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Abstract: Advances in embryo and reproductive genetics have influenced clinical approaches to
overcome infertility. Since the 1990s, many attempts have been made to decipher the genetic causes
of infertility and to understand the role of chromosome aneuploidies in embryo potential. At the
embryo stage, preimplantation genetic testing for chromosomal abnormalities and genetic disorders
has offered many couples the opportunity to have healthy offspring. Recently, the application of
new technologies has resulted in more comprehensive and accurate diagnoses of chromosomal
abnormalities and genetic conditions to improve clinical outcome. In this Special Issue, we include
a collection of reviews and original articles covering many aspects of embryo diagnosis, genome
editing, and maternal–embryo cross-communication during the implantation process.

Keywords: embryo genetics; infertility; aneuploidies; monogenic disease; polygenic disease; blasto-
cyst; endometrium; implantation

Infertility affects 15% of couples of reproductive age seeking to become parents,
which accounted for 48 million infertile couples worldwide in 2010 [1]. The majority of
these couples seek specialist medical care. In vitro fertilization (IVF) is the cornerstone of
infertility treatment. European statistics indicate that approximately 500,000 IVF cycles are
performed annually, resulting in the birth of 100,000 infants, or nearly 5% of all babies born
in countries such as Denmark.

Having a baby is just the first challenge to overcome in the reproductive journey;
the next and most important is to give birth to a healthy baby free of preventable genetic
conditions. Genetic disorders affect 1% of live births and are responsible for 20% of
pediatric hospitalizations and 20% of infant mortality. Many such disorders are caused by
recessive or X-linked genetic mutations carried by 85% of the human population. Because
assisted reproduction has provided us with technologies such as IVF that provide access
to human embryos, certain genetic diseases were initially screened by selecting sex. The
first live births following preimplantation genetic testing (PGT) to identify sex for X-linked
disorders were reported by Alan Handyside in 1990 [2]. This ground-breaking work
identified male embryos and selectively transferred unaffected normal or carrier females to
avoid genetic diseases, paving the way to extend the concept to PGT for monogenic diseases
(PGT-M), including Mendelian single-gene defects (autosomal dominant/recessive and
X-linked dominant/recessive), severe childhood lethality or early-onset disease, cancer
predisposition, and Human Leukocyte Antigen (HLA) typing for histocompatible cord
blood stem cell transplantation.

Later, we moved on to identifying and selecting euploid embryos by analyzing all
23 pairs of chromosomes in 4–8 cells from the trophectoderm, known as PGT for aneuploidy
(PGT-A). PGT-A currently leverages next-generation sequencing (NGS) technologies to
uncover meiotic- and mitotic-origin aneuploidies affecting whole chromosomes, as well
as duplications/deletions of small chromosome regions. A further step forward was
the use of structural chromosome rearrangements (PGT-SR) to identify Robertsonian
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and reciprocal translocations, inversions, and balanced vs. unbalanced rearrangements.
Another advancement came with PGT for polygenic risk scoring (PGT-P). This technique
has taken us from learning how to read simple words to beginning to understand poetry
(i.e., evolving from PGT-M/A/SR to PGT-P for multifactorial, polygenic risk prediction).
Common multifactorial diseases, such as diabetes, coronary heart disease, and cancer,
are caused by a combination of environmental, lifestyle, and genetic factors; risk scores
are now being generated to predict the likelihood of such complex, later-life diseases in
embryos. Moreover, we are moving from embryo selection to intervention because the
human genetic code is not only readable and writable, but also hackable. Indeed, gene
editing is now possible using tools such as (CRISPR)/CRISPR-associated (Cas9), which is
applicable to all species, including human embryos.

This Special Issue traverses the field of embryo genetics in ten papers: four reviews
and six original articles addressing specific aspects of developments in technology, clinical
application, and basic research.

The first review introduces the reproductive journey in the genomic era, from precon-
ception to childhood, leveraging NGS as a genomic precision diagnostic tool to understand
the mechanisms underlying genetic conditions, which account for 20–30% of all infant
deaths and more than 50% of clinical miscarriages [3]. Genome-wide technologies are
applied at different stages of the reproductive health lifecycle from preconception carrier
screening and preimplantation genetic testing, to prenatal and postnatal testing.

Six articles cover preimplantation genetic testing at the chromosome and gene levels.
A review for genetic disorders covers the evolution of this technology as an established
alternative to invasive prenatal diagnosis, as well as future innovations [4]. The develop-
ment of new algorithms and the declining costs of sequencing are propelling PGT to a
sequencing-based, all-in-one solution for PGT-M, PGT-SR, and PGT-A. Along this line, this
Special Issue includes an original manuscript for combined PGT-M and PGT-A in auto-
somal dominant polycystic kidney disease (ADPKD). ADPKD can manifest extrarenally
and as seminal cysts that have been associated with male infertility in some cases [5]. The
results of this study indicate that AMA couples who are also ADPKD patients have an in-
creased risk of generating aneuploid embryos, but ADPKD-linked male infertility does not
promote an increased aneuploidy rate. In a third article, the possibility of testing embryos
not only for monogenic diseases, but also for polygenic conditions (PGT-P) is presented,
with a strategy of disease relative risk reduction to evaluate the potential clinical utility of
embryo selection with PGT-P [6]. The results demonstrate the potential for simultaneous
relative risk reduction for all diseases tested in parallel, which include diabetes, cancer,
and heart disease, and indicate applicability beyond patients with a known family history
of disease.

Of the three articles related to embryo chromosomal abnormalities, the first is a review
of state-of-the-art methods for PGT-A, mosaicism, and PGT-SR that reinforces the idea that
there is a high incidence of chromosomal abnormalities in early human embryos, resulting
in low success rates with assisted reproductive technologies [7]. Chromosomal anomalies
are also responsible for a large proportion of miscarriages and congenital disorders. The
review covers efforts from 2000–2020 to improve technology to accurately identify embryos
containing chromosomal abnormalities. The second article describes an optimized NGS
approach for PGT-A and PGT-SR with special emphasis on mosaicism and the develop-
ment of tailored algorithms and diagnostic tools to identify different levels of mosaicism
objectively in order to avoid subjectivity in the diagnosis [8]. The third article addresses
different extrinsic factors related to the IVF cycle that could affect the incidence of overall
aneuploidy, whole uniform aneuploidy, mosaicism, and segmental aneuploidy. Female
and male parental age, ovarian response, embryo vitrification, and sperm concentration
were considered in a multivariate analysis [9].

Finally, the development of novel genome editing tools has unlocked new opportuni-
ties for gene editing at the embryo level. We incorporate a review of new developments in
genome editing techniques to modify specific regions of the genome [10]. Among genome
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editing tools, the CRISPR/Cas system has proven to be the most popular for both basic
research and clinical purposes and was the topic for the Nobel Laureate in Chemistry 2020.

To end this Special Issue, we highlight that other players beyond the embryo are
crucial in the reproductive journey. The endometrium is particularly important, with
implantation failure resulting from suboptimal endometrial receptivity. As pregnancy
progresses, the uterus continues to communicate closely with the embryo/fetus. Recent
progress in the availability of high-throughput techniques, including transcriptomics,
proteomics, and metabolomics, has allowed the simultaneous examination of multiple
molecular changes, enhancing our knowledge in this area. This review covers known
mechanisms of mother–embryo cross-communication identified from animal and human
studies [11]. Coverage of this topic concludes with an original research article describing
the identification and characterization of extracellular vesicles and their DNA cargo that
is secreted during embryo development in a murine model [12]. The authors conclude
that murine blastocysts secrete extracellular vesicles containing genome-wide sequences of
DNA to the medium, reinforcing the relevance of studying these vesicles and their cargo at
the preimplantation stage, where secreted DNA may aid in the assessment of the embryo
before implantation.

We can conclude that, in the coming years, genetics will dramatically change and
improve the field of reproduction and infertility treatments by means of precision medicine.

Funding: This research received no external funding.

Conflicts of Interest: The authors declare no conflict of interest.
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Abstract: Extracellular vesicles (EVs) are known to transport DNA, but their implications in embryonic
implantation are unknown. The aim of this study was to investigate EVs production and secretion
by preimplantation embryos and assess their DNA cargo. Murine oocytes and embryos were
obtained from six- to eight-week-old females, cultured until E4.5 and analyzed using transmission
electron microscopy to examine EVs production. EVs were isolated from E4.5-day conditioned
media and quantified by nanoparticle tracking analysis, characterized by immunogold, and their
DNA cargo sequenced. Multivesicular bodies were observed in murine oocytes and preimplantation
embryos together with the secretion of EVs to the blastocoel cavity and blastocyst spent medium.
Embryo-derived EVs showed variable electron-densities and sizes (20–500 nm) and total concentrations
of 1.74 × 107 ± 2.60 × 106 particles/mL. Embryo secreted EVs were positive for CD63 and ARF6. DNA
cargo sequencing demonstrated no differences in DNA between apoptotic bodies or smaller EVs,
although they showed significant gene enrichment compared to control medium. The analysis of
sequences uniquely mapping the murine genome revealed that DNA contained in EVs showed higher
representation of embryo genome than vesicle-free DNA. Murine blastocysts secrete EVs containing
genome-wide sequences of DNA to the medium, reinforcing the relevance of studying these vesicles
and their cargo in the preimplantation moment, where secreted DNA may help the assessment of the
embryo previous to implantation.

Keywords: extracellular vesicles; exosomes; microvesicles; apoptotic bodies; DNA; preimplantation
embryos; murine blastocysts

1. Introduction

Embryo-endometrial communication is mediated by different mechanisms including extracellular
vesicles (EVs) with a plethora of molecules released to this interface. EVs constitute a novel bidirectional
form of cross-talk during embryo implantation, as they are secreted by both the endometrium [1,2], and
the embryo [3,4] contributing to new functional perspectives as their cargo is composed by virtually all
sorts of biomolecules. In fact, EVs have been described to participate in several reproductive processes,

Genes 2020, 11, 203; doi:10.3390/genes11020203 www.mdpi.com/journal/genes5
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such as gametogenesis, fertilization, embryo development and implantation, and fetal development
throughout term (for review see [5]).

EVs are secreted by cells of different human tissues and organs and can be isolated in a variety of
biological fluids including blood [6], urine [7], saliva [8], breast milk [9], amniotic fluid [10], ascitic
fluid [11], cerebrospinal fluid [12], bile [13], semen [14], and endometrial fluid [2].

Three major types of EVs have been described based on their biogenetic pathway, composition,
and physical characteristics such as size or density, namely, apoptotic bodies (ABs), microvesicles
(MVs), and exosomes (EXOs) [15,16]. ABs result from the outward budding of the plasma membrane
in the context of programmed cell death and their diameter ranges from 50–5000 nm [17,18]. MVs
are produced directly by outward budding of the plasma membrane. They are in the size range
from 100–1000 nm and are associated to the GTP-binding protein ARF6, which is used for their
identification [19]. EXOs originate from the endosomal pathway as late endosomes that evolve into
multivesicular bodies and migrate from the perinuclear region to the cell surface by fusion [20,21]. Their
sizes range between 30–150 nm and are identified by classical molecular markers such as tetraspanins
(CD63, CD9, CD81), flotillin-1, or heat shock 70-kDa proteins, although recent reports considered
that other EVs might share these markers [22]. Their cargo portrays their functionality in regulating
communication by means of proteins, cytokines, lipids, RNA, or DNA [23].

The embryo also secretes EVs that participate in both the dialogue with the maternal
endometrium [24], and in self-paracrine regulation [4]. EVs are secreted by a trophectoderm cell
line in the pig model [25], and in the human model [26] stimulating the proliferation of endothelial
cells in vitro, thus becoming potential regulators of maternal endometrial angiogenesis. Regarding
the nucleic acid cargo of embryo derived EVs, several papers have described the RNA cargo of
trophoblast-derived EVs, mainly focusing on miRNA [25], linking miRNA signature with successful
pregnancy [27], nevertheless, the DNA cargo of embryo derived EVs has received little attention.
The aim of the present study is to identify and characterize embryo derived EVs secreted during
murine embryo development, and to analyze their DNA cargo comparatively among the different
EVs subpopulations.

2. Materials and Methods

2.1. Mouse Embryo Isolation and Culture

Female B6C3H1/Crl mice of 8-weeks of age (Charles River Laboratories International, Wilmington,
MA, USA) were stimulated using 10 IU of Foligon/PMSG (MSD Animal Health, Madrid, Spain)
followed by administration of 10 IU of Ovitrelle/hCG (Merck Serono, Darmstadt, Germany) 48 h later.
Female mice were mated with males overnight and sacrificed by cervical dislocation 24 h after vaginal
plug was observed. At embryonic day 1.5 (E1.5), embryos were extracted by flushing the oviduct with
PBS using a 30G syringe needle. Non-fertilized metaphase II (MII) oocytes were also collected. Mouse
embryos were washed and cultured in oxygenated G2-Plus media (Vitrolife, Västra Frölunda, Sweden)
at 37 ◦C and 5% CO2 in groups of 40 embryos per well (Nunc 4-well plates, ThermoFisher Scientific,
Whaltham, MA, USA) until day E4.5, reaching the stage of hatching/hatched blastocysts. MII oocytes,
embryos at different developmental stages (E2.5, E3.5, and E4.5) and spent culture media from them
were collected and preserved accordingly to the objective of the investigation.

The total number of females used was 80. Embryos from 10 animals were used for identification
and phenotypic characterization of EVs using electron microscopy and immunogold. Ten animals were
used in triplicates (n = 30) for quantification by nanoparticle tracking analysis and 10 in quadruplicates
(n = 40) for sequencing experiments. An average of 32 embryos were obtained per female, 50% of them
achieved hatching/hatched blastocyst stage by day E4.5. All animal experimentation was conducted at
the animal facility located in the School of Pharmacy at the University of Valencia under the protocol
code 2015/VSC/PEA/00048, approved by the Ethics Committee of Animal Welfare on 12 March 2015.
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2.2. Isolation and Purification of EVs Secreted by Murine Embryos

Conditioned media from embryo culture was collected at day E4.5 and centrifuged at low speed
(300× g, 10 min) to remove larger debris. The resulting supernatant was centrifuged at 2,000× g for 10
min to recover ABs as previously described [28]. It was subsequently ultracentrifuged at 185,000× g
for 70 min in a P50A3 Hitachi rotor (Hitachi, Tokio, Japan) to collect non-apoptotic EVs (naEVs) that
includes MVs and EXOs in the same fraction. All centrifugations were conducted at 4 ◦C.

2.3. Transmission Electron Microscopy and Immunogold

Oocytes and embryos at different developmental stages (E2.5, E3.5, and E4.5) and pellets containing
EVs from spent culture media were fixed overnight in Karnovsky’s solution (2.5% glutaraldehyde/2%
formaldehyde in phosphate buffer 0.1 M, pH 7.4), washed in PBS and encapsulated in 2% agar in
distilled water. Samples were then washed 5 times in PBS for 5 min and stained in a 2% osmium
tetroxide 0.2 M PBS solution for 2 h. Then, dehydrated following the next sequence: three washes
of 5 min in distilled water at 4 ◦C, 5-min wash in 30◦ ethanol, 10-min wash in 50◦ ethanol, 10-min
wash in 70◦ ethanol twice, 45-min wash in 2:1 90◦ ethanol + LR-white twice, 45-min wash in 2:1 100◦
ethanol + LR-White, and O/N wash in 1:2 100◦ ethanol + LR-white in continuous shaking. Ethanol
was let to evaporate, and wash media was changed by 100% LR-White in continuous shaking, for a
30-min incubation. Finally, samples were allowed to polymerize for 1 day at 60 ◦C, protecting them
from the air. Resin-embedded samples were ultrasectioned in 60 nm slices, incubated for 1 h on
formvar carbon-coated cooper (regular visualization) and nickel (immunogold visualization) grids,
and contrasted with uranyl acetate. Ultrathin cuts were done using a UC6 Leica ultramicrotome (Leica,
Wetzlar, Germany) equipped with an Ultra 45◦ diamond blade (Diatome, Hatfield, PA, USA). Prepared
samples were observed using a JEM-1010 transmission electron microscope (Jeol Korea Ltd., Seoul,
South Korea) at 80 kV, using a digital camera MegaView III and Olympus Image Analysis Software.

For the immunogold labelling assays, 60 nm sections from previous resin blocks were processed
as described by Marcilla and collaborators [29]. Specifically, two different combinations of primary
antibodies were used: rabbit α-CD63 (Abcam, ref: ab118307), rabbit α-ARF6 (Abcam, ref: ab77581),
and mouse α-DNA (Millipore, Burlington, MA, USA ref: CBL186). All the antibodies were diluted in
PBS/0.5% BSA following the manufacturer’s datasheets. Then, the grids were washed in PBS/0.5%
BSA and incubated with gold-coupled secondary antibodies [goat α-mouse coupled to 10 nm gold
particles (BBI solutions, Crumlin, UK, ref: 15736) and goat α-rabbit coupled to 18 nm gold particles
(Jackson Immunoresearch, Ely, UK) at 1:20 dilution in PBS/0.5% BSA for 30 min, following datasheets
specifications. In parallel, paired grids were incubated only with the secondary antibodies as negative
controls. Finally, grids were stained with 2% uranyl acetate and imaged by TEM as previously described.

2.4. Nanoparticle Tracking Analysis

Nanoparticle tracking analysis (NTA) was performed using a NanoSight300 (NS300, Malvern
Instruments ltd, Malvern, UK). The naEVs fraction isolated from E4.5 spent media was resuspended in
1 mL of sterile PBS w/o Ca2+/Mg2+ (Biowest, Nuaillé, France, ref. L0615-500). In parallel, an aliquot
of fresh embryo culture media was processed as a blank control. Three 60 sec videos were recorded
under the static flow conditions for each sample with camera level set at 11. Videos were analyzed
with NTA software version 3.2 Dev Build 3.2.16 to determine mean size and estimated concentration of
measured particles with corresponding standard error. The NS300 system was calibrated with silica
microspheres 100, 167, and 300 nm (Bangs Laboratories, Inc.; Fishers, IN, USA) prior to analysis, as
previously demonstrated [30], auto settings were used for blur, minimum track length, and minimum
expected particle size.
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2.5. DNA Amplification and Sequencing of EVs Derived from Murine Embryos

Sequencing analysis was conducted to assess whether a specific DNA cargo is loaded into EVs
secreted by the embryo, namely, ABs and naEVs. Mouse embryos representing the whole murine
genome and EVs-depleted supernatant fraction after isolation of EVs (SN) were also sequenced.
Because ABs are the result of dying cells, it is expected to have a representation of the total embryo
DNA in this fraction. Sequencing of the DNA of ABs was used as an internal control. The negative
control was blank medium that had not been in contact with murine embryos (blank). Groups of 10
mice were used to obtain the samples (embryo, ABs, naEVs, SN) in four independent sequencing
experiments. DNase treatment of the different EV populations was conducted to evaluate and remove
external DNA contamination and its potential bias in the analysis. The samples corresponding to
DNase treated and untreated ABs from one of the four replicates were lost due to technical reasons, so
only DNA from embryos, treated and untreated naEVs, and SN were included in the analysis for this
biological replicate.

Embryos for DNA sequencing corresponding to E4.5 stage, were snap-frozen for initial DNA
extraction and kept at −80 ◦C until processing. At this point, embryos were diluted in nuclease-free
water (Ambion, ThermoFisher Scientific, Waltham , MA, USA) at a rate of 1 embryo/μL. DNA from
pooled SN from all embryo culture wells and an equal volume of fresh blank media (G2-Plus) was
extracted using QIAamp DNA mini kit (Qiagen, Hilden, Germany), eluting in 30 μL of nuclease
free-water. For DNase treatment, ABs and naEVs were separated in two equivalent aliquots from
pooled spent embryo culture media at the beginning of the isolation process. Once isolated, EVs
were resuspended in nuclease-free water and, in the case of DNase treatment, 50 U/mL DNaseI
(Sigma-Aldrich, San Luis, MO, USA) in 20 mM Tris-HCl (Thermo Fisher Scientific), 10 mM MgCl2
(Thermo Fisher Scientific), and 1 mM CaCl2 (Sigma-Aldrich, ref. 21115-100ML) were added to a final
volume of 5 μL. Samples were then incubated at 37 ◦C for 30 min for DNase digestion followed by 10
min at 75 ◦C for DNase inactivation.

Immediately after, DNA amplification was performed using DOPlify whole genome amplification
platform (RHS Ltd., Thebarton, Australia) following the manufacturer’s instruction. Then, DNA was
purified by using AMPure XP (Beckman Coulter, Brea, CA, USA) at a final concentration of 1.8X, in
order to recover small-sized DNA fragments, and eluted in a final volume of 20 μL of nuclease-free
water. Subsequently, the amplified DNA profiles were analysed by TapeStation 4200 (Agilent, Santa
Clara, CA, USA). Finally, samples were sequentially diluted to 0.5 and 0.2 ng/μL to meet libraries kit
DNA input requirements by Qubit dsDNA HS Assay (TermoFisher Scientific, Waltham, MA, USA).
DNA libraries were built using Nextera XT DNA Library Prep Kit, specifically designed for samples
with low DNA input. The experimental procedure was conducted following the protocol provided by
the manufacturer, adjusting AMPure XP purification to 1.8X proportion. Then, libraries were pooled
and sequenced using a 300 cycles-NextSeq 500/550 v2 High Output cartridge in a NextSeq 550 platform
(Illumina, San Diego, CA, USA). To do so, 5 μL of the libraries pool, normalized by the bead method,
were diluted in 995 μL of HT1 buffer. Then, 750 μL of the dilution was rediluted in 750 μL of HT1
buffer. The resulting dilution was denaturalized at 98 ◦C for 4 min, cooled in ice for 5 min and loaded
into the sequencing cartridge for sequencing.

2.6. Computational Analysis of Sequencing Results

Raw data pre-processing: Raw data from pair-ended Illumina sequencing was downloaded from
Illumina BaseSpace and converted into FASTQ files using bcl2fastq (version 2.16.0.10). Then, each
sample was aligned to the mouse reference genome (mm10) using BWA (version 0.7.10) [31]. Reads
with mapping quality lower than 10 were filtered out using Samtools (version 1.1) [32] and duplicates
were removed with PICARD software (version 1.119). Finally, the coverage of each genome feature
was obtained with Bedtools (version 2.17.0) [33] using Ensembl Biomart mm10 annotations. The raw
genomic sequences generated in this study are deposited in the SRA database under the accession
number PRJNA547453.
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Murine-specific DNA sequences: A greater than expected quantity of valid reads were observed
in blank media. Using the blank media for a background subtraction with the count per million
(CPM) of each gene feature to decrease the background noise is not usually recommended because
this data transformation may break the statistical assumptions of later steps. Therefore, the approach
used here was to identify and filter murine-specific reads in a common manner for all samples. Then,
background noise is considered as a background population (blank) and included in the analysis as
another comparison group, whose results could be considered as differences with the background. To
identify murine-specific reads, pre-processed data was mapped to the human reference genome (Hg19)
using BWA. Then, unmapped reads were filtered using Samtools [32] and read ids were retrieved.
Murine-specific reads were retrieved from pre-processed data by read id using PICARD software.
Finally, the coverage of each genomic feature was obtained with Bedtools using Ensembl Biomart
mm10 annotations.

