulant,
antiphospholipid antibodies, prolactin level, hemoglobin Alc,
and a sonohysterogram to evaluate uterine anatomy; additionally,
a chromosomal microarray on the product of conception (POC)
is recommended to determine if unexplained sporadic aneuploi-
dy accounts for both miscarriages [5]. Popescu et al. recently
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estimated that 95% of RPL can be explained after the recom-
mended workup [5]. Therefore, 5% of RPL, or approximately
100,000 miscarriages per year worldwide, remain completely
unexplained by known causes, either maternal or fetal.

Mendelian causes of pregnancy loss have long been hy-
pothesized. Certain genetic disorders, like Barth syndrome
(OMIM 302060), lethal multiple pterygium syndrome
(OMIM 253290), and homozygous achondroplasia (OMIM
100800), are known to be associated with fetal demise in utero
[6-8]. The association of these disorders with pregnancy loss
was recognized in natural history studies of the primary dis-
order. Often, POCs in these cases carry the same variants as
their living affected siblings but, because of variable expres-
sivity, do not survive intrauterine life [9]. Maternal causes of
pregnancy loss may also include single-gene disorders, such
as Factor V Leiden thrombophilia [10]. Prior to the advent of
exome sequencing (ES), no completely penetrant Mendelian
causes of RPL had been described.

Many challenges hinder the investigation of genetic factors
contributing to RPL, including acquisition of adequate samples,
public stigma of pregnancy loss, and an expected high degree of
genetic heterogeneity. POC samples are often degraded or con-
taminated with maternal tissues, making it difficult to determine
variants that are present only in the POC [11]. Mothers may not
report pregnancy losses due to fear that they may be at fault or
that they may be blamed for the loss. Additionally, losses may
occur in the very early stages of gestation, before the mother is
aware of her pregnancy. Lastly, variants in many genes are
likely responsible for fetal demise. In mice, roughly 30% of
gene knockouts result in utero lethality, strongly suggesting that
other mammals will have a similarly large fraction of essential
genes [12]. ES offers a new and promising method for the
identification of human essential genes. By interrogating the
genetic sequence of all protein-coding parts of the genome,
ES has revolutionized diagnosis of genetic disorders, allowing
researchers to associate thousands of genes with the disorders
they cause [13]. Finding causative variants in candidate genes
for a Mendelian disorder creates paths for disease research,
genetic counseling, and treatment, giving hope to patients and
their families. Successful research using ES depends on reliable
variant interpretation (ClinVar, Human Gene Mutation
Database, dbSNP) and previous knowledge of the function of
the encoded proteins, as well as robust frequency information
allowing researchers to narrow their variant search. Disorders in
which the causative variant and gene are not discovered by ES
alone may also be solved by coordination of ES with comple-
mentary technologies, like genome sequencing (GS) and RNA
sequencing.

This review summarizes current literature describing the
use of ES for the diagnosis of causes of pregnancy loss. We
highlight 19 genes now known to be causes of human embry-
onic lethality and make recommendations for the ongoing use
of ES in the obstetrics or fertility clinic.
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Materials and methods

We performed this review according to the PRISMA guidelines
for systematic reviews. We summarized current reports of the
use of ES in cases with known recurrent pregnancy loss before
20 weeks gestation. Our final inclusion criteria focused specif-
ically on ES in an effort to report only genes and variants
associated with pregnancy loss and RPL. To date, GS studies
have reported only copy number variants or aneuploidy and are
often undertaken as an alternative to array comparative geno-
mic hybridization, the current standard for aneuploidy detec-
tion. Variants in non-coding sequences with potential regulatory
consequences can be detected by GS, but our ability to analyze
the consequence of these variants is, to date, limited.

Search strategy and study selection

We conducted a systematic literature search for studies written
in English from January 2010 to April 2018 on PubMed and
Embase databases. We restricted the date range to begin in
2010 based on the date of the first successful application of
ES for the discovery of the cause of a Mendelian disorder [ 14].
ES is still a relatively new technology but has significantly
changed the field of Mendelian genetics [14]. Our search strat-
egy identified reports of families or cases including phenotype
information and known fetal losses, with documented use of
ES.

