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Abstract

Recurrent pregnancy loss (RPL) affects up to 5% of couples. It is believed that genetic factors contribute to the disease’s etiology
and pathophysiology. Hundreds of genes represent coherent RPL candidates due to mammalian implantation’s inherent com-
plexity. Sanger sequencing (direct sequencing) of candidate genes has identified potential RPL causative genes (and variants),
including those regulating embryo implantation and pregnancy maintenance. Although this approach is a reliable technique, the
simultaneous analysis of large genomic regions is challenging. Next-generation sequencing (NGS) technology has thus emerged as
a useful alternative for determining genetic variants and transcriptomic disturbances contributing to monogenic and polygenic
diseases pathogenesis. However, interpreting results remains challenging as NGS experiments provide an enormous amount of
complex data. The molecular aspects of specific diseases must be fully understood for accurate interpretation of NGS data. This
review was thus aimed at describing (for the first time) the most relevant studies involving Sanger and NGS sequencing, leading to
the description of variants related to RPL pathogenesis. Successful RPL-related NGS initiatives (including RNAseq-based studies)
and future challenges are discussed. We consider that the information given here should be useful for clinicians, scientists, and
students to enable a better understanding of RPL etiology. It may also provide a basis for the development of diagnostic/prog-
nostic approaches contributing toward translational medicine.
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contribute to the disease etiology and physiopathology, mainly
because RPL patients’ siblings have higher miscarriage fre-
quency than women from control populations.'®"?

Different approaches have been adopted for exploring
embryo implantation disturbances and RPL’s genetic origin,
such as genetic linkage analysis, DNA methylation status deter-
mination, and candidate gene genotyping. Classical linkage
analysis used with affected families has been particularly chal-
lenging due to the rarity of large pedigrees being affected by
reproductive disorders. Indeed, mutations leading to fertility
disturbances are usually under strong negative selection.
Genome-wide association study approaches (based on
genome-scale polymorphic marker genotyping) have enabled

Introduction

Human infertility is a frequently occurring disease, affecting
more than 50 to 80 million couples worldwide.' Despite
advances in diagnosis and treatment, the disease etiology
remains unexplained in more than 30% of cases, strongly sug-
gesting the involvement of genetic, epigenetic, and environ-
mental factors. Female infertility-contributing dysfunctions
are related to tubal disease, ovulation disturbances, and endo-
metrial pathologies, including miscarriage.>* The latter (ie,
pregnancy loss up to 24 weeks’ gestation) has been associated
with various etiologies, such as thrombophilic disorders, ana-
tomic malformations, infectious agents, systemic pathologies,
and endocrine, immunological, and genetic anomalies. Fetal
chromosomal abnormalities (such as sporadic aneuploidies) are
the commonest cause of miscarriage, accounting for up to 50%
of cases. However, fetal aneuploidy incidence in recurrent
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pregnancy loss (RPL) decreases with an increased amount of
miscarriages. Other rare fetal chromosomal abnormalities, such
as translocations and copy number variations (CNVs), are also
associated with the possible recurrent risk of miscarriage.””’
RPL (defined as 2/3 consecutive miscarriages) affects up to
5% of couples.®® It has been proposed that genetic factors
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several loci to be mapped (3p14.2, 9p22.1, 1q13.4, 6ql16.3,
6927, 9q33.1, and Xp22.1) and potentially RPL phenotype-
related genes to be proposed (eg, HLAs, FHIT, FAMI154A,
PDE24, and GRIK2).'*'*'> 1t is worth noting that quantitative
trait loci (QTL) mapping, using the interspecific recombinant
congenic strain mouse model, has led to identifying embryonic
resorption-related regions which are analogous to the human
RPL phenotype.'®'” Genotyping human candidate genes
located in these chromosomal regions has enabled identifying
mutations in alkaline phosphatase placental (4LPP) and fork-
head box D1 (FOXD1) which lead to major functional distur-
bances and contribute to the RPL phenotype.'**°