Differential DNA enrichment of vesicles’ cargo: The approach used for the differential DNA
enrichment analysis is based on the edgeR methodology [34–36] that uses read counts of genomic
features obtained from massively parallel sequencing technologies such as Illumina, 454, or ABI SOLiD
applied to different types of experiments such as RNA-seq or ChIP-seq. edgeR can be applied to
differential abundance analysis at the gene, exon, transcript, or tag level. In fact, read counts can be
summarized by any genomic feature.

Here, differential DNA enriched regions were obtained using the following approach. In order
to filter out lowly enriched regions, genomic features with greater than 1 cpm reads mapped in at
least 1.5 samples (half of the mean of groups sizes) were kept for the following analyses. Raw counts
were normalized using TMM method from edgeR R package [34]. A differential enrichment analysis
of genome features was done using a generalized linear model approach for pairwise comparisons
between sample types (embryo, ABs, naEVs, SN, blank). Experimental set and treatment were taken as
factors in the additive model in order to adjust for differences between groups.

3. Results

3.1. Identification of EVs in Murine Oocytes and Embryos

Ultrastructural visualization of murine oocytes using TEM identified the existence of multivesicular
bodies (MVBs) in the cytoplasm. These MVBs showed bilipid membrane vesicles containing smaller
vesicular structures of different electron densities and sizes that would give rise to EXOs upon fusion of
the MVBs with the oocyte plasma membrane. These structures were identified by their lower electron
density, and vesicles of different sizes were observed entering the zona pellucida (Figure 1A). The
presence of MVBs was also observed in the blastomeres at different embryo developmental stages (E2.5
and E3.5), migrating from the cytoplasm to the plasma membrane where their content was secreted
outwards through the zona pellucida (Figure 1B). Interestingly, large vesicles including complex
structures were also observed in the intercellular space (Figure 1C). At the blastocyst stage (day E4.5),
the secretion of vesicular structures was observed both into the extracellular medium through the zona
pellucida (zp), as well as into the blastocoel (bl) cavity (Figure 1D).

3.2. EVs Isolated from Blastocyst Culture Media

In order to study naEVs-including MVs and EXOs-produced and released by murine blastocysts,
spent media at developmental day E4.5 was ultracentrifuged and gathered naEVs where quantified by
NTA. The vesicular fraction showed vesicle profiles compatible in size with that of EXOs and MVs. The
total concentration of naEVs from spent media was 1.74·107 ± 2.60·106 particles/mL, with a size profile
showing two main populations. A first population extended from approximately 50–170 nm and
accounted for 9.87 × 106 ± 7.55 × 105 particles/mL (56.72%) while the second extended from 180–310
nm and were represented by 6.75 × 106 ± 1.57 × 106 particles/mL (38.83%) to the total (Figure 2A).
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Importantly, standard error of measurements showed that only a small amount of these particles
remained constant among replicates (Figure 2A).

Finally, morphological analysis of EVs isolated from spent culture media by TEM showed vesicles
of variable appearance, electron densities, and sizes ranging from 20 nm–500 nm, suggesting that
EVs secreted by the embryo constitute a heterogenous population including different types of EVs
(Figure 2B).

3.3. Phenotypic Characterization of Embryo Secreted EVs

Phenotypic characterization of the EVs secreted by murine embryos to the spent medium was
performed using immunohistochemistry coupled to gold nanoparticles using specific surface markers
for EXOs (CD63) or MVs (ARF6). As a negative control, paired grids of E4.5 blastocyst were incubated
with the secondary antibodies only. Positive ARF6 staining was consistent with an active vesicular
biogenesis through phospholipase D pathway in embryos, a mechanism described for inward budding
of MVBs membrane in EXOs biogenetic pathway [37] and outward budding of cell plasma membrane
in MVs formation [38]. Positivity for CD63, a tetraspanin involved in the formation of EXOs, was
considered as canonical marker for these types of EVs that originate from the endosomal pathway
(Figure 3A).

Figure 1. Vesicle production and secretion by murine embryos at different developmental stages
shown by TEM. (A) Mouse oocyte (left) with magnifications of the production of multivesicular bodies
(MVBs) in the cellular cytoplasm (center) and secretion of their content towards the zona pellucida
(right). (B) E2.5 embryo (left) with magnifications of the cytoplasm containing MVBs (center) and the
secretion of extracellular vesicles (EVs) through the zona pellucida (right). (C) E3.5 mouse embryo (left)
showing MVB secreted to the intercellular space. (D) E4.5 blastocyst (left) secreting EVs into the zona
pellucida (center) and blastocoel cavity (right). Abbreviations: B, blastomere; bl, blastocoel; O, oocyte;
TE, trophectoderm cell; zp, zona pellucida.
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Figure 2. Isolation of naEVs from E4.5 blastocyst spent media. (A) Size distribution and quantification
using nanoparticle tracking analysis of naEVs isolated from spent blastocyst media. Net particle
concentration was calculated after subtracting particles found in the same volume of blank media.
Values represent the mean of three independent experiments ±SEM. (B) Different images showing
morphological characterization of naEVs in spent culture media by TEM. Particles of different aspects,
electron densities and sizes ranging from 20–500 nm were observed.

Additionally, immunogold was performed on ultrathin sections to assess the presence of ARF6 and
CD63 in naEVs fraction isolated by ultracentrifugation from E4.5 blastocyst spent media. In parallel,
to study the potential cargo of DNA in naEVs, DNA targeting antibodies were used. The results
revealed positivity for the microvesicular marker ARF6, exosomal marker CD63, and DNA (Figure 3B),
thus suggesting the presence of DNA cargo in the EVs secreted by the embryos. Particularly, in our
experimental set in which 702 single naEVs were studied, 16.1% of DNA positive EVs were identified.
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Figure 3. Phenotypic characterization of EVs using immunogold staining. (A) Vesicles secreted by the
trophoectodermal (TE) cells of murine embryo blastocyst showed positive staining for microvesicles
(MVs) and exosomes (EXOs) markers, ARF6 and CD63, respectively. (B) Immunogold detection of
ARF6, CD63 and DNA in naEVs isolated from spent media of E4.5 blastocysts. ARF6 and CD63 are
coupled to 18 nm gold particles; DNA is coupled to 10 nm gold particles. Bars represent 100 μm. Two
representative images for each immunogold labeling experiment are included in the figure.

3.4. Characterization of the DNA Cargo of the EVs Secreted by the Embryo

EVs secreted by the embryo, classified as ABs or naEVs, were sequenced and compared. First,
DNase treatment was applied to ABs and naEVs fractions and compared to untreated controls to
discard the existence of DNA attached to the external membrane of vesicles that could confound with
the real cargo. Genomic DNA from the embryos originating the EVs was used as a positive control,
SN after the isolation of EVs from the spent media was included as an EVs depleted fraction and
oxygenated blank media (G2-plus) as a negative control. Sequencing coverage and mapping statistics
are detailed in Table S1. Sequencing of the DNA from different subpopulations revealed no differences
among them (Figure 4A). However, DNase treated samples showed a different read count distribution
and were differentiated into a separate cluster (Figure 4B, Figure S1), suggesting the existence of
external DNA attached to the membrane of vesicles. Paired comparisons of untreated samples showed
no statistical differences between the DNA regions observed in ABs and naEVs fractions, neither with
the embryo genomic DNA or the EV-depleted SN, but all of them showed significant enrichment in
a reduced number of gene sequences compared to the blank media (Figure 4C,D). Eleven of these
differential sequences were commonly enriched in all the embryonic fractions against the blank, but no
differences among the spent media derived fractions were observed. The complete list of enriched
sequences is shown in Table 1 and Tables S2–S5.
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Figure 4. Analysis of the DNA produced and released by the murine embryo to the culture media.
(A) PCA showing similarity between samples using normalized counts of 27,207 genomic features
of the DNase treated and untreated EVs fractions produced by the embryo, the culture media as a
negative control (blank), the embryo itself as a positive control, and the SN as an EVs free fraction.
(B) PCA showing sample distribution by treatment showing separated clusters by treatment. (C) PCA
of separate analysis using DNase untreated samples, including embryo, Abs, naEVs, SN, and blank
control (normalized counts of 26,997 genomic features). PCA shows the similarity between fractions and
replicates. (D) Volcano plots showing differential enriched genes in the studied fractions (embryo, ABs,
naEVs, or SN) compared to the blank control. Negative FC values (left) indicate genes that are enriched
in each fraction with respect to the blank medium, while positive values (right) correspond to genes
enriched in the blank medium compared to the studied sample. The number of differentially enriched
genes is shown in brackets for each comparison. (E) Venn diagram showing common and specific
enriched genes in pairwise comparisons. (F) PCA of DNase treated replicates showed no differences
between DNA content in the treated vesicle subpopulations. Abbreviations: AB, apoptotic bodies;
naEVs, smaller in size extracellular vesicles (including microvesicles and exosomes); SN, supernatant.
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Table 1. Genes enriched in the comparison of the different DNase untreated samples (embryo, ABs,
naEVs and SN) against the blank culture medium.

Gene ID Chr
Embryo vs. Blank ABs vs. Blank naEVs vs. Blank SN vs. Blank

log(FC) FWER log(FC) FWER log(FC) FWER log(FC) FWER

2610005L07Rik 8 7.04 3.50 × 104 7.10 3.79 × 104 6.97 4.26 × 104 7.11 3.48 × 104

Gm10715 9 9.17 1.08 × 105 7.09 8.17 × 104 7.71 1.67 × 104 8.24 6.06 × 105

Gm10717 9 7.71 2.44 × 103 5.89 3.18 × 102 6.50 1.15 × 102 7.13 4.57 × 103

Gm13822 5 7.14 1.35 × 104 7.42 7.34 × 105 7.47 6.25 × 105 7.18 1.27 × 104

Gm17535 9 9.71 5.68 × 107 7.57 4.76 × 105 8.15 1.11 × 105 8.77 3.19 × 106

Gm26624 4 5.22 2.83 × 104 5.62 1.17 × 104 5.09 4.09 × 104 5.37 2.29 × 104

Gm26804 8 7.15 3.47 × 103 7.30 3.35 × 103 7.03 4.63 × 103 6.66 9.83 × 103

Gm7120 13 6.20 5.84 × 103 6.29 3.69 × 103 6.39 3.04 × 103 7.14 7.15 × 104

Pisd-ps1 11 9.14 7.51 × 106 8.38 2.77 × 105 8.17 4.65 × 105 8.12 5.83 × 105

Pisd-ps2 17 8.56 7.81 × 104 8.31 2.08 × 103 7.61 4.78 × 103 7.34 8.52 × 103

Sfi1 11 5.61 1.49 × 107 5.26 7.32 × 107 5.38 3.56 × 107 6.42 1.40 × 108

C230088H06Rik 4 3.10 3.53 × 102 3.38 8.85 × 103 3.18 2.73 × 102

Gm10720 9 7.09 1.11 × 103 5.84 1.44 × 102 6.64 2.54 × 103

Gm14412 2 8.66 2.51 × 102 8.70 2.41 × 102 8.35 3.86 × 102

C130026I21Rik 1 4.64 4.84 × 102 5.61 3.80 × 103

Gm13251 4 9.41 1.60 × 102 9.08 2.15 × 102

Cd2bp2 7 −9.38 2.77 × 102

Fbxw18 9 7.53 2.98 × 103

Gm10306 4 −13.38 2.75 × 102

Gm13154 4 6.50 4.66 × 102

Leprot 4 9.29 2.04 × 102

Abbreviations: ABs, Apoptotic Bodies; Chr, Chromosome; FC, Fold Change; FWER, Family-Wise Error Rate; naEVs,
smaller in size extracellular vesicles (including microvesicles and exosomes); SN, supernatant.

DNase treated ABs and naEVs were compared to evaluate their DNA cargo after removal of
external DNA. PCA analysis did not cluster separately for both populations and differential enrichment
analysis did not evidence any result either (Figure 4F). The absence of differences after DNase treatment
may be due to the scarce amount of DNA remaining after treatment, which resulted in poor sequencing
outputs (Figure S1, panel C).

Considering these results, the culture media itself was assessed to test whether it could contain
contaminating DNA that aligns to the murine genome, masking the results. To evaluate this effect, the
reads were aligned to both human and murine genomes. Approximately, 80% of the reads from all the
samples, including unused blank media, were able to map both human and murine reference genomes,
while only 20% of the reads could be uniquely matched to the murine genome (Figure S2). This fact
constituted an important hindrance for the analysis of murine-derived DNA in samples with reduced
input and made it impossible to get complete DNA enrichment analyses.

In this context, those DNA sequences that uniquely map the murine genome were analyzed and
only those comparisons of murine DNA isolated from embryos or EVs compared to the blank negative
controls were considered. PCA analysis of murine-unique sequences showed again a wide dispersion of
the different fractions analyzed (Figure 5A) and only DNase treated versus untreated samples clustered
separately (Figure 5B and Figure S1, panels D–F). No major differences in DNA regions were found
among DNase untreated fractions (Figure 5C). However, a higher amount of gene sequences was found
in all the fractions compared to the blank media (Figure 5D) which only showed artefactual mapping
to murine DNA (Figure S3). In this case, 169 gene sequences representing all murine chromosomes
were found in the different samples studied (embryo, ABs, naEVs, or SN) compared to the blank,
while 25 of them were common to all the comparisons. The individual assessment of each fraction
compared to the blank rendered a total of 2, 14, 8, and 92 genes enriched in embryo, ABs, naEVs, and
SN, respectively. (Figure 5E, Tables S6–S9). Interestingly, the enriched genes found in vesicles were
more similar to the DNA found in the embryo, while the SN showed a different pattern of enriched
genes compared to embryo, EVs, and blank media (Figure 5E and Table S10).
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Figure 5. Analysis of murine-specific DNA sequences secreted by the embryo to the culture media.
Study of DNA sequences uniquely mapping to Mus musculus reference genome secreted by the
murine embryo to the spent media in EVs or as a free form. (A) PCA showing similarity between
samples using normalized counts of 27,970 genomic features after filtering out human-homologous
reads. (B) PCA grouping samples by DNase treatment. (C) Separate PCA of DNase untreated samples
using normalized counts of 27,824 genomic features after filtering out human-homologous reads. (D)
Volcano plots showing differential enriched genes in the studied fractions (embryo, ABs, naEVs, or
SN) compared to the blank control. Negative FC values (left) indicate genes that are enriched in
each fraction with respect to the blank medium, while positive values (right) correspond to genes
enriched in the blank medium compared to the studied sample. The number of differentially enriched
genes is shown in brackets for each comparison. (E) Venn diagram showing common and specific
enriched genes in pairwise comparisons. Abbreviations: AB, apoptotic bodies; naEVs, smaller in size
extracellular vesicles (including microvesicles and exosomes); SN, supernatant.

4. Discussion

The production and secretion of EVs by the embryo have been reported in different species
from bovine [39], pig [40], mouse [41], and human [3]. Although different size ranges have been
demonstrated among species, all shared phenotypic markers such as CD63 and CD9 [42]. The
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achievement of blastocyst/hatching stage is key for the release of EVs to the extracellular medium [43].
In humans, the presence of EVs in conditioned media of in vitro cultured human embryos from day
three to day five has been previously described as well as their uptake by the maternal side [3]. A
similar event occurs in the sheep model, where EVs coming from the conceptus were observed to
be internalized by the uterine epithelia, but not in other maternal tissues [24]. Also, of importance
is the delivery of EVs between embryo compartments. Particularly, MVs have been observed to
be produced by the inner cell mass reaching the trophectoderm, thus promoting its migration and
implantation abilities [4]. Our results showed oocytes and embryos in different developmental stages
with MVB produced by the blastomeres, as well as secreted vesicles of different sizes (Figure 1A–D).
Of note, the existence of large vesicles with complex structures and contents in the intercellular
space of the developing embryos was reported, which is in line with Desrochers’ group observations
(Figure 1C, D). NTA allows a precise measurement and quantification of EVs by their light scattering
properties measured directly by a camera. Results showed a polydisperse population with varying
sizes (Figure 2A), which were confirmed by deposition, staining, and TEM visualization of the vesicles
(Figure 2B). Regarding molecular markers, immunogold staining of ultrathin cuts from EVs produced
by the embryos showed the presence of CD63 and CD9 in the EVs, but also of ARF6, a GTP-binding
protein involved in MVs synthesis through the phospholipase D pathway [38]. Importantly, gold
labelling also revealed the presence of DNA cargo within these EVs (Figure 3). All-in-all, this initial
analysis served us to confirm the production of varying in-size/phenotype EVs by the murine embryos
to the culture media, and to associate them with EXOs and MVs markers as well as with DNA cargo.
However, the quantification of positive vesicles may be impacted by the method used for the isolation
of such vesicles. As high recovery methods may result in a great population of vesicles with low
purity showing a low percentage of positive vesicles, while methods that yield a very pure population
of vesicles may present a higher degree of positivity while missing other vesicular subtypes that
may present a different phenotype. In this work, EVs were recovered using high-speed differential
ultracentrifugation after intermediate speed apoptotic bodies removal and washes. This is considered
an intermediate recovery and intermediate specificity method [44]. Nonetheless, positivity in our
experimental set-up is only descriptive as we analyzed immunogold labelling on ultrathin sections, and
only a small representation of the total vesicle fraction has been stained and visualized for this purpose.

Different molecules can be analyzed from the spent media with potential different diagnostic
usefulness, including RNA [43] and DNA, both nuclear and mitochondrial [45]. DNA content of EVs
is currently a developing field of research. Although different studies coincide in that embryo material
in the spent medium may be greatly masked by maternal contamination coming from cumulus cells,
its putative clinical usefulness has already been proposed for embryo chromosomal non-invasive
diagnosis [43,46–50]. DNA secreted by cells can be single or double stranded at the extracellular
medium in its free form, but also externally stuck or included in EVs where it is protected from
the enzymes present in the medium [51]. Also, it has been reported that different subpopulations
of EVs contain different DNA cargo [16], including mtDNA [52]. It was even observed that EVs’
DNA can be transported into target cells in either the cytoplasm or nuclei [53] where it serves a
function [54]. Nevertheless, there is not much information about the DNA content of EVs produced by
preimplantation embryos in culture. A recent study reported the presence of DNA in embryo-derived
EVs by flow cytometry, associating higher concentrations of DNA-containing EVs with higher rates
of implantation failure after embryo transfer. Nevertheless, this may be explained by the fact that
these DNA-containing EVs were mainly apoptotic bodies, thus reflecting poor embryo quality [55]. To
our knowledge, there are still no works addressing the potential diagnostic value of embryo derived
EVs for the detection of DNA mutations/polymorphisms in the cells of origin, but some works in
different biofluids, such as blood, urine, or seminal fluid, have done so, highlighting EVs as potential
biomarkers for pathological mutations [56]. In order to go one step further into the analysis of the
DNA secreted by the preimplantation embryo, the present study analyzes whether any specific cargo
was transported inside the EVs released to the spent media during early embryo development.
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Pairwise comparisons of embryo fractions—consisting of full-embryos, ABs, MVs, EXOs and
SN—against blank media were performed. Differentially enriched genes were observed in all the
fractions analyzed and compared to the blank media (Figure 4), although the number of enriched genes
was lower than expected. We hypothesized that the small differences found in the DNA enrichment
analysis could be influenced by genetic material present in the blank control. G2-plus is a commercial
medium supplemented with human serum albumin, which is a blood derived molecule and so it
may drag residual DNA from the original source. The possibility of human–mouse cross-species
mapping is not trite since 90% of the mouse and human genomes can be partitioned into corresponding
regions of conserved synteny. At the nucleotide level, approximately 40% of the human genome,
likely representing most of the orthologous sequences, can be aligned to the mouse genome. Around
80% of the mouse genes have a single identifiable orthologue in the human, while only 1% does
not have a known homologue [57]. Our hypothesis was confirmed with 80% of the total reads
corresponding to blank media aligning both the human and the murine genomes (Figure S2). The
analysis of murine-specific DNA sequences in the blanks evidenced poor DNA size and quality and
supported the consideration of these samples as background noise (Figure S3). Under this situation,
human-homologous reads were filtered out and pairwise comparisons with murine-specific reads
were recalculated (Figure 5). New comparisons provided richer results and even a trend was observed
showing a high similarity between EVs and embryo DNA regions, while the SN presented a differential
DNA pattern. This would introduce the concept of two differentiated embryo DNA sources: vesicular
and cell-free DNA, deserving future analysis. Far from intending to establish any functional conclusion
and considering the technical limitations of the data analysis, the results presented herein demonstrate
the possibility of detecting specific DNA sequences secreted by the murine embryo over the inherent
masking of blank medium and point at a differential DNA profile between EVs and SN, which may be
of importance and should be further investigated.

Because DNA potentially stuck to the external surface of EVs may influence the results of the
sequencing analysis, paired fractions of ABs and naEVs populations were treated with DNase prior to
sequencing. Despite having control for human-homologous sequences effect, no statistically significant
genes or DNA regions were obtained when comparing specific subtypes of EVs (ABs and naEVs) after
DNase treatment. This may be due to the scarce DNA material left for sequencing after the harsh
DNase treatment. Further studies starting from a higher number of vesicles and/or using defined
embryo culture media might shed light on this point.