Two reviewers (S.R. and M.T.) screened all articles indepen-
dently in April 2018. We included all studies that (1) used ES,
(2) included novel patient reports, (3) had human subjects, (4)
were in English, and (5) included cases of RPL (<20 weeks
gestation). We excluded reports that did not meet all of these
criteria (n =251, Figure S1) (Table 1). The final list of reports
was reviewed by all authors of this report. We also reviewed the
references of the retrieved publications to identify any addition-
al studies that may not have been identified in our original
search. For this review, we included all reports of at least 1
family with 2 or more pregnancy losses before 20 weeks ges-
tation, or at least one pregnancy loss with other medically ter-
minated pregnancies due to fetal anomalies, or two or more
families with one or more pregnancy loss (Table 2). Because
we were searching for monogenic causes of RPL, we excluded
carriers of complex chromosomal rearrangements, insertions,
deletions, or translocations. The search returned 309 references,
which we reduced to 262 after removal of duplicate articles.
After screening of titles and abstracts, we assessed full-text
publications for eligibility and selected 10 publications that
fulfilled all inclusion/exclusion criteria. Upon review, we per-
formed an amended search, which recovered articles excluded
from our original search and identified an additional 118 can-
didate articles, which we reduced to a final list of 15 publica-
tions (Fig. 1; [15-29]).
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Table 1 Eligibility criteria for this

review. PubMed and Embase Inclusion criteria

Exclusion criteria

searches were completed in April
2018

—_

. Recurrent (2+) first or second trimester

1. Exome sequencing methods with no patients reported

pregnancy loss (<20 weeks gestation)

2. Exome sequencing utilized

w2

. Human subjects
. English language

. Full text available

~N O Wb

. Novel reports of a patient or family
(i.e., a case study or case series)

. Found in PubMed and/or Embase

2. Review
3. Genome sequencing, SNP array, or karyotype only

4. Parents are translocation carriers

Data extraction

Two authors extracted data using a standardized set of tables
created during the filtering process. Following discussion with
all authors, we assessed all articles using these tables (Tables 2,
3, S1). The data includes information on ES platform and cap-
ture, patient phenotype, and pregnancy information, as well as
variant filtering method and final candidate genes. We also
noted other functional data performed by the study authors.

Data analysis

We summarized the data in tabular and narrative format and
highlighted studies with particularly interesting approaches to
variant filtering and any functional data that lends additional
support to smaller studies. We also included studies with ad-
ditional families with related phenotypes in an effort to expand
understanding of what phenotypes and pathways may also
lead to pregnancy loss or RPL in extreme cases.

Results
Study characteristics

We report key characteristics of the selected studies in
Tables 2 and 3. Maternal age in all cases was earlier than
age 40 at the time of her first miscarriage; however, some
reports only noted age after multiple miscarriages. Because
aneuploidy is responsible for such a large percentage of fetal
loss in early pregnancy, all parents in these studies were con-
firmed to be euploid before ES.

The most common ES method used included exome selec-
tion with Agilent SureSelect exome capture reagents followed
by paired-end sequencing on Illumina HiSeq machines
(Table S1). DNA from maternal, paternal, and family member
samples were extracted from leukocytes in 11 studies, and
proband samples were obtained from fetal or placental tissue
in 7 studies. Importantly, studies where fetal tissue was not
available to be sequenced directly often included multiple oth-
er family members or other families to test their hypotheses.

Pregnancy loss candidate genes

The authors of these studies used multiple databases and algo-
rithms to help prioritize the tens of thousands of variants that are
found in any sequenced exome. These included large collections
of human genomes and exomes to assess variant frequency:
ExAC, gnomAD, BRAVO, 1000 Genomes, and Exome
Variant Server [30-34]. We also used algorithms based on nu-
cleotide and amino acid conservation in related vertebrates to
evaluate nucleotide variants and prediction scores based on pro-
tein function (GERP++, PolyPhen2, SIFT, MutationTaster, and
others) to predict the consequences of missense variants [35-38].