Sanger sequencing (direct sequencing) of candidate genes
has also been used for identifying potential RPL causative
genes (and variants), including those regulating embryo
implantation and pregnancy maintenance. Although direct
sequencing is a reliable technique, the simultaneous analysis
of large genomic regions is challenging. Next-generation
sequencing (NGS) has thus emerged as a useful alternative
for determining genetic variants and transcriptomic distur-
bances contributing to monogenic and polygenic disease
pathogenesis.”'"** Next-generation sequencing has been used
in reproductive medicine for studying several female patho-
logical conditions, such as primary ovarian insufficiency, pre-
eclampsia, and RPL.**>* However, interpreting results is
challenging as NGS experiments provide an enormous
amount of complex data, especially regarding polygenic dis-
eases. Furthermore, specific diseases’ molecular aspects must
be fully understood for accurately designing and interpreting
NGS experiments. Next-generation sequencing has recently
been described as a useful tool for discovering new variants
which are potentially related to RPL pathogenesis. After their
in vitro validation, RPL candidate variants found by this
approach can be considered molecular biomarkers for diag-
nostic/prognostic purposes. This review has thus been aimed
at describing the most relevant studies involving Sanger
sequencing leading to the description of variants potentially
related to RPL pathogenesis.

We have included information on studies specifically using
this sequencing methodology as their main technique for iden-
tifying variants potentially related to the phenotype. It should
be noted that such reports have frequently been based on the
candidate gene approach. Association and case—control studies
have also been undertaken, most having emphasized statistical
linking between variants and the phenotype. Such variants have
been reported in some cases as determining a higher risk of
suffering RPL and, in rare cases, have been validated by func-
tional tests. Nevertheless, these variants constitute robust can-
didates for future studies and are potentially useful clinical
biomarkers. Successful RPL-related NGS initiatives have also
been discussed.

We consider that the information given here should be use-
ful for clinicians, scientists, and students to enable a better
understanding of RPL etiology. It may also provide a basis for
diagnostic approaches contributing toward translational
medicine.

Candidate Gene Approach Using Sanger
Sequencing in RPL

Classical Sanger sequencing has been used for accurately
determining a DNA sequence from amplicons obtained by
polymerase chain reaction (PCR) amplification. Although
direct sequencing is a reliable technique only ~ 600 base pairs
(bp) per reaction can be read, thereby hampering simultaneous
analysis of large genomic regions. This approach has led to
identify variants (eg, polymorphisms and rare variants) being
found in female RPL patients in genes related to different
molecular cascades and biological processes, such as the estro-
gen pathway, embryo—maternal immune response, apoptosis,
decidualization, angiogenesis, coagulation, metabolism, and
enzymatic activity. Table 1 shows the variants in RPL patients
which have been screened by Sanger sequencing.

Studies using RPL patients’ DNA from peripheral blood
samples have found genetic variants in genes associated with
embryo—maternal immune response modulation, an important
step for successful implantation during the attachment phase. It
should be noted that syncytiotrophoblast (ST) secretes immu-
nosuppressive proteins such as PAI-1 and HLA-G during inva-
sion to avoid rejection by the maternal immune system.>>°
Several studies have found associations between immunosup-
pressive gene variants and RPL development.

A PAI-1 screening study of the 5’ untranslated region (UTR)
region involved direct sequencing of DNA from blood samples
taken from idiopathic Indian RPL patients affected by at least
2 consecutive pregnancy losses before the 20th week of
gestation. The authors found a statistical association between
the c.-816 A>G (rs1799889 4G/5G polymorphism) variant
(located in the promoter region) and RPL development and
implantation failure (P = .016).>” Patients having a history of
smoking or alcohol use, as well as anatomic, hormonal, chro-
mosomal, infectious, autoimmune, and thrombotic causes were
excluded from the study, as were those having had a live birth.

Evidence has also been provided of HLA-G variants’ genetic
associations with idiopathic RPL in populations having differ-
ent ethnic origins, that is, Caucasian, Indian, and Euro-
Brazilian. HLA-G’s complete open reading frame (ORF),
5'UTR, and 3'UTR have been sequenced in different stud-
ies.*®* % These revealed that patients having c.-1179 G>A
(rs1233335, odds ratio [OR]: 3.8, P < .001), c.*29-126G>A
(rs915670, OR: 2.45, P = .008), and c.-788C>A
(rs114252012, OR: 2.35, P = .019) variants and HLA-G alleles
(*0105 N and *01013, P = .007) had a higher risk of develop-
ing RPL or suffering implantation failure compared to controls.
The patients in those studies had 2 or more unexplained spon-
taneous miscarriages and no abnormalities found during gesta-
tional screening. Abnormal couple karyotype, antiphospholipid
and lupus antibodies, prothrombotic and endocrine factors, hor-
monal levels, and uterine anatomy alterations were the exclu-
sion criteria.%*!