5. Conclusions

Our results demonstrate the existence of EVs produced by the murine oocyte and embryo
throughout embryo development. These EVs are secreted to the extracellular space, and can be found
in the intercellular space, the blastocoel or even in the spent culture media, after crossing the zona
pellucida. The analysis of the different EVs collected from blastocyst spent media showed the presence
of DNA representing the full murine genome, with no differences in DNA cargos between the different
fractions (ABs and naEVs). Also, vesicle-free DNA was found in the EVs-depleted supernatant of
embryo culture. These findings demonstrate that embryo DNA is randomly secreted to the spent
culture medium under physiological conditions without the need of aneuploidy or apoptotic events.
Furthermore, our results reinforce the relevance of cellular communication between the conceptus and
maternal endometrium during implantation and to support the feasibility of non-invasive testing of
pre-implantation embryos.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4425/11/2/203/s1,
Figure S1: DNA sequencing read counts and normalization of the different fractions. Plots showing normalization
of samples sequencing reads previous (A, B, C) and after (D, E, F) filtering by specific murine genome. (A and D).
All samples populations. (B and E) DNase untreated samples. (C and F) DNase treated EVs. Abbreviations: ABs:
Apoptotic bodies; CPM, Counts per million; naEVs: non-apoptotic EVs (including microvesicles and exosomes);
SN: supernatant; Figure S2: Mouse-Human cross-mapping. Normalized plot showing the percentages of reads
for each sample able to map both to the human and murine reference genomes (purple) and those mapping
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uniquely to the murine genome (yellow). Abbreviations: ABs: Apoptotic bodies; naEVs: non-apoptotic EVs
(including microvesicles and exosomes); SN: supernatant; Figure S3: Quality control of murine specific DNA
sequences. (A) Murine genomic sequences detected in blank samples showed poor mapping quality (MAPQ score)
compared to embryo-derived samples. Murine genes differentially enriched in the experimental setting showed
poor mapping quality (B) and insert insert size (C) in blank samples compared to embryo-derived fractions;
Table S1: DNA sequencing reads, and mapping statistics; Table S2: Sequencing analysis data for the enriched
genes in the comparison Embryo vs blank control for total gene sequences; Table S3: Sequencing analysis data
for the enriched genes in the comparison ABs vs blank control for total gene sequences; Table S4: Sequencing
analysis data for the enriched genes in the comparison naEVs vs blank control for total gene sequences; Table S5:
Sequencing analysis data for the enriched genes in the comparison SN vs blank control for total gene sequences;
Table S6: Sequencing analysis data for the enriched genes in the comparison Embryo vs blank control for gene
sequences uniquely binding the Mus musculus reference genome; Table S7: Sequencing analysis data for the
enriched genes in the comparison ABs vs blank control for gene sequences uniquely binding the Mus musculus
reference genome; Table S8: Sequencing analysis data for the enriched genes in the comparison naEVs vs blank
control for gene sequences uniquely binding the Mus musculus reference genome; Table S9: Sequencing analysis
data for the enriched genes in the comparison SN vs blank control for gene sequences uniquely binding the Mus
musculus reference genome; Table S10: Gene sequences uniquely mapping to the Mus musculus reference genome
enriched in the comparisons of the different DNase untreated samples (embryo genomic DNA, ABs, naEVs and
SN) vs the blank control. Abbreviations: ABs, Apoptotic Bodies; Chr, Chromosome; FC, FoldChange; FWER,
Family-Wise Error Rate; naEVs, non-apoptotic EVs; SN, Supernatant.
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Abstract: Endometrial receptivity is a biosensor for embryo quality, as embryos with reduced
developmental potential are rejected. However, embryo quality only accounts for an estimated
one-third of implantation failures, with suboptimal endometrial receptivity accounting for the
remaining two-thirds. As pregnancy progresses, a uterus continues to engage in close communication
with an embryo/fetus, exchanging information in the form of endocrine, paracrine, and other cues.
Given the long mammalian gestation period, this dialogue is intricate, diverse, and, currently,
not fully understood. Recent progress and the availability of high-throughput techniques, including
transcriptomics, proteomics, and metabolomics, has allowed the simultaneous examination of multiple
molecular changes, enhancing our knowledge in this area. This review covers the known mechanisms
of mother–embryo cross-communication gathered from animal and human studies.

Keywords: embryo; uterus; window of implantation

1. Introduction

Infertility is common, with ~12% of women in the United States being unable to conceive [1].
To solve this, patients have turned to in vitro fertilization, with considerable success. According to the
European Society of Human Reproduction and Embryology (ESHRE), more than 8 million babies have
been born from In vitro fertilisation (IVF) since the world’s first IVF-birth in 1978 [2], and currently
~1.6% of all births in the United States now result from this procedure [3]. The success of IVF, however,
can vary depending on the cause of infertility. Almost half of infertile cases occur due to endometriosis,
but for others, the etiology is unknown [4] and thus a challenge to treat.

Improving the success rate of IVF requires a better understanding of how the embryo interacts with
the uterus throughout pregnancy. Embryonic implantation and development are not possible without
continuous molecular dialogue. The mother and embryo exchange signals at all times, from embryonic
stem-cell differentiation all the way to implantation, decidualization, placentation, and also parturition,
resulting in the birth of offspring [5–9].

Pregnancy begins with the union between a haploid (23-chromosome) sperm with a haploid egg,
forming a diploid (46-chromosome) single-cell zygote, which continues to undergo mitotic divisions
and forms a blastocyst while traveling across the fallopian tube toward the uterus. The blastocyst
consists of an inner cell mass and an outer trophectoderm cell layer. During implantation, when the
blastocyst adheres to the uterine endometrium, the inner cell mass further differentiates into two cell
lineages, the primitive endoderm and the epiblast. The epiblast gives rise to the fetus and the primitive
endoderm and trophectoderm give rise to fetal membranes and the placenta, respectively [5,6,10].

Pregnancy relies on blastocyst implantation during a narrow window of uterine receptivity,
called the window of implantation; implantation outside this window is associated with spontaneous
miscarriages. Uterine sensitivity in mice, is divided into two principal phases: prereceptive (days 1 to
3) and receptive (day 4). The uterine transition to the receptive phase, where blastocysts can implant,
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requires priming with progesterone hormone (P4) traced on estrogen (E2). Upon closure of this
window, the uterus is a hostile milieu, and the blastocyst cannot implant. In humans, the pre-receptive
phase occurs after ovulation (7 days, early luteal phase), followed by the receptive (~7–10 days,
mid-luteal phase) and nonreceptive (~7–10 to 28–30 days, late-luteal phase) phases until menstruation
ensues [5,6,11].

The three main tissue compartments of the uterus—the endometrial epithelium (luminal and
glandular) and stroma, and myometrium—support and regulate pregnancy. As the site of blastocyst
adhesion, the luminal epithelium is perceived as the crucial site for uterine receptivity and transmits
signals to other compartments [12]. Histological aspects of the endometrium when it becomes receptive
include: irregular glands with a papillary appearance, migration of vacuoles to a supranuclear position
in epithelial cells, edematous uterine stroma, and decidualization [13].

The contact between the receptive endometrium and the competent blastocyst involves a series of
stages: apposition, adhesion, and invasion, constituting a successful implantation [13]. During the
apposition moment, a multitude of small microvilli protrusions (pinopodes) develop on the apical
surface of the luminal epithelium. These microvilli form a single flowerlike shape, which appears
only during the window of implantation, and subsequently inter-digitate with the blastocyst.
Uterodomes are characterized by the presence of cell-adhesion molecules (i.e., integrins [14,15]).
The basal and lateral membranes also undergo transformations, specifically at various junctions [12].
Blastocyst adhesion with the luminal epithelium overlaps with the process of decidualization of
the stromal cells. The changes in morphology and function governed by the two main ovarian
hormones—E2 and P4—accord with the associated molecular changes, including elevated expression
of estrogen receptor 1 (ER1) and the progesterone receptor (PR) as well as a multitude of downstream
target genes. These and subsequent events, leading to the progression of pregnancy and completing in
the birth of an offspring, involve a complex interplay of endocrine, genetic, and other cues.

Presently, little has been published on the molecular mechanisms that control the dialogue between
the early embryo and the mother. Several histological and molecular markers have been identified for
endometrial receptivity; however, these await consensus [14,16]. For example, even the presence of
uterodomes, characteristic of apposition, is not yet a proven significant biomarker [17,18]. Additionally,
preoccupation with one potential biomarker at the expense of exploring others remains a challenge in
the field [14,16]. This review summarizes what is known of factors implicated in the communication
between the embryo and the mother. We start with presenting several important circulating factors,
including hormones, cytokines, chemokines, and extracellular vesicles carrying various signaling
components, such as microRNAs, and finish with describing the genetic and epigenetic responses of
the uterus and placenta to these circulating factors.

2. Circulating Factors

2.1. Endocrine—Hormones

Hormones have pride of place in the hierarchy of primary determinants for embryo-uterine
crosstalk. Ovarian E2 and P4 are crucial for a series of events ranging from uterine receptivity to
implantation, decidualization, placentation, and finally birth. E2 and P4 govern the chronological
transitions between these events, supporting continuous interactions between the mother and the
developing baby [6,11]. Both hormones affect a plethora of growth factors, transcription factors, lipid
mediators, cytokines, and cell cycle regulators involved in the course of pregnancy [5].

The role of hormonal signaling has been studied in many model systems. In mice, a “delayed
implantation” model is commonly used to assess signaling during pregnancy [19]. This model uses
ovariectomy on day 4 before the preimplantation estrogen surge and continued P4 treatment to induce
uterine quiescence while maintaining implantation competency, which is resumed upon estrogen
repletion. This indicates the importance of these two hormones in controlling uterine receptivity in
mice. Specifically, the expression of Sik-SP regulated by E2 is independent of ER but requires the
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control of estradiol receptor α (ERα) necessary for the coordination of the biphasic responses in the
uterus for its growth [20]. However, while P4 is an absolute requirement for implantation in many
species, ovarian estrogen rise is not crucial in subhuman primates [6].

In humans, the 28–30-day menstrual cycle begins with menses. The proliferative phase is
influenced by rising E2 levels generated from ovarian follicles, which leads to the proliferation
of the endometrial epithelium, stroma, and vascular endothelium to regenerate the uterine lining.
At midcycle, the gonadotropins: follicle-stimulating hormone (FSH) and luteinizing hormone (LH),
induce ovulation on day 14. Subsequently, in the early secretory phase, the endometrium becomes
thicker and the corpus luteum forms from the ruptured follicle leading to a P4 upsurge in preparation
for implantation. The increase in E2 levels overlaid on P4 define the window of implantation. In the
absence of a viable embryo, there is hormone withdrawal and menstruation. The implanting blastocyst
secretes chorionic gonadotropin (hCG) to maintain the corpus luteum, and pregnancy ensues [6].

During pregnancy, the expression pattern of ovarian hormones is dynamic and has
compartment-specific functions mediated by multiple hormone receptors. Mice lacking Era or
both PR isoforms, PR-A and PR-B, are hypoplastic and infertile [21,22]. Just before starts the embryo
implantation, PR is expressed in the luminal epithelium. However, at the beginning of embryo
implantation, the expression of PR rapidly declines in the luminal epithelium with increased expression
in the stroma that persists throughout decidualization [23]. Mice with an epithelial loss of Esr1 show
implantation failure and abnormal expression of estrogen related genes. Mice with an epithelial-specific
loss of Pgr are unresponsive to P4 treatment and are infertile due to defects in embryo adhesion,
stromal cell decidualization, and unrestrained estrogen-induced epithelial cell proliferation [23,24].

Mechanistically, the infertility in these mice is attributed to low expression of leukemia inhibitory
factor (LIF), and Indian hedgehog (IHH) [25]. IHH is expressed in epithelial cells and interacts in
the stroma with its receptors (Patched and Smoothened), producing the proliferation of the stromal
cell. LIF is a cytokine, member of the interleukin-6 family essential for endometrial receptivity
and implantation. LIF binds to their LIF receptor (LIFR) that, in partnership with the co-receptor
GP130, transduces signals through the signal transducer and activator of transcription 3 (STAT3).
Genetic deletion of GL130 or STAT3 result in implantation failure [26,27]. Clinically, the role of LIF
remains inconclusive. Using a relatively small cohort of hyperstimulated women with diverse etiologies
of infertility, administration of LIF did not improve pregnancy outcomes [28].

Overall, steroid hormones affect a plethora of downstream factors crucial for pregnancy
progression, acting through bidirectional epithelial-stromal communication. HAND2 is one such
ovarian hormone-dependent factor thought to be involved in implantation and decidualization.
Hand2 ablation causes infertility, via a mechanism involving upregulation of fibroblast growth
factor-extracellular signal regulated kinase (FGF-ERK) signaling [29]. In contrast, the important
homeobox transcription factor MSX1 is less dependent on E2 and P4 levels [30], but may be vital
for fertility. Genetic studies in mice suggest that MSX1 is necessary for embryo implantation,
and subsequent studies in humans revealed that the protein levels of MSX1, were significantly reduced
in endometrial biopsies obtained of infertile women [31].

Progesterone resistance—a rapidly expanding topic in clinical research—is linked with reduced
endometrial receptivity [16,32]. P4 is anti-inflammatory and induces immune tolerance at implantation.
Interference with P4 action using antiprogestins, such as RU-486, causes pregnancy loss and
infertility [33]. Furthermore, an early rise in P4 reduces the success rate of embryo transfers, even with
frozen embryos known to be competent based on subsequent transfers. There is a 2–3-day temporal
window of P4 exposure when receptivity is optimal. Overall, data suggests that abnormal P4 exposure
or resistance leads to embryo–uterine asynchrony. P4 is also responsible for timely downregulation of
ERs, an effect linked to timely expression of integrin αυβ3, which plays a role in blastocyst adhesion
to the uterus [16,33]. Clinically, endometriosis has also been associated with progesterone resistance,
or irresponsiveness to progesterone signaling, guiding the search for suitable biomarkers underlying
this effect [34].
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2.2. Paracrine—Cytokines, Chemokines

To assess other paracrine factors regulating pregnancy, changes in the level of signaling molecules
have been analyzed in maternal blood throughout the course of pregnancy. Using a liquid chip
scanning technology, Zhao et al. analyzed 30 circulating factors at 14 time points in pregnant rats [8].
The technology is based on flexible Muti-Analyte Profiling (xMAP), integrating colored microspheres,
fluidics, laser technology, and computer programming algorithms. The greatest change in the levels
of signaling molecules occurred in the third trimester, with moderate changes in the first trimester,
and relatively little changes during the second trimester. During early-pregnancy (days 1–7; first
trimester of human pregnancy), the levels of luteinizing hormone (LH) and brain-derived neurotrophic
factor (BDNF) were increased and decreased, respectively. In this time frame, sperm–egg binding
and fusion occurs, forming the fertilized egg, which moves from the fallopian tube to the uterus and
sends stimulatory signals to the endometrium to prepare for blastocyst implantation. Compared with
pre-pregnancy levels, the levels of monocyte chemotactic protein 1 (MCP1), interleukin-10 (IL-10),
IL-13, and growth-related oncogene (GRO) are elevated at day 5 (equivalent to the second month of
human pregnancy). In this window, the so-called “Th2 phenomena” occurs during which maternal T
helper 1 (Th1) inhibition and Th2 activation occur, supporting the involvement of the maternal innate
and cellular immune response in fetal development and providing mechanisms whereby maternal
immune rejection of the fetus is inhibited. However, by day 7 when the fetal heart is fully developed,
the reverse occurs. Th2 transforms to Th1 (by the regulation and expression of transcription factors),
aiming to activate innate immunity in the embryo.

The shift to mid-pregnancy (days 9–19; second trimester of human pregnancy) results in
stabilization of circulating signaling molecules. Growth hormone (GH) and leptin levels increase,
promoting muscle growth and fuel anabolism. Th1 and Th2 levels remain stable, indicating adjustment
and growth of the fetal immune system and reduction in maternal immune rejection of the fetus,
avoiding fetal abortion. Cd4+ regulatory T cells (Tregs) are essential to the maternal immune tolerance,
the diminution in number or nonfunctional competence cells are implicated in infertility, miscarriage,
preeclampsia and fetal growth restriction [35,36].

During late-pregnancy (days 21–23; third trimester of human pregnancy), IL-2, IL-6, IL-12p70m,
IL-18, interferon-g (IFN-g), leptin, and GRO levels increase, while adrenocorticotropic hormone (ACTH)
and BDNF levels decrease. At this time, maternal Th1 is rapidly activated, implying immune protection
of the mother and fetus in preparation for delivery. Previous studies have also shown that IL-2m,
IL-6, and IL18 relate to uterine expansion. Finally, the postpartum period is marked by an increase in
vascular endothelial growth factor (VEGF), possibly to repair the wounded tissue, and prolactin (PRL)
increases, promoting and maintaining lactation.

Zhao et al. found that over 30 cell types were involved in this intercellular “wireless”
communication network and demonstrated common alterations in the level of signaling molecules in
maternal serum (such as cytokines, chemokines, and hormones) at various time points throughout
pregnancy from pre-implantation to post-delivery in rats. Further investigation of these factors is
warranted to evaluate their role in human pregnancy, but separate studies have already identified
some paracrine factors in this context. Colony-stimulating factor-1 (CSF-1) promotes differentiation
of human trophoblast cells into syncytiotrophoblast cells and guide to the production of placental
lactogen [37]. Several metalloproteinases have been reported in connection with the invasive ability of
the fetal trophoblast, in particular MMP2 and 9 [38,39]. Trophoblastic MMPs are regulated in response
to tumor necrosis factor alpha (TNFa), IL-1b, IL-1a, leptin, transforming factor b (TGFb), macrophage
colony-stimulating factor (MCSF), and endothelial growth factor (EGF), which are secreted at the
fetal–maternal interface from different cells. Endometrial extracellular matrix (ECM) remodeling is
essential for successful implantation and placentation and multiple MMPs as well as their substrates
are involved in this process. For example, MMP-14 and ADAM10, present in endometrium-derived
exosomes, act on IL-8, TGFb, CD44, Notch and its ligand DLL1 promoting their bioactivity [40–43].
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For reference, a recent comprehensive review has summarized the roles of MMPs in embryo–maternal
crosstalk [44].

2.3. Extracellular Vesicles and Their Cargo—Proteins, Lipids, miRNA

Extracellular vesicles (EVs) were recently shown to play a role in paracrine communication
between mother and embryo [9]. EVs comprise a range of membrane enclosed compartments
differing in biogenesis, size, and cargo. Their small size facilitates trafficking between local sites.
EVs activate surface receptors on target cells, merging with the cell membrane and releasing cargo.
EV cargo—proteins, lipids, and genetic material (DNA, RNA, miRNA, and other RNA forms)—reflects
the physiological state of the cell of origin and this property has been exploited in the search for
biomarkers of various pathologies, including cancer [43,45,46].

Based on their origin and size, EVs are generally subdivided into three classes: apoptotic
bodies, microvesicles, and exosomes. Apoptotic bodies are the largest EVs (1–5 μm) and form
following cytoplasmic membrane blebbing in cells undergoing programmed cell death, or apoptosis.
Molecular markers include: phosphatidylserine (PS) (which serves as the “eat me” signal for phagocytes
but is also found in healthy cells), thrombospondin, C3b complement protein, VDAC1 (a protein
forming ionic channels in the mitochondrial membrane), and calreticulin (an endoplasmic reticulum
protein) [9,47]. Microvesicles are 100–1000 nm, and their molecular markers are ADP-ribosylation factor
6 (ARF6), integrins, selectins, and CD40 ligand. Exosomes are small, virus sized particles (30–150 nm)
formed by inward budding of the cytoplasmic membrane. Exosomes were long considered to be
nanodust, or dust in electron microscopy, but this perception has changed in recent years, with their
role evolving from trash cans to biologically active particles [48,49]. Exosomes play known roles
in immunomodulation, their most studied function [46,50], and in angiogenesis, thrombosis [51],
and pathologies, such as cancer [47]. The molecular markers of exosomes include: CD63, CD9, CD81,
ALIX, TSG101, flotillin-1, HSC70, and syntenin-1 [9]. In general, all EVs have biological and pathological
roles and act as messengers in cell-to-cell communication. EVs participate in regulating immune
responses, in particular triggering the adaptive immune response and suppressing inflammation [52].
Beyond immunomodulation, EVs contribute to synaptic plasticity, deliver neurotransmitter receptors,
play a role in tissue regeneration following injury, and modulate cell phenotype [45].

EVs have only recently become of interest in the growing field of embryo–mother cross
communication. Data has accumulated showing key roles of EVs at preconception from gamete
maturation to implantation and throughout pregnancy [53]. Ng et al. first showed that EVs contain a
specific subset of miRNAs not detectable in the maternal cells, by the human endometrial epithelial
cell-line ECC1 [54]. These EVs were later verified to be present in human uterine fluid. Burns et al.
demonstrated that the uterine fluid of pregnant sheep contains EVs positive for CD63 and HSP70
(exosomal markers) as well as small RNAs and miRNAs [55]. Greening et al. demonstrated that the
proteome of highly purified exosomes from human endometrial epithelial cells is subject to steroid
hormonal regulation by estrogen and progesterone and varies with the menstrual cycle [56]. Villela et al.
performed a study showing internalization of miR30d by mouse embryos via the trophectoderm that
results in indirect overexpression of adhesion related genes—Itgb3, Itga7 and Cdh [57]. In this study,
treatment of mouse embryos with miR-30d resulted in increased embryo adhesion [57]. In contrast,
the same group also showed that miR-30d deficiency results in reduced implantation rates and
impaired fetal growth [58]. Heterogeneous nuclear ribonucleoprotein C1 (hnRNPC1) has also been
implicated in the mechanism of cell-to-cell communication [59]. These findings support a model in
which maternal endometrial miRNAs act as transcriptomic modifiers of the preimplantation embryo.
Analysis of human endometrial liquid biopsy (ELB) material in both natural and hormonal replacement
therapy (HRT) cycles revealed a panel of differentially expressed miRNAs, including members of the
miR-30 family [60]. Recently, embryos were shown to “talk back” via release of progesterone induced
protein (PIBF) packaged in EVs that modulate maternal immune response [7,61]. The presence of
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EVs in the uterine fluid implies endometrial–embryo cross talk; however, these studies require more
thorough exploration.

EV research is rapidly growing, but is still an immature field facing several challenges. Among the
notable challenges are a lack of nomenclature for distinct types of EVs based on cellular origin.
The terms “microvesicle” and “exosome” have been used mutually in many published manuscripts
because of the incomplete understanding of EV biogenesis, inconsistencies and discrepancies in
purification protocols, and imprecise characterization [43]. There are many unknowns regarding the
biogenesis, route, and function of EVs in reproductive biology. Regardless, EVs are already considered
attractive pharmaceutical targets and may be exploited directly as potential therapeutic agents for
tissue regeneration and immune response modulation [43]. EVs might additionally be exploited for
non-invasive prenatal genetic testing if it is established that embryos transmit EVs carrying genetic
material to the mother.

3. Genetic Changes—Receptors, Signaling Molecules

3.1. Uterus

The molecular signature of the uterus at the time of implantation shows elevated expression of
several factors, but experts agree that currently, none of these biomarkers have been studied in enough
detail to validate their usefulness for assessing endometrial receptivity [14]. Regardless, the emerging
evidence about their roles in fertility is worth considering.

Mucin 1 (MUC 1) (a highly glycosylated polymorphic mucin-like protein) secreted by the
endometrial luminal epithelium is considered a “barrier to implantation”. In humans, MUC1 is
expressed in the luteal and pre-implantation phases in a progesterone-dependent manner [62–64].
MUC 1 is more abundant in fertile then infertile women [65]. In baboons, MUC1 was also shown
to be progesterone- rather than estrogen-dependent, serving as a marker of the pre-implantation
phase [65]. Of interest, a recent study [66] investigating similarities between term pregnancy in
eutherian mammals and marsupials found that key biomarkers of implantation, including mucin 1,
heparin-binding EGF-like factor (HBEGF), and a range or proinflammatory factors, including IL-6,
tumor necrosis factor (TNF), and cyclooxygenase 2 (COX2), are consistent between species, suggesting
conserved regulation of embryo implantation. There are transcriptome-wide similarities between the
implantation in rabbits and humans and the marsupial adhesion process [66]. Specifically, the marsupial
study observed that the biomarker osteopontin was consistent in five human microarray studies in
relation to the window of implantation [67].

Osteopontin (OPN) is a glycosylated phosphoprotein expressed in the endometrial epithelium
and implicated in adhesion and signaling roles at the embryo–epithelium interface [68,69]. OPN is
also a bone associated protein, produced by several bone cell types (osteoblasts and osteoclasts) and
extra-osseous tissue (skin, kidney and lung). Due to differences in post-translational modification,
OPN’s molecule weight ranges from 41 to 75 kDa, and OPN is suggested to have cell type-specific
structure and function [70,71]. OPN plays major roles in bone remodeling, inflammation,
immune-regulation, and vascularization, as well as in pathologies, including cancer. Several studies
have evaluated OPN as a biomarker of tumor progression [70].