In all of the papers we selected, cases were filtered based on
a presumed de novo autosomal dominant or autosomal reces-
sive mode of inheritance, which identified candidate variants
that were either homozygous (in consanguineous families) or
compound heterozygous with one variant being inherited from
each parent. Confirmatory functional testing was completed in
some but not all cases; all functional testing revealed that the
identified variants produced loss of function. In one case, au-
thors discovered a heterozygous variant inherited from the
mother in a paternally imprinted gene, thereby leading to
monoallelic expression of the impaired allele. Authors also used
functional scores, such as probability of loss-of-function intol-
erance (pLI), and mouse models to predict lethality [12,31]. We
found a strong correlation between pLI > 0.9 and an embryonic
lethal mouse phenotype (Figure S2) [39].

A total of 19 strong candidate genes were reported by 14
studies, with 3 studies reporting 2 or more different candidate
genes in 2 different families with a similar function, as report-
ed in GeneCards (genecards.org) and OMIM (omim.org)
(Table 3). One study included in these 14 and one other study
also reported other genes that did not meet these criteria,
which we classify as genes of unknown significance
(Table S2). These 19 genes all have known functions, many
of which cluster in 4 categories: development, gene expres-
sion and regulation, immunity and inflammation, and cell cy-
cle progression (Fig. 2). Genes encoding proteins already
known to be involved or essential in vertebrate development,
such as APAF'1, CASP9, CSPP1, IFT122, NLRP5, and PADI6,
are likely to have a conserved function in human development
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Fig. 1 Flow diagram of article

selection for this review. Article
selection was completed Pubmed Embase
. P * Date range applied 2010-current Date range applied 2010-current
accordlng to, PRISMA guldellnes ¢ Exome/Genome, case report, * Exome/Genome, case report,
for systematic reviews pregnancy loss or RPL pregnancy loss or RPL
¢ English only e English only
n=194 n=115

N i

All non-overlapping articles
n=263

|

Exome only, variants reported if gene implicated
* Pregnancy loss with pedigree and/or phenotype reported

Preliminary List of Articles

n=10

Updated PubMed Search
n=118

\_

* Exome only, variants reported if gene implicated
* Pregnancy loss with pedigree and/or phenotype reported

Final List of Articles

n=15

[15]. For example, Spellicy et al. showed that two genes in-
volved in neural tube closure in mice, APAFI and CASP9,
encode proteins that function in humans similar to in mouse
[15]. In their study of two families, compound heterozygous
variants in one of two apoptosis genes, APAF'/ and CASPY,
lead to multiple pregnancy losses in the second trimester. All
of'the affected fetuses displayed neural tube defects, including
craniorachischisis and vertebral segmentation anomalies [15].
Variants in these genes were rare (MAF <0.03 in dbSNP,
1000 Genomes, EXAC, and ESP) and involved in a functional
domains in the encoded protein. Both genes encode proteins
known to be involved in the apoptotic pathway. Functional
studies confirmed that the variants were loss of function, with
patient fibroblasts showing significantly less apoptotic activity
in a TUNEL immunofluorescence assay [15]. Key regulatory
genes, such as FOXP3 and NOP4, may also have widespread
effects in human development. For example, Reichert et al.
demonstrated that heterozygous loss of function of the tran-
scription factor FOXP3 caused fetal demise and hydrops in 7
fetuses in one family [16]. Additionally, progression through
the cell cycle and normal mitotic function is important for a
developing embryo, as evidenced by the involvement of
DYNC2H] and STIL. Starting from a single-cell fertilized
egg, embryonic growth is dependent upon normal mitosis.
Cristofoli et al. describe a case of loss-of-function variants in
STIL, a core centrosome protein needed for maintenance of
the mitotic spindle leading to multiple pregnancy losses with
all POCs displaying microcephaly [17]. STIL loss-of-function

variants were inherited from both parents in affected POCs,
while both unaffected siblings tested were heterozygous with
one functional allele [17]. Lastly, effective immune response,
as controlled by FOXP3, IDO2, NLRP2, NLRP5, and NLRP?7,
is needed to combat infection in the fetus and to ensure that the
maternal immune system does not reject the fetus. The four
pathways identified in these studies are promising candidates
for further follow-up in other cases.