Functional tests regarding HLA-G variants found in Indian
and Euro-Brazilian populations have elucidated HLA-G
expression levels in such patients. Agrawal et al measured
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Table I. Variants Associated With RPL Using Direct Sequencing Approach.
Number of
Female Patients Statistical Functional
Gene With RPL Population cDNA/Alleles Protein Rs Association/RISK Test References
ALPP 100 Caucasian c.265 A>T p.lle89Leu rs13026692 Yes Yes 9
FOXDI 556 Caucasian c.1067 C>G p-Ala356Gly rs917127030 No Yes 20
c.1092 C>G p.lle364Met rs992724147 No
c.1285_1286Ins  p.Ins429AlaAla  rs370819776 Yes
GCCGCG
PAI-1 60 Indian c.-816 A>G — rs1799889 Yes No 7
HLA-G 100 Indian c-1179 G>A — rs1233335 Yes Yes >
c*29-126 G>A rs915670
c.-788 C>A rs114252012
78 Caucasian *0105N Yes No 8
127 Euro-Brazilian *01013 e Yes Yes 40
C4BPA 962 Caucasian c.359 G>A p.-Argl20His rs867500835 Yes Yes 2
c.671 T>C p.le224Thr rs| 16795518
c.1268 G>A p.Gly423G rs116700161
C4BPB 962 Caucasian c.694 A>G p.Thr232Ala rs141922788 Yes Yes 42
CDh46 962 Caucasian c971 C>T p.Pro324Leu rs41317833 Yes Yes 2
c.638 A>T p.Asn2l3lle
BAX 67 Iran c-179 A>G rs751678403 Yes No 4
c.26 G>A p-Argdlys rs74422693
TIMP-3 84 Chinese c-1604 C>T rs5749511 No No 53
c-914 A>G rs2234921
TIMP- 4 84 Chinese c*387 G>A — rs17035945 No No >3
THBD 46 Caucasian c.1418 C>T p-Ala473Val rs1042579 No No 56
262 Colombian c457 T>G p.Trp153Gly Yes No 37
EPCR 46 Caucasian c.323-9_336dup No No 36
c.655 A>G p-Ser219Gly rs867186
FGB 98 Caucasian c—455 G>A Yes No >8
TAFI 86 Caucasian c.505 G>A p-Alal69Thr rs3742264 Yes No 59
c*310 T>A rs1087
AMN 45 Caucasian c.829 A>G p.-Thr277Ala rs146499374 No No €
c.1339_1344dup
GCCGGG

Abbreviations: ALPP, alkaline phosphatase placental; cDNA, complementary DNA; MMP, metalloproteinase; RLP, recurrent pregnancy loss.

HLA-G messenger RNA levels by quantitative PCR of blood
samples from Indian RPL patients. They found a significant
decrease in HLA-G expression in those patients carrying the
HLA-G ¢.-1179 G>A (rs1233335) and c.*29-126G>A
(rs915670) variants compared to control group.*® Nardi et al
used an enzyme-linked immunosorbent assay (ELISA) for
measuring soluble HLA-G (sHLA-G) concentration in Euro-
Brazilian patients’ peripheral blood; however, no significant
differences were found when the patients’ serum levels were
compared to control group.*’