Comparative global gene expression studies have demonstrated an increase in OPN in the human
endometrium following the LH surge [72], and OPN has been detected in the vicinity of uterodomes
and in decidualizing stroma [73]. Moreover, while OPN null mice are fertile, they exhibit reduced
pregnancy rates [74]. Mechanistically, OPN interacts with integrins and is classified as a member of the
small integrin-binding ligand N-linked glycoprotein (SIBLINGs) family, which includes molecules,
such as dentin matrix protein (DMP1), bone sialoprotein (BSP), and others. Binding of OPN to
integrins activates their receptors and cytoskeletal proteins, subsequently promoting focal adhesion
in the embryo trophectoderm; however, the functional significance of this interaction in endometrial
receptivity requires further investigation [75].
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Integrins are transmembrane glycoproteins with a and b subunits that mediate several processes,
including cell–cell and cell–extracellular matrix (ECM) adhesion. There are integrins expressed
constitutively in the luminal epithelium, and others are regulated in a spatial and temporal manner
during the menstrual cycle [12,76,77]. Three integrins, A1B1, A4B1, and AVB3, were reported to have
unique expression patterns correlating with the window of implantation in women [14,15]. Of these,
avb3 is the best characterized. The avb3 integrin emerges on the top of luminal and glandular cell
surfaces, coinciding with the aperture of the window of implantation, and its expression continues into
pregnancy with expansion of the decidua [33]. The appearance of αυβ3 integrin on the apical surface
of the luminal cells is due to its presence in subnuclear secretory granules [33]. Expression of an intact
αυβ3 heterodimer is regulated by HOXA10 transcription factor, whose expression together with αυβ3
is altered in pathologies, including adenomyosis, polycystic ovary syndrome, and endometriosis [14].
However, these observations are opposed by several studies showing no reliable link between integrins
and fertility [78,79].

An additional homeobox protein, HOXA11, may have a similar role as HOXA10 in decidualization.
Deletion of either protein in mice results in implantation defects [80,81], which are due to uterine
(as opposed to embryonic) errors. HOXA10-null mice produce a normal amount of embryos that
are capable to implant normally in wild-type surrogate mice; although, wild-type embryos cannot
implant in HOXA10-null mice [80,82]. HOXA11−/−mice show a similar phenotype [83]. In the human
endometrium, HOXA10 is expressed by stromal and epithelial cells regulated by progesterone in a
dependent manner in a menstrual cycle [84]. Precisely how HOXA10 regulates uterine receptivity
is unclear, but microarray analysis of murine endometrium transfected with HOXA10 cDNA has
identified 40 downstream target genes including clusterin (Clu), phoshoglycerate 3-dehydrogenase
(3-Pgdh), and tumor-associated calcium signal transducer 2 (Tacstd2) [85].

3.2. Placenta

The placental interface mediates interaction between the mother and fetus, and changes in
placental gene expression have been analyzed to examine how it participates in embryo–mother
cross-talk [86]. A recent study conducted single-cell transcriptomics on villous tissue from 2 human
term placentas, identifying 87 single-cell transcriptomes. Trophoblast cells at term were concluded
to be the most abundant cell type. Single-cell gene expression profiles were segregated into five
different clusters (three clusters of cytotrophoblast, decidual cells and extravilous trophoblast), based on
combinations of known trophoblast markers (KRT7, KRT8, GCM1, CYP19A1) and diagnostic genes
with >10 fold higher expression in uterine vs. immune cells. These transcriptomes were grouped
into three large clusters of cytotrophoblast cells. The data were further analyzed with respect to
two syncytiotrophoblast transcriptomes, collected from a single placenta by laser microdissection as
well as the transcriptomes of primary undifferentiated endometrial stromal fibroblast (ESF), and the
transcriptome of in vitro primary differentiated decidual cells. Single-cell data was aligned with
tissue-level data to estimate cell origin, and the top 25% (2108) most highly expressed genes were
found to comprise 80% of the total aligned placental mRNA.

Based on genetic studies in mice, placenta-derived leptin also has an important role in fertility, and is
secreted into maternal and fetal circulation produced by the placental trophoblast. Leptin regulates
energy metabolism, feeding, and bone. Released from adipose tissue, leptin travels in the circulation
until it reaches leptin receptors in the brain, located in hypothalamic nuclei and other sites [87–89].
Leptin acts on the hypothalamic–pituitary axis to affect steroid hormone release. An absence of leptin
(ob/ob mice) is not lethal but results in early onset obesity, extreme insulin resistance, stunted skeletal
and brain growth, compromised immune system, and infertility [90]. Interestingly, fertility can be
restored in ob/ob mice by exogenous leptin administration, which is characterized by increased LH and
FSH. However, fertility is not restored by food restriction in these mice, suggesting that leptin affects the
reproductive system independently of metabolism [91,92]. In pregnant mice and humans, the placenta
is a major site of leptin expression [90], but it is unclear what role placenta-derived leptin might play in
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embryonic development [93]. Leptin receptor expression is abundant in placenta. These receptors may
pass information about energy metabolism between the mother and the baby [94].

4. Epigenetic and Transcriptomic Changes

Epigenetics is defined as heritable changes in chromosomes without changes in DNA sequence.
These changes include histone modification, DNA methylation, and expression of non-coding RNAs.
E2 and P4 regulate the expression of their respective receptors, which are important for embryo
implantation. Aberrant DNA methylation of the CpG island in the promoter regions of ER or
PR has been reported in endometrial carcinoma, suggesting regulation of the uterus by epigenetic
mechanisms [95,96]. Factors related to endometrial receptivity, such as HOXA10 and MUC1 have
also been shown to be controlled by hormone-dependent DNA methylation, which is associated with
infertility [97,98], and changes in DNA methylation in the endometrium have been correlated with
gene expression during the transition from the pre-receptive to receptive phase in humans [99,100].
Interestingly, comparison of changes in transcriptomes and corresponding DNA methylomes on
the same samples revealed association of gene expression and DNA methylation for a number of
loci related to endometrial biology [100], suggesting an interplay between hormones and the uterus
at the level of the epigenome [101]. In addition, miRNA and circRNA are stably detected in the
circulation and EVs. For example, miR-30d is upregulated during the acquiring of receptivity in the
endometrium [102], its overexpression induces changes in the transcriptomics and proteomics of the
endometrial epithelium [103], and it is involved in the interaction between embryo and uterus, as it
is secreted by the uterus and taken up by the embryo [57]. Free hsa-miR-30d and/or exosomes are
internalized by embryos through their trophectodermal cells, resulting in overexpression of genes
encoding for molecules related to embryonic adhesion (Itgb3, Itga7 and Cdh5) [57]. Other miRNA
families shown to be important for implantation and that potentially mediate embryo–mother dialog
are miR200, Let7, and miR-17-92 clusters [104].

5. Conclusions

For a healthy outcome for the mother and baby, a continuous molecular dialog is crucial.
The language is based on endocrine, paracrine, and autocrine factors. Despite gathered knowledge,
much remains to be discovered regarding how these factors affect genes in the developing organism and
how genetic and epigenetic changes are translated into “readable” information. Estrogen, progesterone,
and downstream effectors govern differentiation of the stroma and remodeling of the endometrium,
making it receptive for embryo implantation. The embryo also sends various signals to the mother,
in the form of EVs carrying miRNA and other material, to which the mother responds. The exact routes
of communication are not well understood and further exploration is needed. Better understanding of
the physiological mechanisms involved in the mother–baby dialogue during pregnancy should allow
identification of reliable biomarkers for endometrial receptivity, aiding the treatment of unexplained
infertility and increasing healthy birth rates.
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Abstract: There is a high incidence of chromosomal abnormalities in early human embryos, whether
they are generated by natural conception or by assisted reproductive technologies (ART). Cells with
chromosomal copy number deviations or chromosome structural rearrangements can compromise
the viability of embryos; much of the naturally low human fecundity as well as low success rates
of ART can be ascribed to these cytogenetic defects. Chromosomal anomalies are also responsible
for a large proportion of miscarriages and congenital disorders. There is therefore tremendous
value in methods that identify embryos containing chromosomal abnormalities before intrauterine
transfer to a patient being treated for infertility—the goal being the exclusion of affected embryos
in order to improve clinical outcomes. This is the rationale behind preimplantation genetic testing
for aneuploidy (PGT-A) and structural rearrangements (-SR). Contemporary methods are capable of
much more than detecting whole chromosome abnormalities (e.g., monosomy/trisomy). Technical
enhancements and increased resolution and sensitivity permit the identification of chromosomal
mosaicism (embryos containing a mix of normal and abnormal cells), as well as the detection of
sub-chromosomal abnormalities such as segmental deletions and duplications. Earlier approaches
to screening for chromosomal abnormalities yielded a binary result of normal versus abnormal,
but the new refinements in the system call for new categories, each with specific clinical outcomes
and nuances for clinical management. This review intends to give an overview of PGT-A and -SR,
emphasizing recent advances and areas of active development.

Keywords: PGT-A; PGT-SR; mosaicism; embryo genetics; chromosomal abnormality

1. Introduction

The modern fertility clinic aspires to achieve a healthy birth using a single embryo transfer
(SET). Historically, the transfer of two or more embryos simultaneously was a common ART industry
practice, at times resulting in multiple pregnancies and their associated clinical complications [1,2].
A patient’s in vitro fertilization (IVF) treatment will frequently produce several embryos available
for transfer, and the challenge becomes how best to rank a cohort of embryos in order of highest to
lowest likelihood of success. The most rudimentary method to grade embryos is by their appearance,
a practice that has been performed since the earliest days of IVF [3]. Although excellent standardization
systems for an assessment of embryo morphology have been developed [4], the practice remains
subjective, and morphology alone has been shown to be a limited predictor of implantation [5]. When
it was understood that early human embryos often harbor chromosomal abnormalities, employing
chromosomal profiling to deselect those with copy number and structural anomalies became an
attractive prospect. The first application of chromosomal profiling in embryos was to determine their
XX/XY status in patients with inherited X-linked conditions, by removing a representative cellular
sample from each embryo and analyzing it with molecular methods [6]. This served as proof of concept
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that autosomal profiling could also become clinically applicable, setting the stage for the development
of preimplantation genetic testing (PGT) for aneuploidy (-A) and structural rearrangements (-SR).
Over the past two decades, the usage of PGT-A/-SR has experienced tremendous growth, and now
accompanies a proportion of ART cycles in many parts of the world [7]. Vocal critics of the technology
do exist, and as discussed below, not all clinical data from PGT-A have been positive. However,
there are excellent arguments for the appropriate application of PGT-A when the limitations of the
technology are understood.

At this point in time, PGT-A is experiencing a massive shift in how it categorizes embryos
by their chromosomal profiles (Figure 1). A simple binary grouping of ‘normal’ or ‘abnormal’ has
become insufficient. Recent data, which will be presented here, argues for a much more refined
categorization, and encompasses embryos that are ‘euploid’, ‘aneuploid’ (whole chromosome, e.g.,
monosomy/trisomy), ‘mosaic’, and ‘segmental abnormal’. Additionally, the mosaic and segmental
abnormal groups can be refined further according to their characteristics. The goal of such stratification
is to obtain an enhanced ranking system to permit selection of the embryo with best likelihood of a
positive clinical outcome.

Figure 1. Overview of PGT Methods for 24-Chromosome Analysis.

From a technological standpoint, PGT-A is now coming to a watershed moment in its development
and will be shaped by two seemingly opposing forces: simplicity and complexity (Figure 1). On one
hand, there is a push to make the process easier, by developing a non-invasive version that would
considerably simplify the sample collection step in the laboratory and make it available to a greater
number of fertility clinics (but importantly, at the potential expense of data quality). On the other
hand, there is demand for more complexity in the data by increasing the resolution of the genome,
combining multiple genetic analyses (e.g., copy number and B-allele frequencies, or chromosomal and
single gene profiling), or eventually sequencing the entire genome of a candidate embryo. Time will
tell which path the technology will take, or whether several parallel versions of PGT-A will co-exist;
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what is certain is that the ‘genetic revolution’ has already transformed embryo selection in IVF and
will continue doing so for years to come.

2. Human Reproduction and Chromosomal Abnormalities

The extent to which chromosomal abnormality affects human reproduction is noteworthy. Natural
fertility in humans follows an inverse U-curve during maternal reproductive years, and evidence shows
that embryonic chromosomal abnormality originating from meiotic errors during oocyte formation
is the main cause for the reduced potential toward both ends of the curve [8]. This phenomenon is
specific to humans (e.g., chimpanzees’ fertility potential remains uniform across maternal reproductive
lifespan [9]), and is presumably linked to selective forces balancing risks and evolutionary fitness
associated with human childbearing [8]. Even at the peak of a woman’s fertility, the incidence of
chromosomal abnormality is not negligible—on average affecting ~20% of oocytes [8]. As a result,
roughly half of all human preimplantation embryos harbor chromosomal abnormalities [10–12], when
in comparison only 1% of early mouse embryos are chromosomally abnormal [13].

Together, these observations suggest that some degree of error-proneness during chromosome
segregation in gametogenesis is beneficial to our species. Embryonic chromosomal abnormality should
therefore not be regarded as an aberration, but rather an integral and programmed component in the
natural process of human reproduction. Further accentuating this point, there is no difference in rates
of implantation, miscarriage, and live births between advanced maternal age (AMA) patients and
non-AMA patients when chromosomally normal embryos are used for intrauterine transfer [14,15],
meaning that the age-related decline in fertility is solely controlled by embryonic abnormality. For
the sub-fertility and infertility patient attempting treatment through ART, this peculiarity of human
reproduction poses significant problems. The transfer of chromosomally anomalous embryos in the
IVF clinic results in failed implantation, miscarriage, or congenital conditions.

3. Overview of Chromosomal Abnormalities in Embryos: Types, Mechanisms, Incidence, and
Medical Implications

3.1. Aneuploidy

Aneuploidy is the most common genetic abnormality found in humans, and its high incidence in
embryos is the main cause for failed implantation, pregnancy loss, and congenital birth defects [16].
Diploid cells normally contain 46 chromosomes, a state known as euploidy. Aneuploidy is an
altered condition involving a deviation in copy number from multiples of 23. Typical examples
are monosomy or trisomy, respectively resulting in 45 or 47 chromosomes. Aneuploidy can affect
numerous chromosomes in a cell, sometimes referred to as complex aneuploids, or result in nullisomy
or polysomy, where none or multiple copies of an individual chromosomes are present.

Aneuploidy in preimplantation embryos is primarily a result of chromosomal/chromatid
segregation errors occurring at meiosis (in sperm or egg), uniformly affecting all cells in resulting
embryos. Those mechanisms can be broadly grouped into (1) Non-disjunction errors (where
homologous chromosomes or sister chromatids fail to separate) and (2) Premature separation (where
homologous chromosomes or sister chromatids separate early). A correctly functioning cohesion
apparatus between paired entities is therefore vital to preserve euploidy. The vast majority of meiotic
errors occur in maternal meiosis (90%–99%) [16,17], of which recent studies estimate ~50%–70%
originate at meiosis I, and ~30%–50% at meiosis II [17–20]. Aneuploidy is far less likely to derive from
meiotic events in the father, with estimates ranging between 1%–10% [17,21,22]. The dissimilarity in
percent aneuploidies originating from female and male gametogenesis is ascribed to several differences
which make meiosis in the oocyte more error-prone, including: (1) Oocyte crossover structures during
recombination are more frail, (2) Subdued prophase checkpoint control, (3) Decreased efficiency of the
spindle assembly checkpoint (SAC), (4) Lower requirements for chromosomal alignment in the spindle
equator for onset of anaphase, and (5) Different cell cycle progression [16].
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A large percentage of spontaneous abortions in natural and ART pregnancies are ascribed to
aneuploidies, as highlighted by a recent study cytogenetically analyzing 2564 samples of fetal tissue
from first trimester miscarriages, detecting abnormal karyotypes in 49.5% of cases [23]. Furthermore,
about ~4% of stillbirths and ~0.3% of newborns harbor aneuploidies [24]. Because of the strong in
utero selection against aneuploidy, its ‘true’ incidence is determined from studies in fertilized eggs,
which is currently impossible for natural conceptions [16]. Overall, about half of ART-generated
preimplantation embryos contain uniform aneuploidy when assessed by PGT-A [11,12,25], but there is
a distinctive maternal age-related effect. Three studies, each analyzing over 12,000 human blastocysts
from ART patients using different genetic testing platforms, came to comparable conclusions: average
percent euploid embryos increased from ~60% to ~75% between maternal ages 22 and 28, dipping to
~60% by age 35, followed by a steady decline to ~40% by age 40 until reaching ~10% by age 45 [26–28].
Logically, the incidence of aneuploidy followed the inverse trend, exhibiting its lowest incidence
of ~25% at ages 28–29, and a steep rise after age 35, reaching its peak of 90% at age 45 [27]. These
observations were recently replicated by a large, single-reference laboratory analysis of over 100,000
blastocyst-stage embryos [11]. Mechanistically, this age-related increase in aneuploidy is thought to
be an effect of the prolonged prophase I arrest in oocytes (a state that can last up to 50 years), which
results in gradual degradation of the meiotic apparatus [29]. In contrast, the incidence of aneuploidy
does not correlate with paternal age [30,31].

Embryonic aneuploidy is also believed to be affected by environmental factors. Some lifestyle
conditions of parents, such as obesity, smoking, exposure to radiation, and use of contraceptives have
been proposed as candidates to increase meiotic errors [30]. Another source is the hormonal stimulation
protocol [32,33]. There is documented variability between IVF clinics in the percentage of aneuploid
embryos that are generated [25], suggesting that protocols of oocyte retrieval, intracytoplasmic sperm
injection (ICSI), and culture conditions might also contribute to the incidence of meiotic errors.

Aneuploidies analyzed at the blastocyst stage are not evenly distributed over the 23 sets of
chromosomes. A review of 5,000 embryos showed that aneuploidies in chromosomes 15, 16, 21, and 22
(relatively small chromosomes) were the most common, while those in chromosomes 1 to 6 (the largest
autosomes) were the least common, although by and large the incidence of monosomies and trisomies
at this developmental stage were quite similar [30]. A clear exception was chromosome 9, for which
trisomies far offset monosomies [30], possibly indicating the presence of genes with essential dosage
effects for early development.

All autosomal monosomies and most autosomal trisomies are embryonic lethal, the exceptions
being trisomies 13, 18, and 21 which occasionally lead to births resulting in Patau, Edwards, and Down’s
Syndromes, respectively. The fact that Down’s patients can survive well into adulthood suggests that
merely having an abnormal chromosomal copy number might not affect viability per se, and rather,
it is abnormal transcriptional dosage of genes located in the affected chromosome that compromises
development [34]. Incidentally, chromosome 21 is comparatively small and contains relatively few
genes, possibly explaining the long-term survival of cells harboring the abnormality. Aneuploidies
affecting the sex chromosomes can have a range of clinical implications from undetectable to severe
or lethal, depending on the copy number and chromosome affected; 47,XXX and 47,XYY typically
result in phenotypically normal females and males, 45,X and 47,XXY lead to Turner and Klinefelter
Syndromes, but the X chromosome is absolutely essential as its absence invariably leads to embryonic
demise. The absence of one entire set of chromosomes (haploidy) in embryos, or the presence of extra
sets (polyploidy), is incompatible with human life. However, it must be noted that these conditions do
not fall under the strict definition of aneuploidy (as their chromosomal counts result in multiples of 23).

3.2. Chromosomal Mosaicism

The definition of chromosomal mosaicism is the co-presence of cells with two (or more) different
chromosomal constitutions. In the context of PGT-A, the most relevant type is the mix of euploid and
aneuploid cells (sometimes referred to as diploid-aneuploid mosaics, hereafter simply referred to as
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mosaic) because in recent years such embryos have been shown to result in healthy pregnancies when
transferred in the clinic [35–40].

Mosaicism originates from mitotic events during post-zygotic development. The best characterized
types of mitotic errors resulting in mosaicism are sister chromatid malsegregations [12]: anaphase
lagging, mainly resulting in one normal and one monosomic daughter cell (although other patterns of
chromosomal inheritance are possible [41]), and non-disjunction, leading to reciprocal trisomic and
monosomic daughter cells. Other types of mitotic error resulting in mosaicism are endoreplication,
(a diploid cell becomes trisomic by excessive replication of a chromosome), formation of micronuclei
(the aberrant establishment of independent nuclear membrane-encapsulated chromosomal material),
and centriole/centrosome dysregulation affecting chromatid segregation [42].

The observation that monosomies are commonly found without reciprocal trisomies in mosaic
embryos indicates that anaphase lagging might be more frequent than non-disjunction during mitotic
errors [43,44]. All these events are mainly attributed to three factors associated with preimplantation
embryos: Relaxed control of the cell cycle, aberrations of the centrosome and mitotic spindle, and
defects in chromosome cohesion [45]. Cell intrinsic regulation, correction mechanisms, and cell cycle
checkpoints are subdued during the first days of post-zygotic development, which is characterized by
rapid expansion governed by a strained system of maternal factors before activation of the embryonic
genome [45,46]. In this regard, early embryos are comparable to cancers, which experience dysregulated
cell cycle control and high rates of aneuploidy [34].

Embryonic mosaicism was first described in 1993 by Delhanty and colleagues performing
fluorescent in situ hybridization (FISH) in cleavage-stage embryos, observing different chromosomal
counts between cells of a single conceptus [47]. The same phenomenon was also described later in
blastocysts by Evsikov and Verlinsky [48]. Modern PGT-A methods can detect mixes of euploid and
aneuploid cells with high accuracy, but there is variability between clinics regarding the reported
incidence of embryos classified as mosaic with PGT-A at the blastocyst stage. Most recent estimates
range between 4%–22% [38,40,49–51]. The reasons for this variation are biological (conditions in
laboratories affecting rates of mosaicism) [46,51], as well as technical (lack of standardized system
to interpret and report PGT-A results); discussed further below. Estimating rates of mosaicism in
preimplantation embryos from natural conceptions is challenging, but observations made in bovine
cleavage-stage embryos have revealed that in vitro production engenders a significantly higher
incidence of mosaicism than in vivo conception [52]. However, karyotype analysis of neonate umbilical
cord blood and placenta showed no difference in rate of mosaicism between samples of natural and
IVF conceptions in humans [53].

Contrary to meiotic errors and their age-related accumulation, there appears to be a uniform
baseline risk for mitotic errors throughout the maternal reproductive years [54]. Nonetheless, there
is a demonstrated reduction in incidence of mosaicism between cleavage and blastocyst stages [54],
which further declines through gestation. Mosaicism is detected in ~2.1% of chorionic villus samples
(CVS), which tests placental cells [23], and < 0.2% of newborns are estimated to be mosaic, although
this is difficult to assess since routine karyotyping of newborns is not performed [49,55]. The attrition
of mosaicism through development indicates the presence of selective forces that either cause mosaic
embryos to perish, or elicit preferential demise of aneuploid cells in mosaic concepti.