Pregnancy loss genes of unknown significance

In two studies, authors reported genes of unknown signifi-
cance, which did not meet our criteria for candidate pregnancy
loss genes. These genes of unknown significance were found
in only one family without functional testing and require ad-
ditional functional testing to determine their inclusion in RPL
genes. Filges et al. presented a list of 8 candidates from a
family with 36 pregnancy losses, where all 5 POCs tested
were fully triploid [18]. However, without additional families
or performing additional studies, they were unable to confirm
which of these was the causative gene (Table S2). Lastly,
Quintero-Ronderos et al. reported a cohort of 49 women
experiencing RPL and found candidate genes in 22 cases
(Table S2) [19]. Filtering criteria isolated candidates that have
functions related to spontaneous abortion, implantation, uter-
ine biology, or mouse lethality in multiple databases including
PubMed, GeneCards (http:/www.genecards.org), and Mouse
Genome Informatics database [40]. The final candidate list in
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Fig. 2 Functions of genes
essential to human development
identified in these studies.
Essential cellular processes, like
mitotic division and gene
expression, were common
functions of 6 genes, while 5
others are known to be involved
in fetal development in mice or

Development
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this report was not confirmed by further functional studies for
17 of the genes; however, variants were found in more than
one family for 3 of their reported genes (Table 3) [19].

Because these studies were limited to a single family and
lacked functional studies to confirm causality, the involve-
ment of these genes is still uncertain (Table S2). Additional
functional studies or families would likely solve this problem.
These genes should be prioritized in future cases where preg-
nancy loss ES is pursued.

Discussion

We systematically reviewed the literature to determine if
whole exome sequencing is an effective strategy for finding
Mendelian causes of spontaneous abortion. We present 15
studies that utilized ES to determine the cause of pregnancy
loss. These studies found 19 strong candidate genes, along
with 25 other preliminary candidate genes, associated with
embryonic lethality in humans. These genes are involved in
essential pathways such as transcription, mitotic and mei-
otic cell division, immune response, and embryonic devel-
opment. For further clinical study of pregnancy loss and
RPL, we recommend trio sequencing of POC and both par-
ents, along with frequency and algorithm-based variant pri-
oritization. In cases where more study is needed, we recom-
mend functional tests, submission to GeneMatcher, and ad-
ditional sequencing studies [41]. Because de novo muta-
tions may contribute to the basis of pregnancy loss, it is
extremely important in future studies to include both par-
ents in addition to POC in sequencing studies. Pregnancy
loss and RPL sequencing studies can help uncover the core
set of genes for human life.

How do genetic defects cause RPL?