Another study has reported that variants in complement and
lymphocyte receptors may contribute toward RPL etiology, that
is, C4BPA (c.359 G>A, p.Argl20H:is - 1s867500835; ¢.671 T>C,
p-11e224Thr - rs116795518 and c.1268 G>A, p.Gly423Glu -
1s116700161), C4BPB (c.694A>G, p.Thr232Ala - 1s141922788),
and CD46 (c.971 C>T, p.Pro324Leu-rs41317833 and ¢.638 A>T,
p.Asn213Ile).** This study involved Caucasian women having suf-
fered at least 3 consecutive embryonic losses. Patients having risk
factors such as abnormal karyotype, infectious disease during preg-
nancy, metabolic, autoimmune, and endocrine diseases, and

uterine anomalies were excluded from the study. Mohlin et al
sequenced the complete C4BPA, C4BPB, and CD46 ORFs and
used ELISA for analyzing expression levels and C4BPA
(p-Argl20His and p.Gly423Glu) and CD46 (p.Pro324Leu and
p-Asn213lle) variants’ degradation activity. The authors found that
the p.Gly423Glu variant mutation affected C4BPA expression
level, while the C4BPA p.Arg120His variant increased C4BP abil-
ity to act as a C4b degradation cofactor (P <.001). Furthermore, the
C4BPA p.Argl20His variant also decreased C3b degradation lev-
els (P <.01). CD46 p.Pro324Leu and p.Asn213lle variants’ func-
tional tests revealed a significant decrease in CD46 expression
level and decreased cofactor activity regarding C4b (P <.001) and
C3b degradation (P < .01).*?

Regarding the clinical setting, a study has shown that RPL
patients’ apoptotic gene expression levels were higher than
control group levels, thereby increasing apoptosis rate and
altering blastocyst invasion.*> The BAX promoter region and
complete ORF were sequenced to identify variants in RPL
Iranian patients. The inclusion criteria were 3 or more miscar-
riages before the 20th week of gestation. Patients having
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positive findings during clinical and laboratory evaluation were
excluded from this study, that is, hysteroscopy, karyotyping,
cervical culture, hormonal, and autoantibody levels. BAX
c.-179 A>G - rs751678403 (P = .0128) and c.26G>A,
p-Arg9lys - rs74422693 (P < .0001) variants had a statistical
association with RPL.**

Epithelial cell apoptosis promotes trophoblast cell invasion
and subsequent penetration of endometrial decidual cells by
adhesion protein and extracellular matrix (ECM) degradation.
Progesterone increases 7IMP expression via upregulation of
transforming growth factor beta 1 (TGF-B) and interleukin-1,
thus avoiding excess extravillous ST invasion.*>*” Metallopro-
teinases (MMPs) have been shown to have a critical function
regarding ECM degradation during ST invasion. MMP-2 and
MMP-9 expression is controlled by progesterone by inhibiting
SP4 and NF-kp transcription factors.*®>?

Studies using Sanger sequencing have revealed genetic poly-
morphisms in 7IMP-3 (c.-1604C>T, 1s5749511—P = .871, OR
= 1.074 and c.-914A>G - rs2234921—P = .559, OR = 1.659)
and TIMP-4 (c.*387G>A -1s17035945—P = .229, OR = 0.679).
However, a statistical association between these variants and the
phenotype was not clearly established in the target Chinese pop-
ulation, nor was the risk of developing RPL.>® These studies
involved patients having suffered 3 or more unexplained RPL;
patients having an abnormal karyotype, antiphospholipid syn-
drome (APS), uterine anomalies, endocrine dysfunction, throm-
bophilia, and infections were excluded.

The endometrium’s stromal cells change their morphology
and accumulate glycogen and lipids in their cytoplasm during
the decidualization stage; these will become sources of nutri-
tion for an implanted embryo. Decidualization also controls
ST invasion and promotes placenta development. Angiogen-
esis and endometrial spiral artery remodeling during decidua-
lization is a crucial step for correct embryo implantation. Such
morphological changes in blood vessels include their dilata-
tion and the apoptosis of endothelial and smooth muscle cells
in the tunica media. These modifications enable the flow of
oxygen and nutrients to the embryo.’*> Coagulation proteins
such as thrombomodulin (THBD) and EPCR are essential for
blood flow hemostasis, thus preventing hypercoagulation
states.