Whether a mitotic error occurs early in development or later influences the percent of cells in the
conceptus that contain the abnormality; the closer to the zygote stage, the higher the number of cell
divisions that can propagate the aneuploidy. The load of abnormal cells is likely to influence the survival
of embryos. Bolton and colleagues have used murine chimera experiments to model mosaicism,
showing that embryos with high aneuploid load invariably died [56]. However, embryos with low
aneuploid load survived and eliminated abnormal cells by apoptosis in the inner cell mass (ICM,
the precursor to the fetus) or attenuated proliferation in the trophectoderm (TE, the precursor to the
placenta). This is in accordance with the well-documented fact that aneuploidy generally hinders rates
of cell proliferation [34]. A recent study by Mashiko and colleagues used live imaging on an engineered
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mouse strain with fluorescent nuclei and captured, for the first time, spontaneous mitotic errors and the
establishment of mosaicism in developing preimplantation embryos [57]. They observed a correlation
between the severity of aneuploidy in the abnormal cell compartment and likelihood to arrest before
reaching the blastocyst stage. When transferred, murine blastocysts with visually-confirmed mosaicism
resulted in births of healthy pups, suggesting a negative selection against the aneuploid cells through
gestation [57]. Extended in vitro culture experiments by Popovic and colleagues with 18 mosaic human
blastocysts showed that 58% remained viable in Day 12 outgrowths, of which 80% had resolved the
mosaicism and presented euploid profiles, while 20% retained the mosaicism [58]. A mechanism
of targeted apoptosis and/or proliferative out-competition of aneuploid cells by euploid cells could
explain how a mosaic human embryo might become a healthy baby, as aneuploid cells are effectively
diluted out in the course of development. In point of fact, experiments using immunofluorescence
have shown significantly different patterns of mitosis and cell death between euploid and mosaic
embryos [40], presumably reflecting a process in mosaic embryos of purging aneuploid cells by their
directed demise and compensatory proliferation of euploid cells.

An alternative mechanism for the generation of mosaic embryos has been proposed, in which
a meiotic error in germ cells could be followed by a mitotic event post-zygotically, ‘correcting’ the
initial aneuploidy. Processes of such intra-cellar correction have been proposed, in which trisomic cells
lose the extra chromosome (trisomic rescue) or monosomic cells duplicate the singular chromosome
to restore disomy (endoreplication). To date, while one study reported evidence of trisomic rescue
pre-zygotically (in oocytes, where a meiosis I error was corrected at meiosis II) [59], such mechanisms
have not been convincingly demonstrated in human embryos. These hypothetical events would often
result in uniparental disomy (UPD), which in IVF embryos is extremely rare, estimated at 0.06% [60].
Experimental data from extended in vitro culture experiments suggest the contrary, that uniform
(non-mosaic) euploid or aneuploid embryos tend to maintain their initial ploidy in both ICM and TE
lineages [58]. An embryo with aneuploidy stemming from a meiotic event is therefore bound to retain
the chromosomal abnormality and result in failed implantation, miscarriage, or liveborn syndrome.

The medical consequence of mosaicism is a subject of current investigation. Regarding clinical
outcomes, recent data indicate that mosaic preimplantation embryos can result in successful pregnancies
and healthy births, but at lower rates compared to euploid embryos [35–40]. In gestation, mosaicism
is implicated in confined placental mosaicism (CPM), where cells with different ploidy are present
specifically in the placenta and fetal cells are normal. The majority of pregnancies diagnosed with
CPM continue to term with no complications [61], but some result in intrauterine growth retardation
(IUGR), placental insufficiency, and potentially miscarriage [62,63]. The real medical meaning of
mosaicism in newborns and adults remains elusive. On one hand, chromosomal mosaicism has
been associated with various conditions, including psychiatric disorders, autoimmune disease, and
congenital malformations [64]. On the other hand, there is a documented high incidence of mosaicism
in various tissues of healthy persons including brain, blood, and skin [65,66].

3.3. Segmental Abnormalities

Segmental abnormalities (sometimes referred to as partial aneuploidies or structural aberrations)
affect sub-chromosomal sections, and in the context of PGT-A they typically denote regional losses or
gains. The size of a segmental abnormality detectable by modern PGT-A platforms is usually 10–20 Mb
and above [67,68], but in some instances the identified segments are as small as 1.8 Mb [69].

Segmental abnormalities originate from faulty corrections of chromosome breakage, so their
etiology is altogether different to that of whole chromosome aneuploidies. Double strand breaks (DSBs)
occur during DNA synthesis when replicative forks stall and collapse, for reasons such as DNA damage,
absence of DNA-synthesis constituents, or strain associated with DNA secondary structure [70,71].
In gametes, there are programmed strand breaks to enable meiotic recombination, which can go
awry and result in chromosomal breakage [72]. DSBs can also result from exogenous factors such as
oxidative stress or the effect of mutagens. Generally, DSBs elicit a DNA repair mechanism, and failure
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to execute it typically activates the apoptotic process [73]. Those pathways are often compromised
in preimplantation embryos, which are characterized by rapid cell division, compromised repair
mechanisms, lax cell cycle checkpoints, and deregulated apoptosis [74]. When a cell ‘repairs’ a DSB
incorrectly, it can result in duplication or deletion of the segment containing the break.

Segmental copy number variants can originate pre- or post-zygotically, respectively affecting all
embryonic cells or only a subset. An estimated ~32% of segmental abnormality is meiotic in nature and
present throughout the cells of the remaining blastocyst [75], meaning that the majority of instances
are of mitotic origin and present in a mosaic pattern [75,76]. Segmental abnormalities can occur in
any chromosome, their incidence across the genome largely correlates with chromosomal size, and
the frequency of losses and gains is roughly equal [75]. One possible outlier is the high incidence of
segmental gains in the q-arm of chromosome (Chr) 9 [74,75]. A study has described loci in the genome
of preimplantation embryos with higher likelihood of segmental abnormalities, possibly related to
heterochromatic composition of those regions [70].

Approximately ~6%–15% of ART-created blastocysts contain segmental abnormalities when
evaluated by current PGT-A methods with the described resolution, either exclusively or in conjunction
with whole chromosome aneuploidies [70,74,75]. When only considering instances with no concomitant
whole chromosome aneuploidy, the incidence of blastocysts with segmental losses or gains is
~2.4%–7.5% [11,70,74,75]. Incidence of segmental abnormalities in blastocysts do not correlate with
medical indication or patient age [70,74,75]. Segmental abnormalities are thought to account for 6% of
clinical miscarriages [77] and affect close to 0.05% of newborns [78]. In persisting to term, segmental
copy number variants can result in various syndromes and conditions, for example Cri-du-chat (caused
by terminal deletion in the p arm of Chr 5), or Charcot–Marie–Tooth disease type 1A (caused by an
interstitial duplication in the p arm of Chr 12) [79].

3.4. Structural Rearrangements

Balanced translocations, Robertsonian translocations, insertions, and inversions are abnormalities
that change the natural order of chromosomal segments, but leave copy numbers unaltered. Carriers
of such anomalies are typically asymptomatic, but recombination and sorting at meiosis can produce
chromosomal copy number abnormalities in egg and sperm. This results in fertility problems,
increased likelihood of pregnancy loss, and heightened chances of producing offspring with physical
and mental disabilities. Therefore, whereas PGT-A is a screening tool for chromosomal abnormalities
that arise spontaneously, PGT-SR is a targeted test performed when known chromosomal abnormalities
are present in parental genomes. PGT-SR requires a personalized review of parental karyotypes,
as the resulting cohort of embryos are tested for instances of recombination producing unbalanced
chromosomal configurations in at-risk regions. Occasionally, PGT-SR is also performed when a
familial abnormality involves segmental copy number variants, typically with small deletions and
duplications that result in relatively mild symptoms in prospective parents. Individualized case
evaluation determines whether a given PGT platform has the resolution to detect copy number
alterations for a specific segment.

Most PGT-SR is performed with standard PGT-A platforms (as long as the affected regions
are above the platform’s resolution) as embryos with unbalanced translocations can be identified
by displaying segmental losses or gains in the regions involved in the translocation. Nonetheless,
this type of PGT-SR cannot distinguish between those embryos in a cohort that are euploid and
those that carry the balanced translocation. Although replacing balanced embryos should result
in phenotypically normal births, the offspring will, later in life, encounter the same problems as
their carrier parents, including reduced fertility, increased miscarriages, and having affected children.
A more sophisticated version of PGT-SR can differentiate between euploid and balanced embryos,
by analyzing the sequences or genetic markers in/around breakpoint regions [80–83]. Although much
more involved than routine PGT-SR, this method can be opted for when patients want to preclude
the transfer of balanced embryos, or when the reciprocal translocation affects the X chromosome,
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considering that the phenotype of balanced carriers is unpredictable due to random inactivation of one
X chromosome in female embryos [84].

4. Development of PGT for Chromosomal Abnormalities

4.1. Early Methods of PGT-A

The first clinical instance of chromosomal profiling in human embryos occurred in 1990, but not for
aneuploidy [6]. Handyside and colleagues analyzed individual blastomeres of cleavage-stage embryos
(Day 3 post fertilization) from a mother that carried a X-linked condition, and amplified a Y-specific
repeat sequence using polymerase chain reaction (PCR). In 1992, fluorescent in situ hybridization
(FISH) using X- and Y- probes were used in the clinic, again to treat families at risk of transmitting
sex-linked disorders [85]. The first direct investigation of embryonic aneuploidy occurred in 1993,
using a FISH test for chromosomes with known liveborn syndromes (13, 18, and 21) in addition
to the sex chromosomes (X, Y) [47,86,87]. This was the birth moment of PGT-A and PGT-SR. FISH
can be adapted to examine several regions within a single chromosome by using multiple probes,
for example, by simultaneously using one centromeric and two sub-telomeric probes. This is applicable
for patients carrying balanced translocations, identifying the embryos that inherited the translocation
in an unbalanced way.

Over the two decades that followed, cleavage-stage PGT-A by FISH grew as an adjunct to the
IVF cycle under the recommendations to transfer normal embryos and discard abnormal embryos.
Nonetheless, the technology remained limited by the number of chromosomes each test could
examine. Although some groups have been successful at implementing this technology clinically
to examine up to 12 chromosomes at once [88], this still left half of the chromosomes undiagnosed.
This important limitation, as well as the demanding nature of the technique, has led to FISH being
largely replaced with other PGT-A platforms. FISH still plays a role in some specific PGT-SR cases,
for example, in instances of very distal breakpoints, such that conventional PCR-based methods
are inadequate [89]. Furthermore, blastomere collection at the cleavage stage has the potential to
decrease embryo viability [90], encouraging development of biopsy isolation techniques at other
embryonic timepoints.

Another potential source of genetic material to be evaluated both in its effect on embryo viability
and its ability to reflect the chromosomal constitution of the resulting embryo was that of polar
bodies (PBs) [91]. Most aneuploidies originate from meiotic errors in the female, such that the PB
can contain the reciprocal aneuploidy to that of the associated oocyte (or zygote). For example,
in a non-disjunction event, a PB could contain monosomy 21 while the oocyte contains trisomy
21. Nonetheless, many types of aneuploidy in the embryo would not be detected by this method
(non-reciprocal aneuploidies, paternal meiotic errors, mitotic events). Furthermore, given that 30%–50%
of oocyte-derived chromosomal imbalances originate at the second meiotic division [19,20], there is a
necessity to analyze both PBs, considerably increasing the cost of the procedure. In addition, a number
of studies investigating PGT-A based on PB analysis have shown high rates of false results [19,92],
and negative impact on embryo viability [93]. Irrespective of these caveats, PB analysis persists in
countries that legally restrict direct embryo testing [7].

Together, these shortcomings of the original, FISH-based version of the technology (sometimes
referred to as PGS 1.0), combined with clinical analyses showing poor performance [94], set the stage
for the development of 24-chromosome analysis.

4.2. Development of PGT-A for All Chromosomes

Expansion of the system to investigate all chromosomes (sometimes referred to as PGT-A 2.0)
was transformative to the field. A diploid human cell contains approximately 6.6 picograms of DNA,
which is too little (even when 5–10 cells are collected in a biopsy) to perform molecular analysis by
conventional approaches. The key step was the development of amplification methods that multiplied
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the DNA in the biopsy. This process has been dubbed whole genome amplification (WGA), and
generates sufficient DNA with appropriate genome coverage for full 24 chromosome analysis. Several
chemistries have been developed or adapted for this purpose, each with its strengths and weaknesses:
Degenerate oligonucleotide primed PCR (DOP-PCR), multiple displacement amplification (MDA),
and hybrid methods, including multiple annealing and looping based amplification cycles (MALBAC),
and SurePlex/PicoPlex, all comprehensively reviewed and compared before [95,96]. Once the DNA
is amplified, it can be used for varying methods of downstream analysis: comparative genome
hybridization (CGH) [97,98], arrayed CGH (aCGH) [99,100], single nucleotide polymorphism (SNP)
arrays [101], or next generation sequencing (NGS) [67,102]. Ultimately, their goal is one and the
same; revealing aneuploidy by identifying regions of the genome that are under- or overrepresented.
Another strategy, known as targeted amplification, involves PCR-based replication of strategic regions
spread out across the genome. The products can subsequently be quantified by quantitative PCR
(qPCR), or by sequencing [103,104]. In comparison to WGA methods of PGT-A, targeted amplification
can increase sequencing depth in the targeted regions, but might do so at the expense of breadth of
genomic coverage.

At present, the optimal PGT-A solution lies at the intersection between sequence information
(coverage breadth and depth) and cost/ease of use. Among all the options, WGA-based NGS has
emerged as the most popular method across the PGT-A landscape. The technique has low depth
of sequencing, but relatively high breadth of genome coverage, which is suitable for copy number
analysis. Decreasing cost of sequencing might make true, ‘deep’ whole genome sequencing for each
embryo a reality in the future.

4.3. Contemporary PGT-A

In recent years, there has been a progressive, worldwide move toward biopsy collection at the
blastocyst stage [7], where cells are removed from the TE (the precursor to the placenta). Isolation of a
TE biopsy was first described in 1990 by Dokras and colleagues [105]. Since then, different approaches
have been described and are continuously being evaluated and refined, for example the use of assisted
hatching or laser manipulation [5,106–111]. Two advances in embryology have made the shift to the
blastocyst stage possible. One was the development of more physiological culture media, making it
possible to consistently grow embryos to the blastocyst stage [112,113]. The other was an improved
cryopreservation method of rapid freezing (known as vitrification), which ensures very high survival
of blastocysts [114]. Together, they have made it possible to grow embryos until days 5, 6 or 7 post
fertilization, at which point TE biopsies are collected and blastocysts are vitrified and stored until
PGT-A results are available and transfer is scheduled.

Collecting a blastocyst-stage TE biopsy is advantageous compared to a single blastomere (or two)
at the cleavage stage, for several reasons, including: (1) A TE biopsy removes a smaller percentage
of the total cells of the embryo, and only detaches cells destined to become placenta as opposed
to fetal tissue, (2) Analyzing the content of 5–10 cells provides more DNA, decreasing the chances
of failed reactions and technical artifacts due amplification bias or allele drop out (ADO) [115,116],
(3) Assessing a group of cells of the TE makes it possible to detect mosaicism within the biopsy, (4) The
documented attrition of inviable embryos between cleavage and blastocyst stage [15] translates into
fewer unnecessary tests, and (5) The particularly high incidence of mosaicism at the cleavage stage [97],
which becomes partly resolved by the blastocyst stage [117], reduces the likelihood of false results.

If performed properly by trained hands, surgically removing 5–10 TE cells is not thought to
affect blastocyst viability in an appreciable manner. Perhaps the best evidence comes from an elegant
double embryo transfer experiment with blastocyst pairs of similar grade, in which only one blastocyst
underwent biopsy collection, showed equal likelihood of implantation [90]. Recently it was reported
that even repeat biopsies with two subsequent freeze-thaw cycles did not significantly affect embryo
viability [118]. Conceptually those findings are not entirely surprising, considering that monozygotic
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twinning arises from a split of an embryo at the blastocyst stage, meaning that half of the cells in the
blastocyst (TE and ICM) are sufficient to sustain normal fetal development.

The PGT-A technology that is currently most widespread is WGA, followed by NGS [67].
Compared to aCGH, its popular predecessor, WGA-based NGS is thought to provide superior
resolution and dynamic range [76,119,120], resulting in improved rates of favorable outcomes in the
clinic [38,121–123]. Analysis at the blastocyst-stage involves pooling DNA from 5–10 cells in the TE
biopsy. The bioinformatic analysis of resulting data produces a representative average karyotype profile
encompassing all 24 chromosomes. A relatively low coverage sequencing (with ≤0.1× depth) suffices
for robust chromosomal copy number analysis [102,124], explaining why prevalent NGS-based PGT-A
methods are occasionally said to use ‘low-pass’ or ‘shallow’ sequencing. Reads are aligned to a human
refence genome and grouped together into ‘bins’ spread out over the chromosomes. The karyotype
profiles indicate the copy number for each bin, which can be uniform along a chromosome or variable,
indicating segmental abnormalities. Clear nullisomies, monosomies, disomies, trisomies, tetrasomies,
and so forth produce data aligning to respective copy numbers 0,1,2,3,4 etc. Profiles with values
falling between whole numbers are consistent with intra-blastocyst mosaicism. For example, values
aligning at 2.5 for a chromosome are consistent with a 50% mix of cells with disomy and trisomy in the
TE biopsy. Currently, many laboratories utilize the 20%–80% span in karyotype profiles to define a
region consistent with mosaicism [125]. When values deviate <20% from whole numbers, they are not
considered in the mosaic region because they fall inside the normal noise range. Numerous groups
have performed detailed mixing experiments of DNA or cells with different karyotypes to model
mosaicism, generally finding that WGA-based NGS is excellent at identifying it in whole chromosomes
as well as segmental regions [37,39,40,76,126,127].

It must be noted that technical noise, artifacts of imperfect WGA or sequencing reactions,
and suboptimal biopsy collection techniques, might also result in profiles that falsely indicate
mosaicism [116]. When results appear noisy the confidence of identifying true intra-blastocyst
mosaicism is compromised. Currently there are no guidelines for how to deal with such cases.
In addition, a TE biopsy containing cells with reciprocal aneuploidies (due to sister chromatid
non-disjunction) might yield skewed results, including possibly a disomic looking karyotype and
concealing an instance of mosaicism [128]. The probability of such an event is currently unknown
but likely to be small, particularly considering that reciprocal aneuploidies are not the predominant
pattern of mosaicism in embryos [43,44].

Most modern PGT-A platforms are validated to detect segmental copy number variants of
10–20 Mb or larger, but often have the capability to detect smaller segment variants, some as small
as 1.8 Mb [69,76,129]. The resolution is crucial for detection of segmental losses or gains associated
with characterized newborn syndromes, of which the majority are in the 1–10 Mb range [130]. Some
are even smaller, warranting future efforts to further increase the resolution of routine PGT-A (see
Section 7.2).

5. Considerations on the Clinical Use of PGT for Chromosomal Abnormalities

5.1. How Reliable Is PGT-A?

There is broad consensus that contemporary PGT-A methods are superbly robust at evaluating the
content of the input material. Consistency in results can be confirmed by re-sequencing WGA material
from TE biopsies, or re-amplifying and sequencing aliquots of DNA or cells from lines with known
karyotypes. This type of exercise typically indicates near 100% technical accuracy [67,76,100–103].
However, there are potential biological sources of error in PGT-A that must be taken into consideration.
A human blastocyst is comprised of 64–128 cells (equaling 6–7 post-fertilization cell divisions) [131],
meaning that a 5–10 cell TE biopsy contains 3.9% to 15.6% of all cells in the conceptus. Due to
chromosomal mosaicism, a concern is that the TE biopsy is an imperfect representative of the
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embryo [55]. Thus, even when PGT-A accurately reflects the content of the TE biopsy, the result is
meaningless if the TE biopsy is a poor proxy for the associated blastocyst.

Estimating the incidence of false results due to embryo-scale mosaicism has been the goal of several
studies–even in the era of FISH and aCGH (comprehensively summarized by Capalbo and Rienzi [132]),
broadly showing high concordance rates between TE and ICM. A number of recent publications have
conducted serial biopsy experiments in blastocysts donated to research using NGS-based PGT-A.
Evaluation of concordance between samples can be computed in two ways: Ploidy concordance
(compares overall status of euploidy/mosaicism/aneuploidy) or full karyotype concordance (compares
chromosomal profiles to evaluate if they are identical). For example, two biopsies can be aneuploid
(ploidy concordant) but contain different aneuploidies (full karyotype discordant).

Huang and colleagues analyzed ICM and four TE biopsies in 44 blastocysts originally categorized
as whole chromosome aneuploid (e.g., monosomy/trisomy), observing all were aneuploid in the four
biopsies (100% ploidy concordance) [133]. There was perfect karyotype concordance amongst the
four biopsies in 39 blastocysts (88.6% full karyotype concordance). In 7 blastocysts with original
categorization of segmental abnormality, ploidy concordance was 100% but full karyotype concordance
was reduced to 57.4% [133]. A study by Sachdev and colleagues investigated 32 blastocysts and
calculated per chromosome concordances between TE biopsy and ICM biopsy, determining rates of
99.5% for euploid results, 97.3% for aneuploid results, but only 35.2% for mosaic results [134]. A study
by Lawrenz and colleagues compared PGT-A results from three biopsies for each of the 84 embryos
included in the study: one blastomere biopsy, one TE biopsy, and one ICM biopsy [135]. The ploidy
concordance between the blastomere and ICM was 69.8% for aneuploidy and 90.3% for euploidy, but
concordance was higher between TE and ICM, namely 92.5% for aneuploidy and 93.2% for euploidy.
Discordance between TE and ICM largely stemmed from the detection of structural abnormalities in
either of the lineages. Of the blastomere-ICM discordances, 84.2% had an aneuploid blastomere but a
euploid ICM, and 78.6% of times the matching TE biopsy did reflect the euploidy of the ICM. Thus, the
findings of the Lawrenz study showed that a TE biopsy is a superior representative of the ICM (which
will become the fetus) to a cleavage-stage biopsy.

Of note, the Huang, Sachdev, and Lawrenz studies did not consider intra-biopsy mosaicism, so
ploidy was euploid/aneuploid binary (in which case typically low mosaic profiles become categorized
as euploid and high mosaic profiles become categorized as aneuploid). The next set of studies
considered mosaicism within individual biopsies. A study by Victor and colleagues compared a TE
biopsy to its paired ICM, and observed that in 90 out of 93 blastocysts, a TE biopsy containing whole
chromosome aneuploidy corresponded to whole chromosome aneuploidy in the ICM (96.8% ploidy
concordance) [136]. In one case the ICM was euploid, and in two cases the ICM was mosaic. However,
when considering TE biopsies with exclusively segmental abnormalities, the same study observed
ploidy concordance with the ICM in only 2 out of 7 cases [136]. In another study, the same group
re-biopsied embryos with an initial mosaic profile in the TE, and observed that the mosaicism was only
reflected in 3 out of 8 cases (out of which two contained the reciprocal error) (40).

Popovic and colleagues analyzed two sets of blastocysts [126]. The first set had an original
TE biopsy PGT-A result, which when compared to the ICM showed high concordance for whole
chromosome aneuploidy (10 out of 10 samples) and segmental abnormality (6 out of 6). However,
when the initial TE biopsy was mosaic, concordance with the ICM was seen in only 1 out of 4 samples,
as the other 3 had euploid ICMs. For segmental mosaic TE biopsies, the ICM was aneuploid in 1
out of 4 samples, and the other 3 had euploid ICMs. The second set of blastocysts in the study had
not been subjected to PGT-A in the clinic, and serial biopsies (1 ICM and 4 TE) were collected for
each. Out of 21 blastocysts with a euploid ICM, 14 had perfect ploidy concordance in all biopsies
(66.7%), while the remaining 32.3% had ploidy discordance in at least one TE biopsy. When excluding
abnormalities of mosaic or segmental nature, the ploidy concordance across all biopsies increased to
95.2% of blastocysts. Out of 10 blastocysts with uniform (non-mosaic) aneuploidy in the ICM, 80%
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were aneuploid across all TE biopsies. Finally, out of 3 blastocysts with a mosaic ICM, all three had at
least one euploid TE biopsy.