Known Mendelian disorders affect every organ system, and we
hypothesize that phenotypes causing early lethality will be sim-
ilarly distributed. In some cases, the genetic defects were clearly
linked to a lethal phenotype, like neural tube defects or fetal
akinesia deformation sequence [15, 20]. In others, the fetal loss
was unexplained but could be due to dysfunction of any organ
or developmental system. Here, we focus specifically on RPL
cases less than 20 weeks gestation, with reported cases occurring
as carly as 4 weeks. We expect that genes involved in essential
cellular processes, such as mitosis and transcription, are more
likely to cause lethality early in pregnancy, as opposed to defects
affecting later processes that required later in fetal development.
The molecular mechanisms downstream of each variant report-
ed here are currently unclear. Table 2 annotates the general func-
tion of each gene as reported in the current literature. These
RPL-associated genes point toward pathways like development,
gene expression and regulation, immunity and inflammation,
and cell cycle progression. Interestingly, variants in three genes
in the NLR family of proteins all caused fetal lethality; these
genes are known players in the pro-inflammatory cascade [42].
Inflammation is known to mediate the implantation of the fetus
and its development in a semi-allogenic environment [30]. The
remaining 17 genes on our list are currently the only gene in
their family associated with RPL, but more RPL-associated
genes, especially those that play a part in the 4 pathways we
highlighted, may come to light as additional families with RPL
pursue ES or GS. Gene knockout mouse models also offer a
window into the function of orthologous RPL genes in humans
(Table 3). Of the 19 RPL candidate genes, 16 have a published
mouse model, 11 of which have a severe phenotype with either
embryonic or perinatal lethality (Apaf1, Casp9, Chrnal, Epasl,
Stil, Dync2hl, Ifi22, Caps, and Musk) or infertility (NlrpS5 and
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Fga) [40]. Affected organ systems in the fetus included the
respiratory, the vascular, and the central nervous system. Fetal
brain anomalies associated with RPL, such as exencephaly and
holoprosencephaly, were reported in 5 models (Apafl, Casp9,
Stil, Dync2hl, and Ifi122). Knockouts of two genes, Apaf] and
Casp9, resulted in neural tube defects and exencephaly, similar
to the reported neural tube defects in the corresponding human
RPL examples [15]. In each instance, these anatomic pheno-
types may explain the embryonic or fetal demise, or there may
be some underlying chemical imbalance not apparent to gross
and/or microscopic evaluation. Also, for 4 genes (Foxp3, Nlrp5,
Fga, and Padi6), the abnormality was in oocyte maturation or in
the reproductive tract of affected females. These observations
emphasize the need to consider fetal or maternal causes or a
combination of both in the causation of RPL. Three of the 19
RPL candidate genes (Nlrp2, Nlrp7, and Nop14) have no report-
ed mouse model and would benefit from further investigation.

Exome sequencing in the clinic

The American Society for Reproductive Medicine estimates
that a clinical workup to evaluate parental karyotype, uterine
anomalies, and other maternal health issues will explain ap-
proximately 50% of RPL cases [5]. In conjunction with POC
karyotype, up to 95% of cases can be explained [5]. However,
for the approximately 100,000 de novo cases annually in
which pregnancy loss cannot be explained using these tests,
we recommend trio ES of POC and both parents. Another case
where trio ES should be pursued is consistent, abnormal POC
karyotypes not found in either parent, as in complete triploidy
in all tested POCs [18]. In a reported case, the abnormal kar-
yotype resulted from loss of a crucial gene for meiotic divi-
sion. ES of trios enhances the diagnostic rate of ES by 10% or
more over proband-only ES [43].

Because many genes may cause embryonic lethality and
because many biological functions are required for successful
development of the fetus, variant filtering may be difficult
[12]. Collection of parental DNA for trio sequencing is critical
to assess the presence of rare variants identified in the POC.
DNA from other family members also experiencing RPL or
their POCs should also be collected if possible. Information
from additional family member can often help researchers to
identify alleles that are now found in trans with another variant
allele or are de novo in the POC. De novo variants contribute to
a surprisingly large proportion of Mendelian disease, since high-
ly deleterious alleles are often not passed on to offspring [44].
Before functional studies, variant prediction algorithms, such as
GERP++, SIFT, PolyPhen2, PROVEAN, pLI, CADD, VEST,
REVEL, and Primate-DL, can be utilized for prioritization [31,
35-38, 45-49]. Lethal or severe phenotypes in model systems
are also extremely valuable predictors, as essential function may
be conserved in humans. Genes associated with severe
Mendelian phenotypes in humans may also be prioritized,
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especially if relatives are diagnosed with those conditions.
Because there could be many reasons why a pregnancy might
end in fetal loss, we encourage the use of GeneMatcher and the
Matchmaker Exchange to find additional families with variants
in candidate genes matching the above criteria [41, 50].
Matching can be considered even if patients do not have the
exact phenotype, since phenotypic heterogeneity may lead to
the severe consequence of embryonic lethality.