Various genetic association studies have found THBD and
EPCR variants (THBD c.1418 C>T, p.Alad73Val - rs1042579,
THBD ¢.457T>G, p.Trp153Gly, EPCR c¢.323-9_336dup, and
EPCR c.655A>G, p.Ser219Gly - rs867186) in Caucasian
and Colombian RPL patients affected by 2 or more consecutive
unexplained miscarriages. However, only THBD-p.Trp153Gly
had a statistical association with the disease’s origin (P =
.000009).7%°7 These patients’ miscarriages occurred during the
first trimester of pregnancy and were negative for any of the
classical risk factors (chromosome and uterine anomalies, auto-
immunity, thrombophilia, infections, and endocrine diseases).
The regions of interest in other coagulation genes (such as FGB
and TAFI) have been sequenced in a Caucasian population.
Such studies have included patients having suffered 2 or
more idiopathic RPL. Women having known risk factors

were excluded from the studies. The FGB c.—455 G>A (P <
.05), TAFI ¢.505G>A, p.Alal69Thr - rs3742264 (P < .01, OR:
1), and ¢.*310T>A - rs1087 (P < .01, OR: 1) variants were
found to be statistically associated with RPL women’s
phenotype.>®*°

Molecules (and genes) related to enzymatic activity and
metabolism have been shown to play a role during implantation
by regulating vitamin B12 (AMN) and phosphate catabolism.
ALPP catalyzes phosphomonoester hydrolysis and may be
involved in cell proliferation during early gestation. The ALPP
gene has been sequenced (11 introns and 12 exons) to identify
variants associated with RPL. The ¢.265A>T, p.lle§9Leu
(rs13026692) variant was associated with both a decreased risk
of miscarriage and fertilization failure (P = .0162, OR: 0.474)
by enhancing alkaline phosphatase activity (P = .01) in a target
(French) Caucasian population of women having suffered
unexplained primary recurrent miscarriages before the 20th
week of gestation and in vitro fertilization failure. Patients
having an abnormal karyotype/hormonal levels, prothrombotic
factors, autoimmunity, infections, or uterine anomalies were
excluded. This variant could be a predictor of implantation
success due to functional test results demonstrating that phos-
phatase activity increased by around 30%."°

AMN variants (c.829A>G, p.Thr277Ala - rs146499374 and
¢.1339_1344dup GCCGGG) have been reported in Caucasian
RPL patients having suffered at least 3 consecutive miscar-
riages and having no history of an abnormal karyotype, uterine
anomalies, infections during pregnancy, endocrine alterations,
metabolic disorders (diabetes mellitus and hypertension), or
autoimmunity. Patients having a history of any of these factors
were excluded from the studies. No association with RPL etiol-
ogy was demonstrated for AMN gene sequence variants.*’

A study using Sanger sequencing has found variants related
to RPL and the FOXDI transcription factor. The authors
sequenced the complete FOXDI encoding region using the
DNA from peripheral blood samples taken from 556 idiopathic
RPL Caucasian patients and 271 control women.?® Patients
affected by unexplained primary recurrent miscarriages before
the 20th week of gestation fulfilled the inclusion criteria.
Women were excluded if they had an abnormal karyotype
and/or hormonal levels, prothrombotic factors, autoimmu-
nity disorders, infections, or uterine anomalies. The control
group consisted of women who had had at least one live
birth and no antecedents of pregnancy loss. The results
revealed 10 nonsynonymous variants related to a 10.3 rela-
tive risk (confidence interval-CI: 1.4-77.2).

Gene reporter assays using the FOXD1-p.Ala356Gly and
FOXD1-p.Ins429AlaAla variants revealed this transcription
factor’s inability to transactivate the PGF promoter (P < .01).
C3 promoter transactivation was enhanced by the FOXD1-
p.Ile364Met and FOXD1-p.Ins429AlaAla mutations, while
C3 promoter transcription activity became decreased by the
FOXD1-p.Ala356Gly mutations. These results suggested that
FOXD1 mutations are a major cause of idiopathic RPL.