Navratil and colleagues compared a TE biopsy to the entire embryo, observing euploidy
concordance in 18 out of 19 blastocysts (94.7%), and whole chromosome aneuploidy concordance in 58
out of 62 blastocysts (93.5%) [137]. Segmental abnormalities showed significantly reduced concordance,
as it was only detected in 14 out of 31 blastocysts (45.2%), and mosaic TE biopsies correctly predicted
the equivalent mosaicism in the remaining blastocyst in 7 out of 26 instances (26.9%) [137].

Ou and colleagues focused entirely on segmental abnormalities and reported concordance between
original TE biopsy and entire embryo in 43 out of 63 cases (68%) [138] When a similar experiment was
conducted by Girardi and colleagues with multifocal biopsies, this time collecting four TE biopsies
and an ICM biopsy for each blastocyst, it was observed that segmental losses or gains in any single
TE biopsy were predictive of the ICM ~50% of times, but only ~32% of embryos contained the same
segmental abnormality in all five biopsies [75]. In stark contrast, that same group found there to be
discordance of whole chromosome aneuploidy in only 4 out of 390 (~1%) analyzed TE-ICM pairs [75],
although it must be noted that the study did not consider intra-biopsy mosaicism.

Another potential source of biological error in PGT-A is the cell-cycle state of the probed cells.
The worry revolves around S-phase, when DNA is replicated in a way that is not even across the
genome and begins multifocally in tens of thousands of genomic regions called origin of replication.
The resulting PGT-A profile of a single cell in S-phase could theoretically produce false positive profiles
consistent with segmental abnormalities [139]. All cells in a TE biopsy would need to be synchronized
and spontaneously engage the same origin of replication (something that is highly variable among
cells [140]) to falsely mimic a uniform segmental gain, which is implausible. Nonetheless, including
one or more cells in S-phase in the biopsy could conceptionally result in ‘noisy’ profiles [141], possibly
consistent with mosaic profiles. However, a study by Ramos and colleagues on cell lines and embryos
has shown that this effect is negligible with contemporary WGA methods for PGT-A [142].

The emerging theme from this set of combined findings is that a single TE biopsy detecting
either uniform euploidy or whole chromosome aneuploidy is an excellent predictor of the state of the
remaining embryo (likely reflecting a meiotic error), but segmental abnormalities and intra-biopsy
mosaicism (mitotic error) have a vastly reduced predictive power.

5.2. Discussion on the Clinical Merits of PGT-A

After the development of FISH-based PGT-A, a collection of studies describing its use in the clinic
propelled the adoption of the technology [143–146]. However, a number of randomized control trials
(RCTs) published between 2004 and 2010 produced controversial results regarding its effect on clinical
outcomes, and a comprehensive meta-analysis performed by Mastenbroek and colleagues in 2011
ultimately showed no benefit of PGT-A, and even described a detrimental effect [94]. This was true
for all patient groups analyzed: good prognosis, advanced maternal age, and repeat implantation
failure. The findings were mainly ascribed to four principal limitations of PGT-A at the time: (1)
FISH only evaluated a subset of chromosomes, (2) Biopsy of one cell (or two) at the cleavage stage,
a preimplantation timepoint with a particularly high incidence of mosaicism [146,147], potentially
leading to false results, (3) Harm done to the embryo by removing a considerable portion of its biomass,
(4) Technical challenges of producing clear results by FISH on a single cell. While a subsequent RCT by
Rubio and colleagues showed a positive effect in AMA patients [148], the findings of the Mastenbroek
meta-analysis in 2011 largely discredited FISH-based PGT-A [94]. However, almost concurrently to its
publication, new technologies permitting 24-chromosome analysis in blastocysts were validated and
launched for clinical use [98].

Since the advent of 24-chromosome PGT-A, an extensive body of evidence, encompassing
numerous observational studies and RCTs, describes the benefits of the technology on clinical outcomes.
Some of the most prominent are highlighted here.
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The first RCT in the era of 24-chromosome analysis was published in 2012 by Yang and colleagues,
where aCGH-based PGT-A and morphology assessment were used in one arm of the study (group A,
n = 425 blastocysts), compared to morphology assessment alone in the other arm (group B, n = 389
blastocysts) [149]. Participants were all good-prognosis patients under 35 years old, and received fresh
single embryo transfer (SET) at day 6. Group A had a better implantation rate than group B (70.9% and
45.8%, respectively; p = 0.017), as well as higher ongoing pregnancy rate (69.1% vs. 41.7%, respectively;
p = 0.009).

That same year (2012), Scott and colleagues published a ‘non-selection’ study using a SNP array
platform in which 255 cleavage- or blastocyst-stage embryos were evaluated by PGT-A, but results were
only unblinded after clinical outcomes were known [150]. They observed a high predictive value for
aneuploid results, with 96% of embryos designated as aneuploid failing to sustain implantation, while
embryos classified as euploid resulted in sustained implantation 41% of times, which was significantly
higher than the 28.2% overall rate of all embryos transferred.

In 2013, Scott and colleagues performed an RCT using qPCR and fresh embryo transfers, showing
that the 134 blastocysts in the PGT-A group had a significantly higher sustained implantation rate
compared to the 163 blastocysts in the control group (66.4% vs. 47.9%, respectively), as well as higher
delivery rates from the group of embryos that implanted (84.7% vs 67.5%) [151].

Forman and colleagues published a noninferiority RCT in 2013, comparing the transfer of 89 single
euploid blastocyst evaluated by qPCR compared with transfer of 86 pairs of unscreened blastocysts [152].
Ongoing pregnancy rates were comparable between the two arms (60.7% vs. 65.1%, respectively),
but importantly the PGT-A arm did not experience any multiple pregnancies compared to the 53.4%
incidence observed in the control arm, thereby demonstrating that an important complication of IVF
could be eliminated without compromising success rates.

In 2015, two separate meta-analyses performed by the teams of Dahdouh [153] and Chen [154]
evaluated the three blastocyst-stage RCTs detailed above and eight observational studies, clearly
demonstrating the global positive impact of 24-chromosome PGT-A on clinical outcomes. Since
then, a noteworthy large observational-cohort study in AMA patients published in 2019 by Sacchi
and colleagues included the comparison of a blastocyst-stage qPCR PGT-A group (n = 201) with a
blastocyst-stage group without PGT-A (n = 1,147), showing significantly increased live birth rate
per transfer with PGT-A (40.3% vs. 23.4%, respectively) and lower miscarriage rate (3.6% vs. 23.4%,
respectively) [155].

Furthermore, 24-chromosome PGT-A has also shown substantial benefits at non-blastocyst stages.
An RCT published in 2017 on cleavage stage embryos conducted by Rubio and colleagues included 100
AMA patients in the aCGH PGT-A arm and 105 AMA patients in the control arm, and showed overall
improved outcomes in the PGT-A group, including lower miscarriage rates (2.7% vs. 39% for control)
and increased rate of delivery after first transfer attempt per patient (36.0% vs. 21.9%), significantly
decreasing the number of transfers needed and time to pregnancy [156]. In a randomized clinical
trial from 2018, Verpoest and colleagues showed benefits of aCGH PGT-A of PBs [157]. In total, 249
embryos with associated PB evaluation resulted in 50 live births (20.1%), compared to 440 of embryos
with no PB evaluation resulting in 45 live births (10.2%). These findings are particularly important for
countries that forbid culturing embryos to the blastocyst stage [7].

It has become evident that the transfer of a chromosomally normal embryo does not guarantee a
favorable outcome, as other factors (e.g. maternal, environmental) influence its fate. Still, by 2019 the
preponderance of data from 24-chromosome PGT-A had shown that excluding aneuploid embryos
from transfer improved rates of positive outcome. The most recently published RCT used NGS
technology [50]; however, it did not reveal any benefit to the overall patient population in the study.
Those findings are discussed next.
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5.3. A Note on the STAR Study

The much anticipated ‘Single Embryo Transfer of Euploid Embryo’ (STAR) study [50], a multicenter
RCT, utilized a technical platform (NGS) and timepoint of biopsy collection (blastocyst stage) that,
by current standards, should in principle exhibit the maximal benefit of PGT-A. Considering the
overwhelmingly positive results from the previous 24-chromosome PGT-A RCTs (with perhaps
less favorable conditions), the overall findings of the STAR study were unexpected: there was no
general benefit in the euploidy plus morphology group compared to morphology assessment alone.
Nevertheless, it must be emphasized that the STAR study focused on a singular, quite narrow question:
Is PGT-A beneficial to good prognosis patients in the first, single embryo transfer?

In total, 34 clinics and 9 testing laboratories in the US, UK, Canada, and Australia contributed data
from freeze-all cycles of patients aged 25–40 with at least two blastocysts available for transfer. IVF
clinics operated independently, with no standardization regarding protocols of ovarian stimulation
or embryo transfer. The PGT-A arm (euploidy plus morphology) comprised 330 patients, of which
274 ultimately received a transfer, while the control group (morphology only) comprised 331 patients,
of which 313 ultimately received a transfer. Primary outcome of the study was ongoing pregnancy rate
(OPR) at 20 week’s gestation. Regarding intention to treat (ITT), there was no significant difference
in OPR between the two arms (41.8% vs. 43.5%, respectively; p = 0.65). Importantly, in the PGT-A
arm, 42 patients had produced no euploid embryos and were automatically counted as producing no
pregnancy. When analyzing results on a ‘per embryo transfer’ level, again the authors did not observe
a statistical difference in OPR (50.0% vs. 45.7%, respectively; p = 0.32). However, post hoc analysis of
patients in the 35–40 age group showed a statistically significant benefit of PGT-A on a per embryo
transfer level (50.8% vs. 37.2%, respectively; p = 0.035).

It is nonetheless surprising that for this good prognosis patient group at first transfer no overall
benefit was observed. Data show that a well-executed TE biopsy collection does not significantly affect
blastocyst viability [90], but a poorly performed procedure will undoubtedly have a negative effect.
Because of the multi-center nature of the STAR study, there was possibly variation in the expertise
of TE biopsy procedure between clinics. Those with inexperienced technicians might have harmed
embryos and reduced their viability, potentially annulling the benefits of PGT-A selection. To really
assess this, a third study arm could have comprised biopsied embryos that are not tested, although it is
evident that obtaining IRB approval and patient consent for that purpose would be problematic.

It must be clearly noted that the findings of the STAR study cannot be extrapolated to other patient
groups. For example, no patients over 40 years old or with obvious clinical indications (RIF, RPL) were
included in the study, which are the populations with highest incidence of embryonic aneuploidy [27],
and therefore with most to gain from chromosomal evaluation. At least seven RCTs assessing PGT-A
in different populations are currently registered at ClinicalTrials.gov, and will continue to provide
valuable information on the matter.

5.4. Which Patients and Embryos Should Be Offered PGT-A?

While evidence from RCTs and observational studies for different patient categories continues
to grow over time, PGT-A has historically been offered preferentially to patient groups believed to
produce a high incidence of embryonic aneuploidy. For example, PGT-A follows the law of increasing
returns with a gradually aging patient population because of the associated elevated incidence of
aneuploidy [11,27]. Hence, the most common referral categories have been patients with indication
of advanced maternal age (AMA, often defined as > 35 years), prior recurrent pregnancy loss (RPL,
defined as 2 or more miscarriages prior to 20 weeks of gestation), prior recurrent implantation failures
(RIF, commonly defined as three or more failures), and severe male factor (MF) infertility [11,158].

However, some fertility clinics elect to test every embryo [159]. The following two premises
provide a rationale for offering PGT-A to all patients: (1) Whole chromosome aneuploidies in the
TE are excellent predictors of aneuploidy in the ICM/remaining embryo (see Section 5.1), and (2)
Aneuploid cells retain their ploidy status over time [58]. In fact, proposed intracellular self-corrective
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mechanisms, where aneuploid cell become euploid, have not been convincingly demonstrated in
human embryos [45,46]. If the two above statements are correct, then a uniform (non-mosaic) aneuploid
embryo identified by PGT-A will invariably retain its aneuploid condition, and fail implantation,
miscarry, or result in congenital syndromes. Performing a large study with transfers of embryos
classified as aneuploid by PGT-A is close to unimaginable at present, considering the need to obtain
IRB approval and patient consent. Nonetheless, Munné and colleagues report ten instances of patients
opting to transfer embryos with aneuploid results from 24-chromsome PGT-A, since no euploid or
mosaic embryos were available to them [38]. The ten transfers resulted in one ongoing pregnancy
resulting in an affected newborn that died at 6 weeks after birth. The lowest incidences of aneuploidy
are observed in patients of ages 26–30, with the average percent of aneuploid embryos hovering
around 25% [26,27]. This translates into a 1 in 4 chance of randomly selecting an aneuploid embryo for
transfer if no PGT-A is performed, as there is only a moderate correlation between embryo morphology
and ploidy [5,160]. Thus, even in the most favorable patient population with lowest incidence of
aneuploidy, PGT-A can hypothetically have considerable impact. In spite of the STAR study results
(discussed above), there is evidence from observational studies that PGT-A is beneficial in young,
good-prognosis patients: It improved outcomes with young oocytes from egg donation cycles [161],
and increased live birth rates per cycle in a statistically significant fashion in patients younger than
35 [162].

Needless to say, there are substantial costs associated with evaluation of chromosomal status in
preimplantation embryos, most notably biopsy procedure, testing expenses, and genetic counseling.
However, numerous studies have shown cost-effectiveness for various patient populations when
compared to transfers without PGT-A [163–165]. The cost of performing the test is offset by savings
from factors that accompany transfers of untested embryos, such as increased number of cycles,
miscarriages, multiple gestations, and neonatal/ongoing aneuploidy-related conditions. Those factors
also add non-tangible costs and the emotional toll to patients.

6. Refinement of PGT-A Categories

6.1. Management of Mosaic Embryos in the Clinic

In 2015, Greco and colleagues reported the clinical transfer of embryos classified as mosaic by
PGT-A for the first time [36]. Eighteen consenting patients with no available euploid embryos opted
for this treatment strategy, resulting in six healthy births. Up until that point, ‘mosaic’ embryos
were largely grouped with uniform aneuploids in an ‘abnormal group’. Clinics and patients were
understandably apprehensive of transferring embryos containing a proportion of aneuploid cells. Since
then, several reports from different groups using NGS-based PGT-A (currently the most appropriate
method to identify mosaicism) have described their experience of transferring mosaic embryos [35–40].
All studies coincided in one observation: Mosaic embryos had lower rates of implantation and higher
likelihood of miscarriage than euploid embryos, but led to births with no overt medical conditions.
This highly reproduced data in a combined > 800 transfers provide compelling evidence for mosaic
embryos being considered for transfer as second priority after euploid embryos.

How can a mosaic blastocyst result in a healthy baby? What happens to the aneuploid cells? The
described self-corrective mechanisms in mixed euploid and aneuploid cells (see Section 3.2) are likely
responsible conversions of mosaic embryos into entirely euploid ones during development. In some
instances, residual aneuploid cells might become diluted to the point of being medically negligible.
In cases where aneuploid cells are confined to the TE lineage and persist through development, the
potential consequence is CPM. Human placentas often contain islands of aneuploid cells, and are
thought to be uniquely capable of adapting to chromosomal abnormalities, much more so than fetal
tissues [166]. While most cases of CPM result in healthy babies [61], occasionally and depending on
the aneuploidy involved and percent abnormal cells, the condition can result in miscarriage [167]
(which, as noted, is more common after transfer of mosaic embryos than euploid embryos [123,168]).
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However, it must be noted that mosaicism observed in TE biopsies by PGT-A has not been observed in
matching CVS or NIPT samples (which test placental DNA) in existing publications [39,40]. Together,
these models provide a framework of how blastocysts with intra-biopsy mosaicism can result in
healthy babies.

Another putative alternative to the fate of embryonic mosaicism is its persistence in fetal tissues
through gestation, resulting in true fetal mosaicism (TFM) [169]. Some of the > 800 mosaic embryo
transfers reported to date had matching amniocentesis information (which tests fetal DNA), from
patients that opted to share results [36,39,40]. In the overwhelming majority of cases amniocentesis
results were normal, and if an abnormality was detected it was independent of the mosaicism observed
during PGT-A.

To date, there has been a singular instance of TE mosaicism matching the results of amniocentesis,
reported by Kahraman and colleagues [170]. Interestingly, the authors observed a 35% mosaic loss of
Chr 2 with PGT-A, and upon transfer, a reciprocal Chr 2 mosaic gain was detected at amniocentesis in
2% of cells. No pathological features were determined in detailed ultrasonography with normal fetal
growth and no signs of IUGR. Birth of a healthy baby followed, in which peripheral blood chromosome
analysis validated with fluorescence in situ hybridization showed 2% mosaic monosomy in Chr 2.
Epithelial cells in a buccal smear were euploid. The patterns of reciprocal Chr 2 mosaicisms indicate a
mitotic non-disjunction event early in embryogenesis, before or during segregation of embryonic (fetal)
and extraembryonic (uterine) lineages. Hence, even though the newborn presented no symptoms, this
first confirmed case of embryonic mosaicism persisting through gestation to birth emphasizes the need
of prenatal testing, particularly amniocentesis, in pregnancies from mosaic embryo transfers.

Recommendations for transfer based on parameters of mosaicism (level, type, chromosome
involvement) have been issued before, but those are based on limited experimental data and are
therefore largely conceptual [125,171]. A risk scoring system for mosaic embryo transfers has been
proposed, basing its rationale on mosaicism and aneuploidies observed in chorionic villus sampling
(CVS) data and products of conceptions (POCs) from miscarriages [23]. However, the precise extent
to which mosaicism in TE cells reflects placental or fetal mosaicism remains unestablished, and the
matched TE biopsy/amniocentesis data mentioned above suggest there is very little correlation. While
there is consensus that mosaic embryos have a different set of outcomes than euploids, there is still
no agreement among published studies on the specific mosaic features that affect implantation and
miscarriage. Conflicting data exist on whether level of mosaicism in the TE biopsy (the percent
aneuploid cells) is predictive of outcome [39,40], or whether the type of mosaic (involving segmental,
versus whole chromosome, versus complex abnormalities) has an effect [35,37,40]. These reported
discrepancies exist even when the same PGT-A platform and guidelines to define mosaicism were
used [37,39,40]. The likeliest cause for these inconsistencies is the small sample sizes of the individual
studies, making findings of sub-analyses questionable. One report of amassed data from different
centers to increase power of analysis has made the following observations evaluating 822 mosaic
embryo transfers: There was significant correlation between clinical outcome and level of mosaicism
(low level mosaics perform better), as well as type of mosaicism (segmental mosaics perform better
than whole chromosome mosaics, and complex mosaics perform worst of all) [168]. This is a rapidly
developing topic, and as more clinics become inclined to transfer mosaic embryos in the absence of
euploids, expanding data will further clarify these points.

As mentioned above, transfer of mosaic blastocysts should be accompanied by patient counsel
with emphasis on prenatal testing (particularly amniocentesis), because data on the exact risk to fetuses
are still forthcoming [55,172]. A recent study by Besser and colleagues describing the experience in
their center showed that approximately 30% of counselled patients opted for transfer of a mosaic
embryo rather than pursuing an additional treatment cycle [173]. The likelihood of undergoing mosaic
embryo transfer grew considerably with increasing patient age or number of prior retrievals. Of the
patients opting for mosaic embryo transfer, 54.5% pursued amniocentesis.
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In summary, the available data indicate that mosaic embryos are viable and can result in seemingly
healthy births, albeit with lower success rates than euploids. Ongoing studies will permit further
refined ranking of embryos within the mosaic category. The next set of studies should focus on
obstetrical and neonatal outcome data from mosaic embryo transfers to obtain a more thorough
understanding of their chromosomal and physiological health.

6.2. Why Segmental Abnormality Should Be Managed Differently

Recent observations have noted the poor concordance of segmental copy number variations
between TE biopsy and ICM (see Section 5.1). The data oblige the field to re-evaluate the category
of segmental abnormality, which until now was combined with the conventional aneuploid group
and deselected from transfer. This practice likely leads to discarding potentially competent embryos,
as a segmental abnormality in a TE biopsy was shown to be predictive of the ICM only ~50% of the
time [75,136,137]. Conversely, the transfer of a segmental abnormality embryo should not be performed
heedlessly given the fact that ~50% of such embryo profiles do indeed reflect the presence of the same
segmental loss or gain in the ICM, and an estimated ~32% of segmental abnormality are meiotic in
nature and present throughout the cells of the remaining blastocyst [75]. This would result in failed
implantation, miscarriage, or possibly liveborn congenital syndromes if carried to term.

How then should embryos presumed to harbor segmental abnormalities be managed in the clinic?
Should some patients treat transfer of an embryo with segmental abnormality as a final alternative,
subject to their tolerance for risk and inclination to perform prenatal testing? Interestingly, data indicate
that collecting a second TE biopsy of such embryos may facilitate the clinical decision [75,136,137].
Experiments of multifocal biopsies in 31 blastocysts by Navratil and colleagues showed that
approximately half of the time a segmental abnormality in the original TE biopsy was discordant
with a second TE biopsy and remaining embryo, but in case of concordance between the two TE
biopsies, the profile of the remaining embryo reflected the segmental abnormality 94% of the time [137].
In similar experiments analyzing 53 blastocysts, Girardi and colleagues observed that when two
TE biopsies were discordant for a segmental abnormality, the likelihood of the ICM containing the
segmental abnormality was 21%, but when the two TE biopsies were concordant, the ICM contained the
segmental abnormality 84% of the time [75]. Although re-analyzing an embryo in the clinic demands
a second freeze-thaw cycle and biopsy as well as another round of PGT-A, it might be the only way
to appropriately prioritize embryos within the segmental abnormality category. At least one study
has shown that a second round of TE biopsy collection and cryopreservation did not markedly affect
implantation outcome or the likelihood of pregnancy complications [118].

Further studies are required in order to evaluate this approach. For now, the data should compel
us to differentiate segmental abnormality embryos from whole chromosome aneuploids as two separate
categories of PGT-A. A consensus for the clinical management of segmental abnormality embryos is
yet to be elaborated.

6.3. Refinement of the PGT-A Category System: Is it Necessary?

Expansion of PGT-A categories might admittedly not be an easy change to integrate in medical
practice. Clinicians and patients have become accustomed to a binary classification (normal/abnormal).
The associated genetic counseling is straightforward, and so is the identification of embryos available
for transfer. As a consequence, some have regarded the higher dynamic range and resolution of PGT-A
by NGS and its ability to identify mosaicism and segmental abnormality as a nuisance at best and
disadvantage at worst.