In all cases, genetic counseling is warranted to help couples
with RPL understand challenges and uncertainties associated
with ES, especially for a highly heterogeneous condition like
pregnancy loss. Several studies have shown diagnostic rates of
25-35% for ES in pediatric patients with genetic disorders [13].
In our review of the literature, only 19 genes have been associ-
ated with pregnancy loss or RPL in the literature according to
this systematic review. We expect pregnancy loss may have a
lower diagnostic yield than other Mendelian conditions where
all genes associated with the disorder are known. However, Vora
et al. recently found that prenatal exome sequencing in anoma-
lous fetuses yielded possible diagnoses in 7 of 15 cases, an even
higher rate than normally discussed for pediatric ES [51].
Counseling should emphasize that using ES or GS for diagnosis
of pregnancy loss is currently experimental, with unknown di-
agnostic yield [51]. As with all ES or GS studies, there is a risk
of secondary findings, including non-paternity and variants of
uncertain significance [52, 53]. These experimental ES studies
are currently limited in their clinical utility, but the number of
clinically actionable findings will continue to increase as ES and
GS are used in both research and clinical settings. However, if a
variant in a causative gene is discovered, in vitro fertilization
(IVF) with preimplantation genetic diagnosis (PGD) can prevent
further pregnancy loss by ensuring only healthy embryos are
implanted. PGD screens embryos for pathogenic or likely path-
ogenic variants in clinical actionable genes that are present in the
parents. PGD can also be used in conjunction with aneuploidy
testing to select non-aneuploid embroys, eliminating another
miscarriage risk factor [54]. As in other Mendelian conditions,
diagnostic rates will only improve in the future as more genes
are associated with pregnancy loss.

Barriers to solving pregnancy loss with ES

Even with ES, not every cause of pregnancy loss will be iden-
tified. Because exome capture biases read coverage, copy num-
ber variants are extremely hard to detect using ES. Exome cap-
ture reagents are not efficient in difficult areas of the genome, so
not even the entire protein-coding portion of the genome (a mere
1-2%) is covered with ES. Non-coding variants will not be
sequenced with ES. Importantly, ES analysis often focuses on
Mendelian phenotypes, making it difficult to find genetic inter-
actions. Environmental variables, like infection during pregnan-
cy or trauma, or gene by environment interactions will also be
missed in most cases. Perhaps, the most difficult barrier in
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pregnancy loss ES is sample acquisition. Miscarriage may occur
even before the mother is aware of her pregnancy. Public stigma
keeps many mothers from reporting their miscarriages [55].
Similar to many oncology providers, obstetrics and gynecology
providers may not be well-versed in genetic technologies and
the interpretation of ES [56]. The small number of studies re-
ported here is only a small fraction of the total number of genes
estimated to cause human lethality [39]. More samples and larg-
er cohort studies are needed to create a more comprehensive
map of the human essential gene network. This effort will yield
insight into the biological systems that are central to human
reproduction and the beginnings of life.

Extending the exome: finding human essential genes

ES diagnostic rates can be increased by adding additional
data, including other sequencing technologies, like RNA-seq
or whole genome sequencing. RNA-seq technologies can add
variants not detected by ES due to uneven capture or add
important interpretation, such as expression, splicing, or
tissue-specific changes. Ideally, tissue from the POC would
be collected to perform RNA-seq, but these tissues may be
difficult to acquire. GS can extend the findings of ES by in-
terrogating non-coding regions, where interpretation is diffi-
cult and by capturing coding regions where capture is difficult,
such as CG-rich regions or repeat regions. Long-read GS may
further resolve difficult regions for short-read sequencing,
which is the most common method in ES today.

Studies in human cell lines, mouse models, and computa-
tional algorithms have predicted that over 5000 genes may be
essential in humans [38]. Due to ethical and legal restrictions
on human embryo studies, natural human knockouts are the
only way to confirm human gene essentiality and resolve dis-
parities in these predictive methods. Human essential genes
represent the core set of biological information at the cellular,
tissue, and organismal level. Collectively, interrogation of
pregnancy loss cases is a promising and informative method
for discovering the keys to human development.
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