It should be noted that only a few of these variants have been
studied by in vitro/in vivo functional tests, thereby limiting their
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Figure I. Early RPL candidate genes. A, Uterine receptivity. Leukemia inhibitory factor and estrogen signaling during uterine receptivity in the
endometrium’s glandular epithelium for pinopode development, proliferation, differentiation, and cell survival. B, Apposition and adhesion.
Integrin signaling in the luminal epithelium for implantation and chemokine upregulation in cell poles where the apposition will occur during
apposition and adhesion. C, Apoptosis and invasion. FasR/FasL and progesterone signaling related to epithelial cell apoptosis. D, Decidualization
and angiogenesis. Decidualization controls ST invasion, promotes placenta development, and remodels the endometrium’s spiral arteries by
REN, AGT, IGF-1, TNF-a, TGF-0./3, BMP-2, ACE, IHH, PDGF, (P)RR, TIMPs, and PAI-| upregulation and THBD signaling for blood flow hemostasis. The
signaling pathway nomenclature follows Noveére et al’s guidelines published in 2009.5” RLP indicates recurrent pregnancy loss; Tr trophoblast;

THBD, thrombomodulin; UE, uterine epithelium.

use as definitive clinically useful biomarkers. Furthermore, hun-
dreds more genes may be coherent RPL candidate genes due to
mammalian implantation’s inherent complexity (Figure 1).

Next-Generation Sequencing Technology

A Panoramic View of NGS Technology

As mentioned beforehand, Sanger sequencing limitations mean
that the simultaneous investigation of many variants through-
out a genome is not feasible. PCR amplification and sequen-
cing of multiple amplicons in large panels is technically
complex, costly, and time-consuming.

Next-generation sequencing has thus emerged as a useful
and efficient approach for analyzing large genomic regions at

reasonable cost. Since whole-exome sequencing (WES) was
first described in 2009, NGS has led to hundreds of new mono-
genic and polygenic disease-related genes and variants being
identified, including those involved in reproductive disor-
ders.?”-?8:61-63 Next-generation sequencing technology has also
enabled large-scale sequencing of RNA, thereby facilitating de
novo transcriptome sequence assembly, novel mutation identi-
fication (eg, splicing variants), and the determination of differ-
ential expression levels between conditions (eg, normal vs
pathological).*%°

From a technical point of view, NGS has taken advantage of
progress regarding microtechnology, enabling millions of bp to
be analyzed in just a few hours using small chips, simple
devices, and reliable experimental protocols.
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Whole-exome sequencing and target sequencing microar-
rays are frequently used for diagnostic and research purposes,
while whole-genome sequencing is still exclusively reserved
for research purposes. Significant levels of average read depth
(the amount of times each nucleotide is read) must be ensured
(especially for diagnostic applications) since NGS may involve
a PCR step. It has been stated that ~60x average depth is
necessary for covering >90% of target genes in WES experi-
ments for research purposes, while up to 120x has been rec-
ommended for diagnosis.®®®” Trios (parental and proband
DNA samples) have been used to establish numerous diseases’
potential genetic origin, especially regarding monogenic dis-
orders. However, its use is still limited for complex diseases
(eg, RPL and other reproductive pathologies) because analyz-
ing hundreds of variants to obtain (filter) coherent candidates is
particularly challenging.?**®’ This is particularly true for fre-
quent disorders where numerous heterozygous sequence var-
iants may contribute to the phenotype. Filtering is less difficult
for rare recessive diseases affecting various patients belonging
to the same family because biallelic variants rarely occur.”
However, families affected by reproductive disorders are
uncommon due to negative selection.

Next-generation sequencing used for RNA molecule analy-
sis has evolved broadly during the last few years, offering
several advantages over classical expression microarray plat-
forms, such as high dynamic range regarding expression
assessment, insertion/deletion mapping, nucleotide change
detection (including splice variants), determining transcript
isoforms, and identifying gene fusions.®> RNAseq is used for
research and diagnostic purposes, especially for understanding
cancer’s biological behavior and providing more accurate treat-
ment.”"7> Next-generation sequencing has been used recently
in single-cell genomics applications (eg, cancer research),
thereby enhancing molecular/translational medicine
development.”>”*

Next-Generation Sequencing Studies of Idiopathic RPL

Attention has been focused in this section on studies aimed at
describing maternal genetic factors (eg, endometrial) contribut-
ing to RPL; however, some reports regarding the fetal causes of
RPL have been mentioned at the end of this section. At least 5
studies concerning idiopathic RPL women using NGS (DNA
and RNA sequencing) have been described to date.?* %% It
should be stressed that WES only detects single nucleotide
variants and small indels; other genetic abnormalities are not
covered by this approach, thereby limiting its usefulness for
diagnosis.