The strength of the more fragmented classification system lies in better predictability of outcome
for each specific embryo. As mentioned above, the observation that blastocysts in the mosaic category
have lower implantation potential than euploids has been replicated numerous times [35,37–40].
To retain the classical binary system means that either mosaic embryos become merged with the normal
group, resulting in a lower implantation rate overall, or they become merged with the abnormal
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group, in which case they will be discarded even though competent. Either option is evidently
disadvantageous. Furthermore, if indeed one kind of mosaic blastocyst has higher implantation rates
than another, as recent data suggest, it is clearly advantageous to prioritize transfer of the former when
the choice is presented. If no other embryos are available, embryos with segmental abnormality could
undergo a second round of biopsy collection and PGT-A to identify those with increased potential to
result in a healthy birth. This could provide a new opportunity to patients that would otherwise need
to resort to further treatment cycles.

Hence, expanding the PGT-A categorization system seeks to: (1) increase overall rates of positive
clinical outcome, and (2) identify potentially competent embryos that otherwise would have been
deselected. Such clinical benefits should clearly outweigh the increased complexity in the system and
associated burden of genetic counseling.

7. Current Developments and Future Directions of PGT for Chromosomal Abnormalities

7.1. Mitochondrial DNA Quantitation During PGT-A: Where Are We Now

The human genome in its entirety comprises autosomes, sex chromosomes, and the chromosome
contained in mitochondria. The mitochondrial chromosome is a 16.5 kb circular double stranded
multicopy DNA molecule encoding numerous essential genes for mitochondrial function. Each
mitochondrion contains multiple replicas of mitochondrial DNA (mtDNA), and each cell contains
numerous mitochondrial organelles. Since those numbers are not static and can fluctuate in response
to energetic demands of the host tissue, there is substantial variation in the copy number of mtDNA
present in each cell of the human body.

Two independent studies first raised the possibility that quantitation of mtDNA could serve as a
biomarker of embryo viability [174,175]. They indicated that blastocysts with PGT-A that failed to
implant tended on average to have higher mtDNA content in the TE biopsy, compared to successfully
implanted blastocysts. In addition, the studies described a threshold of mtDNA copy number, that
always led to failed implantation if it was surpassed.

Since then, the field of mtDNA quantitation in embryology has been turbulent and equivocal. Some
studies have supported the initial reports [176–178], but many others have refuted them [179–183],
showing no predictive power of mtDNA quantitation in TE biopsies regarding clinical outcome.
An interesting observation to come out of this debate is that some clinics produce no embryos with
substantially elevated mtDNA levels (about half of the 37 participating clinics in one study), whereas
some clinics generate upwards of 20% of blastocysts with very high mtDNA copy number [176].
The underlying biological explanation remains to be confirmed, but is very likely tied to embryo
staging and morphology. Several studies have reported an inverse correlation between mtDNA levels
and embryo cellularity/developmental progression/expansion [179,180,184]. This is reasonable given
that no mtDNA replication occurs between zygote and blastocyst stage, and the initial pool of mtDNA
molecules becomes diluted between dividing cells [185–187]. Therefore, embryos that develop slower
will retain more mtDNA copies per cell. If mtDNA copy number quantitation only reflects the embryo’s
developmental stage, it is an impractical tool when many clinics perform morphological assessment of
embryos and eliminate poorly developing samples from consideration for transfer. Hence, the precise
role of mtDNA quantitation in the fertility clinic is still being evaluated, but its routine and universal
use to deselect embryos for transfer remains unsubstantiated, particularly after the recent report that
blastocysts with disproportionally high mtDNA copy number can result in healthy births [181].

7.2. Variations and Add-Ons to Conventional PGT-A

A snapshot of today’s PGT-A landscape reveals WGA-based low-pass/shallow NGS as the
workhorse of the industry. The technique has found a balance between three key factors: cost, ease of
use, and quality of information generated. Nonetheless, numerous alterations to the standard PGT-A
platform have recently emerged or are currently in development.
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One is the aforementioned targeted amplification-sequencing method [104], which increases
sequencing depth in specific locations of the genome, but usually at the expense of breadth of genome
coverage. Recent versions of this technique have taken advantage of repetitive sequences that are
spread across the genome, permitting amplification using few primer pairs [188]. Some families of
repetitive elements contain appreciable sequence variation, meaning that using a single primer pair in
the reaction (reagent savings, added simplicity) potentially provides widely distributed mapping of
reads across the genome after bioinformatic analysis. The depth of sequencing is adequate to perform
SNP analysis, in addition to quantitation. Allelic ratio analysis can improve confidence of aneuploidy
calling, and can provide information regarding haploidy, triploidy, and UPD [189].

There is substantial interest in developing methods to harness the sequence information gathered
during NGS, aside from the usual copy number information. For example, Voet, Vermeesch and
colleagues have developed haplarithmisis, a method that quantifies sequencing reads to perform
PGT-A, but additionally uses the SNP information contained in the sequencing reads to determine
haplotypes [190,191]. This can be used to identify embryos with haplotypes carrying disease alleles,
but it also reinforces confidence in calling of copy number changes, and reveals the parental and
mechanistic origin of chromosomal abnormalities.

Several efforts are underway to combine PGT for chromosomal abnormalities and monogenic
conditions (PGT-A/-M) in a single reaction. For example, Zimmerman and colleagues have described a
qPCR method to perform simultaneous aneuploidy analysis and single gene testing [192]. Farmer and
colleagues have shown that combining a WGA reaction and specific primers targeting the 23 most
common mutations in CFTR do not compromise NGS analysis of chromosomal abnormalities, and can
simultaneously provide accurate single nucleotide variant (SNV) and small indel information for the
CFTR gene [193]. Such a technique can be adapted to any mutation using appropriate primer spike-ins.
Del Rey and colleagues have successfully combined NGS copy number analysis with large panels of
common single gene conditions [194]. Alcaraz and colleagues reported a technique that combines
chromosomal copy number calling with a SNP-based analysis of a mutation specific to a patient’s
genetic profile, showing its feasibility in over 150 different mutations [195].

Handyside and colleagues have developed a technique called karyomapping [196]. It relies on
SNP arrays, which aside from providing copy number data, also harness the information contained in
near 300,000 SNPs distributed in the genome, permitting linkage analysis for virtually any region of
interest. Testing of the subject’s relatives reveals the segregation patterns of mutated loci and flanking
informative SNPs, which subsequently provide the framework for linkage analysis in tested embryos.
The universal applicability of the technology to virtually any single gene mutation is potentially very
advantageous to classical analysis of monogenic conditions in embryos, where each mutation requires
a specific assay. In addition to combining PGT-A and -M [197,198], karyomapping allows detection of
haploidy and triploidy, as well as UPD.

A recent array-based technology developed by Treff and colleagues combines copy number and
SNP analysis, and can simultaneously perform PGT-A, -SR, -M, as well as testing for polygenic (-P)
conditions [199,200]. A polygenic risk score (PRS) is calculated for a panel of diseases, estimating the
relative likelihood of an embryo to develop conditions such as diabetes or heart disease.

In an effort to improve ease-of-use and lower costs, Wei and colleagues have recently adapted
nanopore technology in a MinION instrument (Oxford Nanopore) [201] to PGT-A [202]. While
thorough validation is still pending, pilot experiments have shown it can detect aneuploidy and, to
some degree, mosaicism in TE biopsies. Compared to standard NGS methods, this technology is
estimated to increase sequencing speed by 15,000-fold, has a 99X lower capital equipment cost (~USD
1000), and an instrument footprint the size of a deck of cards.

The limited amount of genetic material in a TE biopsy renders ‘true’ whole genome sequencing a
formidable task. However, there have been valiant efforts at obtaining a much broader genome coverage
than with standard approaches, typically by coupling high-level sequencing with bioinformatic methods
for linkage analysis with familial genomic data. Kumar and colleagues have described a method to
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infer the entire genome of an embryo from a TE biopsy without performing deep sequencing, instead
using SNP linkage analysis with familial genome information [203]. Two studies by Peters et al. [204]
and Murphy et al. [205] have shown that detailed assessment of a TE biopsy by high-pass sequencing
and linkage analysis can identify new, potentially disease-causing SNPs, in addition to producing copy
number and single gene data (PGT-A/-M).

In summary, add-ons to PGT-A can provide valuable supplementary information and/or decrease
costs, but should do so without compromising the very core question PGT-A seeks to answer:
Are aneuploidies present in the sample? Many of the above tests still need to produce data that
convincingly show their copy number analysis is as powerful as conventional WGA-based PGT-A,
especially regarding mosaicism and segmental abnormalities.

7.3. The Prospect of Non-Invasive PGT-A

A method of PGT-A that does not require physical isolation of cells from the embryo would
revolutionize the field. With the decreasing cost of sequencing, the most expensive component
of PGT-A has become biopsy isolation, which requires hi-tech laser equipment and greatly skilled
embryologists to perform the microsurgery. These hurdles likely prevent some clinics from adopting a
PGT-A program. Even though studies have suggested negligible effect on blastocyst viability when
TE biopsy isolation is performed correctly [90,118], there is still risk of poorly executed, harmful,
or botched procedures and other more nuanced detrimental effects, such as those associated with
prolonged temperature and gas fluctuations during the procedure. Furthermore, some embryos do not
get tested because poor morphology precludes TE biopsy collection, and a non-invasive method could
increase the pool of assessed embryos.

The concepts of minimally invasive (mi-), or non-invasive (ni-)PGT-A became plausible after
discovery of (presumably embryo-derived) DNA in blastocoel fluid (BF) [206], and spent culture
medium (SCM) [207]. The ensuing question was whether those fluids contained sufficient good quality
DNA to evaluate chromosomal copy number. The option involving BF was explored first.

BF is isolated by ‘blastocentesis’ [208], in which a fine needle is inserted through the zona pellucida
and between TE cell junctions into the blastocoel cavity, and fluid (< 1 μL) is aspirated. This collapses
the blastocyst, which can subsequently be vitrified or left to re-expand. Gianaroli and colleagues
have made an extensive exploration on the subject of concordance between BF and embryonic cells,
publishing three studies based on WGA and aCGH technology [208–210]. The latest, published in
2018, is their largest analysis (n = 256 embryos), reporting 94% ploidy concordance between BF and a
TE biopsy, and 66% full karyotype concordance [209]. Nevertheless, BF amplification failed in 29% of
cases, and of those that amplified a further 13% did not produce an informative chromosome copy
number result. An interesting observation was that euploid embryos were significantly more likely to
fail BF amplification, possibly pointing at a biological mechanism. The authors hypothesized that DNA
in BF is likely to originate from cell apoptosis, which is more frequent in aneuploidy [209]. Therefore,
the quantity of DNA in BF might have some prognostic value regarding blastocyst competence.

Studies from other groups, one based on WGA and aCGH [211] and two based on WGA and
NGS [127,212], have reported lower concordance of ploidy between BF and TE/ICM biopsy, between
62%–75%, as well as decreased full karyotype concordance, between 38%–48%. Crucially, failed
amplification rates for BF showed a large range, between 13%–65%, possibly reflecting different
approaches to blastocentesis, BF storage, and amplification chemistry [127,211,212], but also differences
in blastocyst population analyzed and true incidence of euploidy, mosaicism, and aneuploidy.

Several groups have recently explored the alternative method (which would be truly non-invasive):
analysis of SCM. DNA contamination has been an obvious concern, since some media formulations
contain foreign DNA, and there is potential for carryover maternal DNA in the culture drop. However,
the observation that the total amount of DNA increases with developmental progression [213,214]
would indicate that the bulk DNA derives from the embryo. The first notable SCM study was
performed by Shamonki and colleagues in 2016, reporting that their system (Qiagen’s Repli-G kit for
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amplification and aCGH) produced suboptimal data for 96% of the 56 samples analyzed [215]. This
confirmed that chemistries designed for chromosomal evaluation from cellular biopsy would unlikely
be transferable to niPGT-A in their current formats. A series of studies followed, testing different
methods of DNA amplification (MALBAC or SurePlex/PicoPlex, with various modifications), analysis
(aCGH or NGS), and culturing protocols, expertly detailed by Leaver and Wells [216].

The biggest caveat in many of the publications to date is that embryos were subjected to some
form of manipulation before SCM was collected [217–221]. Putting embryos through Day 3/4 assisted
hatching, a freeze-thaw cycle, and/or a cellular biopsy prior to SCM collection provides a source of
added DNA in the medium, confounding the subsequent analysis of amplification rate and concordance
to the embryo. While it should not entirely invalidate such studies, these shortcomings must be
carefully considered.

For the most part, studies with no embryo manipulation prior to SCM collection will be discussed
here, as they can give a true sense of whether niPGT-A is applicable in the clinic. Liu and colleagues
evaluated 88 SCM samples after continuous culture between Days 1–5, using MALBAC amplification
(Yikon Genomics) and NGS on a HiSeq 2500 (Illumina) instrument, reporting a 91% amplification
rate [222]. Ploidy concordance with a TE biopsy was observed in 84% of cases (although mosaic and
aneuploid results were conflated into one ‘abnormal’ group), and full karyotype concordance was 65%.
Only later studies revealed that maternal DNA contamination from the oocyte retrieval procedure is a
significant concern, and the uninterrupted culture from zygote to blastocyst stage likely maximizes
that problem. The same testing method, namely MALBAC amplification (Yikon Genomics) and NGS
on a HiSeq 2500 instrument (Illumina), was used in a study by Fang and colleagues, this time washing
embryos at Day 3 of culture and moving to new media drops until Day 5 or 6 [223]. The study reports
a 97% amplification rate in the 170 samples analyzed. The authors did not collect a TE biopsy to
perform concordance analysis, and instead embryos were transferred in the clinic, selecting them
according to the result of the test (which they call ‘NICS’, for noninvasive chromosome screening). In
total, 52 blastocysts that had been classified as normal were transferred to 50 patients, resulting in 30
implantations (58% rate), 3 miscarriages (10% rate), and 27 births (52% rate per embryo transfer). Those
results could be regarded as favorable rates of positive clinical outcome, but unfortunately the study
did not have a control arm, making the results difficult to evaluate. Are those outcomes better than if
no niPGT-A had been performed? And would TE biopsy PGT-A have resulted in better outcomes?
Two ongoing trials, in which NICS is compared to morphology assessment alone (ClinicalTrials.gov ID:
NCT04339166) or to conventional PGT-A (ID: NCT03879265) will shed light on these questions.

A study by Vera-Rodriguez and colleagues [214] explored three important issues concerning
niPGT-A: (1) Amount of DNA, (2) Maternal DNA contamination, and (3) Embryonic mosaicism.
To explore those concepts, the authors used a high-performance DNA quantitation method, SNP
analysis to discern maternal from embryonic DNA, and FISH to evaluate each cell in a subset of
blastocysts. The authors analyzed 56 SCM samples collected at Day 5 of culture (after having
performed a media change at Day 3). Detailed DNA quantitation showed a median 6.7 pg DNA,
which is approximately equivalent to the DNA content of one diploid cell- with half of the samples
containing fewer amounts. In comparison, no-embryo control drops contained a median 1.4 pg. It must
be stressed that this particular study did perform assisted hatching at Day 3, meaning that a truly
non-invasive protocol might result in lower amounts of DNA per SCM. There was no difference in
the amount of DNA between euploid and aneuploid embryos, in contrast to what was observed in
BF studies [209]. Strikingly, SNP analysis revealed maternal DNA presence in all samples tested, on
average constituting a remarkable 92% of all DNA in SCM, even though a media change had been
performed at Day 3. To explore the ploidy of SCM, the authors employed a double WGA amplification
technique of SurePlex WGA (Illumina), followed by a complete IonReproseq (ThermoFisher) protocol
and sequencing on an Ion PGM instrument (ThermoFisher). Ninety-one percent of samples yielded a
result, compared to 100% using TE biopsies. FISH analysis of complete blastocyst cellular makeup
revealed that SCM samples poorly reflected the status of embryos that were mosaics, and TE biopsy
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mosaicism was a far superior predictor of mosaicism in the remaining blastocyst. This was attributed
to the possibility that in a mosaic context, cells with different ploidy release their DNA content into
the SCM at different rates- rendering the SCM a poor representative of the embryo. Together, these
findings clearly identified some of the hurdles that need to be addressed in developing niPGT-A for
clinical use.

In 2019 the same group published a prospective blinded study, in which Rubio and colleagues
analyzed 115 samples and showed a 95% amplification rate with 79% overall ploidy concordance to a
TE biopsy and 64% full karyotype concordance (including segmental abnormalities) [224]. To perform
niPGT-A, the group used a modified version of the IonReproseq protocol (ThermoFisher), followed
by sequencing on an Ion S5TM XL system (ThermoFisher). Embryo culture did not involve assisted
hatching, and embryos were thoroughly washed at Day 4 through three media drops in hopes of
removing carryover maternal DNA and lingering cumulus cells. Each embryo was subsequently
placed in a new reduced media drop of 10 μL (to ensure the entire sample could be included in a WGA
reaction) and cultured to Day 5, 6, or 7, at which time SCM was collected. Sub-analysis showed that
extended culture to Day 6 or 7 (≥48 h) improved results (compared to just 24 h), increasing the overall
ploidy concordance with a TE biopsy to 84% and full karyotype concordance to 72%, as well as rate of
amplification to 100%. This considerable enhancement clearly showed that extended time in culture
increases the amount of embryo-representative DNA in the SCM. This study went on to show in a small
sample group (n = 29) that embryos had an improved chance of implantation and lower miscarriage
when TE biopsy and SCM concorded on euploidy status, compared to discordant cases for which
TE biopsy indicated euploidy but SCM showed aneuploidy. If these results are replicated in a larger
sample group, one could envision niPGT-A as an adjunct to conventional PGT-A to increase likelihood
of favorable outcome. Two ongoing studies by this group (ClinicalTrials.gov IDs: NCT03520933 and
NCT04000152) are further assessing the value of niPGT-A in the clinic.

A different approach altogether, combining BF and SCM, has so far been explored in a few studies
that have all reported high rates of amplification 98%–100% [225–227]. Perhaps the most compelling are
the efforts by Kuznyetsov and colleagues [226], since their protocol excluded freeze/thaw cycles prior to
sample collection. In a publication from 2018, the Kuznyetsov group analyzed 19 fresh culture samples
from 9 patients. Embryos were placed in new culture drops at Day 4 and left to grow until Day 5 or 6,
at which point a TE biopsy was collected and the blastocyst was further collapsed with the use of lasers,
allowing the BF to emanate into the SCM. The fact that a TE biopsy was collected prior to collection
of fluids is a caveat, since the process likely releases DNA into the medium. An unspecified amount
of the 25 μL combined BF and SCM sample was subsequently processed in one reaction by SurePlex
amplification (Illumina) and VeriSeq NGS (Illumina) on a MiSeq instrument (Illumina) (the same
protocol as the corresponding TE biopsies). The combined BF-SCM samples and corresponding TE
biopsies had 100% ploidy concordance, and 100% full karyotype concordance for whole chromosome
events (which decreased to 71% if segmental abnormalities and mosaicism were included).

Kuznyetsov and colleagues subsequently published a study in 2020 with a larger sample size
(n = 145) excluding the prior TE biopsy collection, reporting a 100% amplification rate and a 97.8%
concordance (euploid/aneuploid) with TE samples [228]. When mosaicism was considered (observed
either in cell-free DNA or TE biopsy), rate of concordance declined. One parameter still required
optimization: 88.2% of BF-SCM sample amplifications yielded informative NGS results, compared
to 98% of TE biopsy amplifications. Overall, those are promising observations regarding the clinical
application of this strategy. Since the protocol included assisted hatching at Day 4, an outstanding
question is whether omitting this step (in an effort to further reduce the manipulations/invasiveness
of the process) would influence the reaction. Other interesting findings from the study include that
blastocyst morphology did not correlate with quantity of cell-free DNA, and the cell lysis step could
be omitted from the WGA reaction (as it might contribute to maternal DNA contamination though
carryover cumulus/corona cells).
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There have also been efforts to quantify mtDNA levels in SCM samples. Stigliani and colleagues
have reported that higher levels of cell-free mtDNA might be predictive of implantation in cleavage
day embryo transfers [206]. Compared to embryos that failed to implant, they observed a threefold
increase in mtDNA quantity (on average) in embryos that implanted, but these findings are yet to be
replicated with a larger sample size (n = 51 not implanted, n = 43 implanted embryos, p = 0.0452).
The same group also observed that higher quantities of cell-free mtDNA at Day 3 of culture have
predictive power regarding the likelihood of reaching the blastocyst stage [229]. Whether cell free
mtDNA quantitation may serve as a biomarker of implantation for blastocyst stage transfers remains
to be explored.

Valuable lessons have been learned from the studies so far: (1) Manipulation of embryos prior
to sample collection (freeze-thaw cycle, biopsy collection, assisted hatching) might release DNA into
media, compromising a study’s results regarding truly non-invasive PGT-A. Those manipulations
should be avoided in future studies, (2) Fully euploid and aneuploid embryos might release similar
amounts of DNA into the medium, but in a mosaic context, aneuploid cells might preferentially shed
their content, adulterating the representativeness of the SCM in regards to the embryo, (3) The minute
amounts of DNA require new adaptations of PGT-A chemistries and protocols that accommodate
as much of the culture drop volume as possible, (4) Maternal DNA contamination is a big concern,
(5) Longer cultures to Day 6 or 7 provide more cell-free (cf) DNA.

Still, several questions persist: (1) What is an acceptable rate of false or no results in niPGT-A
(considering its many benefits)? (2) What is the biological mechanism that releases embryonic DNA
into surrounding fluids? (3) Are SCM and/or BF better or worse representatives of the true ploidy
status of the blastocyst, compared to a TE biopsy? (4) What is the capacity of niPGT to detect segmental
abnormalities and mosaicism?

Together, the SCM and BF studies have revealed that the naturally small amount of DNA present
in those fluids, possibly coupled with compromised integrity and maternal DNA contamination,
present a real challenge in the development of niPGT-A. The reports have evidently pushed against the
lower limits of detection of existing PGT-A platforms. There is however, cause for optimism; better
cell-free DNA amplification chemistries and optimized bioinformatic analyses will bring us closer to
an accurate niPGT-A screen suitable for routine clinical use.

8. Concluding Remarks

PGT-A is undergoing steady, global expansion; in 2019, the technology had a presence in at
least 45 countries [7]. To illustrate its potential for growth, between 2014 and 2016 its utilization
increased from 13% to 27% of all IVF cycles performed in the USA [230]. The methodology is constantly
evolving, having undergone several rounds of transformative changes since its inception- even in
name from PGS to PGD-A, to its current form, PGT-A. Each step has incorporated new approaches
(chemistries, biopsy collection technique, bioinformatic tools) and has harnessed novel biological
insights of aneuploidy (mosaicism, segmental abnormalities). Contemporary technologies make it
possible to identify chromosomal abnormalities in greater detail than ever before, and clinical data
call for an expansion of the PGT-A grouping system to include the categories of mosaicism and
segmental abnormalities.

The current enthusiastic pursuit of niPGT-A may bear fruit in the near future. Time will tell
whether its many benefits might come at the expense of data quality and genome resolution, or whether
technical advances will be able to bridge those gaps. In parallel, numerous ongoing and ambitious
efforts are developing ways to retrieve an ever-increasing amount of information from a single biopsy in
order to achieve a more complete genomic profile and enhanced prognostic assessment of the embryo.