Qiao et al have used WES regarding 7 euploid miscarriages
from 4 families previously described as being affected by
RPL.?*5 The authors used unselected trio exome analysis to
identify monogenic inheritance genes. Couples having suffered
idiopathic RPL involving at least 2 miscarriage had been
previously screened using array-CGH-detected CNVs. The
DNA for WES analysis was extracted from miscarriage
chorionic villi and parents’ peripheral blood. Rare (<1%

minor allele frequencies [MAFs]) compound heterozygous
variants were identified in 2 families in the DYNC2HI
(p.Tyr2016Cys and p.Asp2184Val) and ALOXI5 genes
(p.Tyr139Cys and p.Thr560Met). Data filtering, disease
association enrichment analysis of variants, and software
tools for predicting nonsynonymous variant functional
implications were used to propose these sequence changes as
potential RPL etiology candidates. Table 2 shows RPL
patients’ variants which have been screened by NGS.

DYNC2HI is a cytoplasmic dynein protein involved in cilia
synthesis and maintenance; mutant forms have been associated
with lethal phenotypes in mice and humans.”®”® ALOX15
encodes an oxidizing enzyme which has been associated with
inflammation, cancer and heart disease, and increased abortion
rate in humans. 55!

Quintero-Ronderos et al have used a different approach,
since WES was used for studying a panel of 49 Caucasian and
Colombian unrelated women affected by idiopathic RPL.*
Contrary to the study by Qiao et al, other patients’ family
members were not included in this case study to filter potential
etiological variants. These patients were screened for any
known cause of RPL, and those having anomalies regarding
karyotype, uterine anatomy, hormonal levels, prothrombotic
factors, infections, and autoimmunity were excluded from the
study. The DNA for the WES study was extracted from RPL
patients’ peripheral blood.>® Their bioinformatics analysis of
data was focused on 234 RPL candidate genes. Stringent filters
were used for selecting putative causative sequence variants:
MAF = 0.00, nonsynonymous variants, and changes in resi-
dues conserved during evolution. Twenty-seven variants
affecting 22 genes were identified in 41% of the patients. These
variants affected molecules involved in biological processes
such as trophoblast/endometrium interaction, coagulation,
angiogenesis, immunological function response/modulation,
metabolism, ECM remodeling, steroidal nuclear receptor acti-
vation, and cell function regulation.

Some of these variants affected genes involved in molecular
cascades and biological processes, that is, trophinin (7RO),
THBD, coagulation factor V (F5), and leukemia inhibitory fac-
tor receptor alpha. Interestingly, adopting a robust quantum
chemical approach (fragment molecular orbital analysis) for
this study led to determining that the FGA-p.Phe685Cys and
MMP10-p.Asp199Asn variants were related to substantial
energetic changes, strongly suggesting a pathogenic effect and
that they could be clinical biomarkers for RPL.

Concerning the NGS-RNAseq technique, 3 studies have
recently used this approach for analyzing expression level dis-
turbances in tissues involved in implantation failure and
RPL.***!** Sgber et al compared early placental chorionic villi
transcriptomes and miRNomes from RPL Caucasian women
having suffered at least 2 consecutive miscarriages to those
from normal pregnancies (elective termination of pregnancy).
Patients having known RPL risk factors were excluded, that is,
abnormal menstrual cycle, genital infections, APS, thrombo-
philic variants, and an abnormal karyotype in the couple. Chor-
ionic villi from cyto- and syncytiotrophoblasts were removed
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during surgical termination of the pregnancy for the RNA-Seq/
miRNA-Seq analysis. Two patients (5 and 6 RPL) were eligible
for the RNA-Seq/miRNA-Seq study; 189 genes were found to
be dysregulated between conditions (51 were upregulated and
138 downregulated). Upregulated molecules included 47TF4,
C3, PHLDA2, GPX4, ICAM1, and SLC16A42 which have been
shown to play relevant roles during placental physiology and
pregnancy complications. Downregulation of mitochondrial,
spliceosome, ribosomal, and telomere function-related genes
and intracellular signaling were identified.*'

Furthermore, Wang et al have compared decidua and villus
tissue miRNAomes from 18 Chinese RPL patients having a
history of at least 2 consecutive pregnancy loses before the
12th week of gestation (confirmed by transvaginal ultrasound)
to those from 15 normal pregnancies.*® Patients having classi-
cal risk factors were excluded, that is, abnormal parental kar-
yotype, uterine anatomy, infectious and endocrine diseases,
luteal phase alterations, and hyperprolactinemia. The decidua
and villus tissues samples were collected by curettage from
each patient.*® Thirty-two micro RNAs (miRNAs) were upre-
gulated in decidua, while 4 were upregulated in RPL patients’
villi. Only 5 miRNAs were found to be downregulated in RPL
women’s villi. The confirmed downregulated miRNAs were
hsa-miR-1 and -372, which were associated with the increased
expression of their predicted targets (BCL2 and PTEN,
respectively).

More recently, Huang et al compared transcriptome data
regarding endometrium samples from Chinese women affected
by unexplained recurrent implantation failure (RIF) (defined as
the failure to become pregnant after the transfer of at least 4
good embryos in a minimum of 3 cycles) to that from idio-
pathic RPL patients having had 3 or more consecutive miscar-
riages before the 24th week of gestation.>* The patients
included in the study were no more than 40 years old, with
regular cycles, without a history of steroid hormone during the
preceding 2 months. Having an abnormal karyotype, APS or
systemic lupus erythematosus (SLE), abnormal thyroid func-
tion, uterine anomalies, intrauterine device in situ, and intrau-
terine adhesions were the exclusion criteria. Outpatient
endometrial biopsy was performed on day luteinizing
hormone+7.>* More than 900 genes were dysregulated
between conditions (661 upregulated in RIF and 301 upregu-
lated in RPL). The complement and coagulation cascades (eg,
C3,C4, C4BP, DAF, DF, and SERPING| transcripts) were the
main affected pathways.

It should be stressed that the aforementioned studies
involved patients having idiopathic RPL. However, NGS has
been reported as being a useful tool for identifying variants in
genes related to rare disorders leading to RPL, such as [FT122,
GLEI, and RYR1.”** Next-generation sequencing has also
helped to identify variants related to fetal molecular pathways
in pregnancies having unexplained embryonic lethality or unex-
plained fetal malformations, regardless of family history.®*-%¢
This approach thus helps screening, genetic diagnosis, and coun-
selling regarding lethal fetal disorders in nonconsanguineous
couples.

Taken together, NGS assays for research purposes have
provided new insights into the biology of embryo implantation
and pregnancy maintenance and enabled potential new mole-
cular biomarkers for RPL diagnosis to be proposed in a clinical
context.

Sequencing Technologies for RPL Diagnosis
and Future Directions

Embryo implantation and pregnancy maintenance involve hun-
dreds of genes acting in numerous molecular regulatory path-
ways; identifying mutations potentially related to RPL in such
scenario is particularly difficult. Most studies have used San-
ger’s technique to analyze a limited number of genomic
regions. This approach (in some cases complementing other
genetic methods) has led to identifying sequence variants hav-
ing restricted applications in a clinical environment. In fact,
most studies have described sequence variants only having
statistical associations with the phenotype, suggesting an
increased risk of RPL. However, we consider that clinically
useful molecular biomarkers should be validated by functional
in vitro/in vivo tests. Genes having already published conclu-
sive functional tests (eg, FOXDI, ALPP) may represent pro-
mising RPL diagnostic biomarkers since their missense
mutations have been related to harmful effects. Regarding
NGS, some commercial gene panels have been proposed for
diagnostic purposes; however, most of them mainly include
only coagulation molecules. Results must thus be interpreted
with caution due to RPL’s polygenic/multifactorial origin.

Furthermore, NGS at single-cell level should be used for
identifying specific tissues’ expressional signatures contribut-
ing to the phenotype. Such initiatives may enable a better
understanding of RPL’s pathophysiology, thus improving its
molecular diagnosis. We consider that future therapeutics,
including genome-editing procedures, will benefit from these
approaches.
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