PGT-A is inherently limited because it does not (and probably never will) reflect the chromosomal
state of the entire embryo with 100% accuracy, and cannot perfectly predict an embryo’s clinical
outcome. However, in many settings, its demonstrated capability to improve likelihood of positive
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outcome is undeniable and tremendously valuable. Thousands of past, current, and future infertility
patients would certainly agree.
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Abstract: Preimplantation genetic testing for polygenic disease risk (PGT-P) represents a new tool to
aid in embryo selection. Previous studies demonstrated the ability to obtain necessary genotypes in
the embryo with accuracy equivalent to in adults. When applied to select adult siblings with known
type I diabetes status, a reduction in disease incidence of 45–72% compared to random selection was
achieved. This study extends analysis to 11,883 sibling pairs to evaluate clinical utility of embryo
selection with PGT-P. Results demonstrate simultaneous relative risk reduction of all diseases tested
in parallel, which included diabetes, cancer, and heart disease, and indicate applicability beyond
patients with a known family history of disease.

Keywords: preimplantation genetic testing; PGT-P; polygenic risk scoring; genomic index; relative
risk reduction

1. Introduction

In vitro fertilization (IVF) is the most effective treatment for infertility. As clinical and laboratory
methods have improved, so has the efficiency of producing blastocysts suitable for intrauterine transfer.
As a result, IVF patients and physicians are often faced with determining which specific embryo to
transfer. The default strategy for choosing which embryo to transfer involves ranking embryos through
careful microscopy-based characterization of development and morphology. However, preimplantation
genetic testing (PGT) has become a routine method for embryo selection, now implemented in 40% of all
in vitro fertilization (IVF) cycles in the United States [1]. PGT is most commonly applied to select euploid
embryos for transfer, while avoiding those embryos designated as aneuploid (PGT-A). The primary
objective of PGT-A is to improve the success of IVF in the first attempted embryo transfer [2,3]. Again,
the default strategy for choosing which euploid embryo to transfer involves ranking embryos through
careful microscopy-based characterization of development and morphology [4].

More recently, the opportunity to characterize the risk of polygenic disease in the preimplantation
embryo has been made possible. Polygenic disorders, conditions influenced by genetic variants
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in multiple genes, account for a large percentage of premature deaths in humans [5,6]. These are
largely contributed to by cancer, heart disease, and diabetes. There is a growing body of evidence
that the risk of these diseases is higher in individuals seeking fertility treatments [7]. Despite the
potential for environmental influence, polygenic disease risk can now be accurately predicted for
several common diseases, including cancer, heart disease, and diabetes, using DNA alone [8,9].
We recently demonstrated the ability to achieve equivalent accuracy in genome-wide genotyping
of DNA from a preimplantation embryo, as is already achieved when DNA is tested from adults.
Therefore, the same performance in predicting polygenic disease in adults can now be achieved in
preimplantation embryos [10].

Polygenic risk scoring in adults is often performed and evaluated in the context of entire
populations of unrelated people [11]. In contrast, PGT involves evaluating genetic risks among sibling
embryos within a single family. This was addressed previously by evaluating blinded DNA from
2601 adult sibling pair families with known type 1 diabetes status. Results demonstrated a 45–72%
reduction in the incidence of type 1 diabetes when one sibling was chosen based on a polygenic risk
score compared to when one sibling was chosen randomly. This study demonstrated clinical utility
of PGT-P in a situation that is similar to PGT for monogenic disease, where intended parents have a
known risk of passing on the disease [12].

Independent of fertility, polygenic conditions present in families at a much higher rate compared
to monogenic disease, with most polygenic disorders manifesting in adulthood [6]. As such, while it
is common for a couple to report a family history of polygenic disorders, it is rarer for a couple to
present for PGT-P based on having a previously affected child. Exceptions to this involve polygenic
disorders that present with early age of onset, such as type 1 diabetes. In this case, intended parents
seeking IVF treatment may already be the parents of an affected child. As reported here, this very case
is presented for PGT-P. Still, the spectrum of patients who may consider PGT-P could vary from those
being affected or having an affected child to those having an unknown family history of any of the
polygenic diseases being tested. In order to address whether PGT-P may apply to intended parents
with unknown family history of polygenic disease, several thousand sibling pairs represented in the
United Kingdom (UK) Biobank repository were evaluated using a blinded genomic disease index
methodology. We also test whether preimplantation embryo genomic index values correlate with the
extent of the embryos’ family history.

2. Materials and Methods

2.1. PGT-P Case with First Degree Affected Family History

A couple with a family history of type 1 diabetes (T1D) presented to the Genomic Prediction
Clinical Laboratory and was counseled for and consented to PGT-P as previously described [12].
The couple reported that their 5-year-old son was diagnosed with T1D at 3 years of age, and that two
additional relatives, a paternal first cousin and a maternal second cousin, were diagnosed with T1D
in their 20s (Figure 1). The patient reported two maternal relatives who were diagnosed with breast
cancer. The couple otherwise denied a personal or family history of polygenic conditions that are
included on the current PGT-P panel. The couple also reported three first trimester miscarriages with a
normal karyotype. The couple denied a history of parental chromosome rearrangements and previous
pregnancies or family history of aneuploidy. The couple declined a family history of additional genetic
conditions that they wished to test for via PGT studies.
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Figure 1. A pedigree of a case presenting for PGT-P with a family history of type 1 diabetes and breast
cancer (shown in purple and turquoise, respectively).

2.2. PGT-P Case Series including Unknown Family History

To begin to evaluate the frequency of high-risk embryos across different degrees of family history,
24 consecutive PGT cases were analyzed and compared. PGT was performed using trophectoderm-
biopsy-derived DNA, followed by whole-genome amplification and Axiom UKBB SNP-array-based
analyses as previously described [10]. For each case, parental DNA was analyzed, and the ethnicity
was predicted (Caucasian, Asian, African, other) with a pipeline built on a previously established
supervised admixture methodology [13] and trained with 551 known ancestry samples [14]. The internal
validation was performed on 229 samples from Coriell Cell Repository [15], resulting in an accuracy of
99.6% (228/229).

This consecutive PGT case series included couples who consented to research during genetic
counseling for routine clinical use of PGT. Indications ranged from unknown family history to having
1st-degree relatives (i.e., the embryo’s sibling or parent) affected with a polygenic disease. In all cases,
PGT-A was performed in parallel and from the same biopsy, as previously described [10]. Risk of type 1
and 2 diabetes, breast, prostate, and testicular cancer, malignant melanoma, basal cell carcinoma, heart
attack, coronary artery disease, hypercholesterolemia, and hypertension was tested in embryos with
Caucasian ancestry, and risk of type 2 diabetes, hypercholesterolemia, and hypertension in embryos
with Asian ancestry. High risk of polygenic disease was defined as previously described [12].

2.3. PGT-P in 11,883 Adult Sibling Pairs

A recent study reported that SNPs which are predictive of specific diseases do not overlap with
one another [16]. This suggests that genetic selection to avoid one disease may not result in increasing
another (pleiotropy). Instead, there may exist a positive effect of combining predictors into one
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“index” score. A genomic index algorithm, Equation (1), was developed by combining Pi (the absolute
probability of getting the disease computed from SNP genotypes) with quality-adjusted life year QALY
weights [17] determined by Qi (the effect on life expectancy from each disease measured as lifespan
impact years) and PAi (the population average probability of getting the disease):

Gi =
∑

i
(Qi(PAi− Pi)), (1)

where i extends over all of the disease predictors, including type 1 and 2 diabetes, breast, prostate,
and testicular cancer, malignant melanoma, basal cell carcinoma, heart attack, coronary artery disease,
high cholesterol, and hypertension [18]. The genomic index=Gi is the sum of each of these contributions.
Life expectancy effects Qi are sourced from the medical literature [19–25].

Predictors were constructed from data obtained from the UK Biobank by first selecting the top
50,000 SNPs (by p-value) obtained from GWAS generated using the PLINK software (version 1.9,
Cognitive Genomics Lab, Shenzhen, China) and then using the LASSO-path algorithm from the Python
Scikit Learn package [26]. The UK Biobank identified all pairwise relationships stronger than 2nd
cousins using the King kinship software. These results were used to identify all individuals who were
within a sibling pair. This set of sibling pairs was further restricted to all individuals who self-reported
their ethnic background to be "White, British, Irish or Any Other White Background" and was set aside
as a final testing set [27]. The remaining non-sibling-paired self-reported white individuals were used
as a training cohort. A small set of 500 cases/controls were withheld from the training cohort to tune
the LASSO hyperparameter and select the final model—the value chosen is such that the AUC between
cases/controls was maximized.

In order to validate the application of the genomic index to real sibling data, and to address the
potential impact of pleiotropy upon PGT-P, a genomic index score was generated for same-sex sibling
pairs from the genome-wide genotyping data of the UK Biobank [27]. In each pair, one of the two
siblings was assigned to the cohort of “higher-risk sibling” (worse index score sibling), and one to
“lower-risk sibling” (better index score sibling). Then, the prevalence of disease was calculated among
the two cohorts. The prevalence of disease in the lower-risk sibling selected cohort was compared to
the randomly selected cohort using binomial testing. Sex-specific relative risk reductions for diseases
which affect both sexes were averaged.

Finally, genomic indexing was tested on blastocysts from the consecutive case series cohort
described in Section 2.2, and with respect to the extent of family history of polygenic disease. Family
history of polygenic disease was divided into three main categories with respect to the tested embryos:
(1) having one or more first-degree affected relatives, for example an affected parent or an existing
affected sibling; (2) having one or more second-degree or higher affected relatives, such as a grandparent
or cousin; and (3) unknown or not reported by the patient. A two-tailed pairwise t-test was computed
to compare the average genomic index of embryos among the three family history categories.

3. Results

3.1. PGT-P Case with First-Degree Affected Family History

Four euploid embryos were evaluated for polygenic disease risk and this resulted in identification
of two at high risk for T1D (Figure 2).
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Figure 2. Type 1 diabetes case PGT-P results. Risk percentile indicates the predicted risk in terms of
the computed polygenic risk score with respect to the distribution of risk scores from the UK Biobank
cohort. Risk is classified as high when the embryo polygenic risk score is in the top 2% when compared
to the average population-matched sample; otherwise, it is classified as normal risk.

3.2. PGT-P Case Series Including Unknown Family History

Based upon these results, involving a case where the embryos had a first-degree relative affected
by a polygenic disease, and prior results where embryos had a more distant relative (second-degree
relative or higher) affected by a polygenic disease [12], we investigated the potential for correlation
between the frequency of high-risk embryos produced and the extent of an embryo’s family history of
polygenic disease in a larger cohort of cases. A consecutive series of 24 PGT cases with 181 embryos was
evaluated by PGT-P analysis. The mean maternal age was 34.5. Thirty-seven percent of the embryos
were aneuploid (67/181). Ten couples were predicted as Asian and 14 as Caucasian. There were no
high-risk embryos identified from the Asian euploid embryo cohort (0/28 with no known history,
and 0/3 with a more distant affected relative). Among Caucasian cases, 3 out of 51 euploid embryos (6%)
were identified as high risk from couples with no known or reported family history, 3 out of 28 (11%)
in cases with a more distant relative, and 4 out of 4 (100%) in a case with a first-degree affected relative.

3.3. Genomic Index Selection in 11,883 Adult Sibling Pairs

A cohort of 11,883 sibling pairs was available for analysis from the UK Biobank. The intent of
evaluating genomic indexing in this cohort was to model application of PGT-P in families with no
known history of disease. However, the prevalence of disease in this cohort was often lower than what
has been reported for the general population, which would bias the results of PGT-P in the direction of
finding no reduction in risk. For instance, the prevalence of breast cancer in this UK Biobank cohort
was 8.0%, while it has been reported as a 12.3% lifetime risk in the general population [28]. Likewise,
7.4% of individuals in the UK Biobank adult sibling cohort were affected with type 2 diabetes, whereas
a prevalence of 9.8% has been estimated in the United States [29]. Nonetheless, these sibling pairs were
used to compare the relative risk of disease with either random selection or blinded genetic selection
of one of the two siblings. Results indicate a relative risk reduction for all diseases tested (Figure 3)
(Table 1).
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Figure 3. Relative risk reduction (RRR) across 11 diseases using genomic index selection compared to
random selection within 11,883 sibling pairs. The frequency of disease with random selection is shown
in blue, while the frequency of disease with genomic index selection is shown in orange. These data
show a clear benefit from genetic selection of one of only two siblings with an unknown family history
of disease. * p-value < 0.05 (Table 1).

Table 1. Binomial test p-values for relative disease risk reduction between random selection and
genomic index selection of 11,883 sibling pairs.

Disease. Male Female

Basal Cell Carcinoma 0.0224 0.2655
Breast Cancer 0.0001

Malignant Melanoma 0.3518 0.4661
Prostate Cancer 0.0224

Testicular Cancer 0.5
Coronary Artery Disease 9.53 × 10−16 3.09 × 10−7

Heart Attack 7.31 × 10−22 1.24 × 10−6

Hypercholesterolemia 4.73 × 10−10 1.21 × 10−11

Hypertension 3.03 × 10−25 3.08 × 10−33

Type 1 Diabetes 0.0019 0.0083
Type 2 Diabetes 1.64 × 10−17 2.09 × 10−21
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Genomic indexing was also performed on embryos evaluated in the PGT-P case series described
in Section 3.2. Each embryo was classified based on the aforementioned categories of family history
Results indicate that embryos with a first-degree affected relative have a higher genomic risk index
compared to embryos with a more distant affected relative (p = 0.0132, t = 3.09, df = 9, a = 0.05) or
with unknown family history (p = 0.0015, t = 4.34, df = 10, a = 0.05). Likewise, even embryos with at
least one distant affected relative presented a higher average genomic index compared to those with
unknown family history (p = 0.0129, t = 2.55, df = 66, a = 0.05) (Figure 4).

Figure 4. Preimplantation embryo genomic index versus family history. Embryos with a 1st degree
affected relative have a significantly higher risk of polygenic disease than embryos with an unknown
family history of polygenic disease. ** p = 0.0015 vs unknown. * p = 0.0129 vs unknown.

4. Discussion

This study extends the validity of PGT-P to reduce disease risk beyond families with a known
history of disease. While many patients may elect to utilize PGT-P specifically because of a personal or
family history of disease, the data presented here demonstrates utility in a more general application
to routine embryo selection. One unique feature of this method is that PGT-A results are obtained
in parallel with PGT-P [10], allowing patients to elect for additional information after knowing how
many euploid embryos are suitable for transfer. In other words, instead of choosing which embryo to
transfer based on morphology, choosing based upon PGT-P provides an option for patients to reduce
the risk of polygenic disease, even when only two euploid embryos are available to choose from and
when the intended parents have no known family history of polygenic disease.

In the case series reported here, 114 of 181 embryos tested were chromosomally normal (63%).
Among the euploid embryos, only ten (5%) were identified as having a high risk of a polygenic
disease. With this information, patients would still be faced with deciding which euploid normal risk
embryo to choose for embryo transfer. Additional empirical analyses with the use of genomic indexing
demonstrated relative risk reduction in all diseases tested, thereby providing additional criteria for
patients to choose which embryo to transfer. Again, risk reduction was demonstrated with only two
siblings to select from. Based upon a previous study, the availability of more than two siblings will
further improve the relative risk reductions observed here [12].

Another important consideration relates to the potential for pleiotropy, the genetic effect of a
single gene on multiple phenotypic traits [30]. With respect to PGT-P, avoiding high risk of one disease
may lead to increased risk of another. The present study also demonstrated that negative pleiotropy
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was not observed. That is, selection with PGT-P resulted in a reduction in risk for all diseases in parallel.
In support of this observation, a recent study [16] reported that SNP sets used to predict the risk of
different diseases were largely disjoint.

Although the present study clearly demonstrates the utility of PGT-P-based sibling selection to
reduce the relative risk of disease, several improvements may still be possible. The current metric of
the impact of each disease used in the genomic index was limited to reported years of lost life. Several
studies on the burden of disease have incorporated more comprehensive metrics, including reduced
quality of life [6,31,32]. More validation can be performed and optimized on the genomic index by
testing it on the life span and quality-of-life outcome data from the UKBB. In addition, patients may
have unique interests in reducing the risk of certain diseases over others. More careful curation of
these metrics will likely improve the utility of PGT-P.

While the clinical utility of tracing monogenic disorders through detailed pedigree analysis is
well established [33], family history alone has been shown to be less effective as a single predictor
of polygenic disease [34]. The results presented here may also have implications similar to when
expanded carrier screening was introduced to contemporary genetic testing strategies [35]. Just as
ethnicity and family history cannot be completely relied on to identify couples at risk for recessive
disease, family history and ethnicity cannot be relied on alone to predict polygenic risk. That is, there is
clear benefit to PGT-P in situations where “no known family history” exists, given that this status
may only indicate that there was no reported history or no confirmed history, and that most families
have a relative with at least one of the polygenic diseases tested by PGT-P [6,7]. This also may further
benefit couples who have no known history because they know very little about their family tree, were
adopted, or are using gamete donation.

5. Conclusions

In conclusion, PGT-P provides an additional method for embryo selection beyond conventional
aneuploidy screening and morphological assessment and is applicable to prospective parents whose
embryos have family histories ranging from an affected first-degree relative to no known history.
At each level of embryonic family history evaluated, and in consideration of reducing the risk of
polygenic disease through selection, this study demonstrates a measurable reduction in disease risk.
Future work will involve incorporating additional quality-of-life metrics and DNA repository datasets,
additional disease predictors, analysis of correlation with embryonic morphological characteristics,
and relative risk reduction with more than two siblings to select from. The ability of genomic indexing
to reduce risk of multiple diseases in parallel may allow an indirect reduction in risk of diseases where
direct genomic predictors are not yet available.
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Abstract: Autosomal dominant polycystic kidney disease (ADPKD) is the most common hereditary
kidney disease and presents with genetic and clinical heterogeneity. ADPKD can also manifest
extra-renally, and seminal cysts have been associated with male infertility in some cases.
ADPKD-linked male infertility, along with female age, have been proposed as factors that may
influence the clinical outcomes of preimplantation genetic testing (PGT) for monogenic disorders
(PGT-M). Large PGT for aneuploidy assessment (PGT-A) studies link embryo aneuploidy to increasing
female age; other studies suggest that embryo aneuploidy is also linked to severe male-factor infertility.
We aimed to assess the number of aneuploid embryos and the number of cycles with transferable
embryos in ADPKD patients after combined-PGT. The combined-PGT protocol, involving PGT-M by
PCR and PGT-A by next-generation sequencing, was performed in single trophectoderm biopsies from
289 embryos in 83 PGT cycles. Transferable embryos were obtained in 69.9% of cycles. The number of
aneuploid embryos and cycles with transferable embryos did not differ when the male or female had
the ADPKD mutation. However, a significantly higher proportion of aneuploid embryos was found
in the advanced maternal age (AMA) group, but not in the male factor (MF) group, when compared to
non-AMA and non-MF groups, respectively. Additionally, no significant differences in the percentage
of cycles with transferable embryos were found in any of the groups. Our results indicate that AMA
couples among ADPKD patients have an increased risk of aneuploid embryos, but ADPKD-linked
male infertility does not promote an increased aneuploidy rate.

Keywords: combined preimplantation genetic testing; Preimplantation genetic testing for monogenic
disorders (PGT-M); Preimplantation genetic testing for aneuploidy assessment (PGT-A); Autosomal
dominant polycystic kidney disease (ADPKD); male infertility; advanced maternal age; aneuploidy

1. Introduction

Autosomal dominant polycystic kidney disease (ADPKD) is the most common hereditary kidney
disease, with an estimated prevalence of 1:1000 to 1:2500 individuals [1]. ADPKD is a genetically
heterogeneous disorder attributed to two main genes: PKD1 (located at chromosome 16p13.3) and
PKD2 (located at chromosome 4q21–q23). Mutations in PKD1 account for most (78–85%) ADPKD
cases, but more than 1500 different mutations in PKD1 or PKD2 have been identified in patients with
ADPKD [1,2]. In addition, six pseudogenes with a high homology to PKD1 have been identified on
chromosome 16. Consequently, only 3.5 kb of the 14 kb of the PKD1 transcript is single copy [1,3].
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Mutations in PKD1 generally cause more severe nephropathy than mutations in PKD2, and the
age of onset varies within and between families. ADPKD is clinically heterogeneous, but generally
characterized by cysts that develop in one or both kidneys and increase in number over time, leading
to nephromegaly and chronic renal failure [1]. ADPKD can also have extra-renal manifestations,
with cysts in the liver (70–90%), the seminal tract (10–35%), and more rarely in the pancreas (5–10%),
as well as with non-cystic manifestations, such as intracranial aneurysms (9–12%) [1–3]. The presence
of cysts in seminal vesicles and ejaculatory ducts may be associated with infertility or subfertility [4,5],
though not always [6]. On the other hand, fertility does not appear to be affected in women with
ADPKD mutations, but pregnant women with a compromised kidney function must be monitored
for the development of complications such as hypertension and preeclampsia, which could affect
reproductive outcomes [5].

The offspring of individuals affected by ADPKD have a 50% chance of inheriting the causal
mutation. To avert the inheritance of the disorder, either prenatal (PND) or preimplantation genetic
testing for monogenic disorders (PGT-M) can be offered [5–9]. PND uses DNA obtained from the
fetus, usually collected from amniotic fluid or chorionic villus sampling, to inform medical termination
of the pregnancy in cases with confirmed genetic abnormality. In contrast, regardless of the fertility
status, PGT-M requires assisted reproductive techniques (ART) such as in-vitro fertilization (IVF) or
intracytoplasmic sperm injection to assess embryonic DNA, and only genetically normal embryos for
the analyzed condition will be candidates for transfer to the maternal uterus. This difference, combined
with the variability in the expression of the disease and age of onset, means that most patients would
prefer PGT-M over PND [5,7,10].

PGT-M is most often performed via a polymerase chain reaction (PCR) [11] to directly amplify
specific DNA sequences from an embryo biopsy, as is applied to ADPKD couples [7,8,12]. While next-
generation sequencing (NGS) has been clinically applied for PGT-M [13], this method has not yet been
used for ADPKD cases. In familial ADPKD, the genetic and clinical heterogeneity can obscure the
causal mutation in some cases, but a family history of the disease is known in one, two, or even three
different generations [14]. This phenomenon facilitates performing PGT-M by PCR through linkage
analysis [2,7,12]. This strategy can be complemented with an analysis of the specific mutation, but is
not necessarily applied for familial ADPKD cases.

A recent paper successfully applied PGT-M for ADPKD in day-3 embryo biopsies, resulting in 27
healthy live births. The report also evaluated the impact of parental ADPKD on the clinical outcome,
showing a lower clinical pregnancy rate and live birth rate in couples with the male partner affected
compared with couples with the female partner affected [12]. However, the authors concluded that
their multivariate logistic regression analysis only identified an association of an increased maternal
age with a lower live birth rate [12]. Embryo aneuploidy rates are widely reported to increase with
increasing female age [15–17] and to cause a lower pregnancy and delivery rate [17]. In contrast,
the relationship between aneuploidy rates and male infertility factors is less clear; some studies found
no difference in aneuploidy rates between male-factor (MF) infertility and normal sperm patients [18],
while others only reported higher aneuploidy rates in severe infertility cases, suggesting that PGT
aneuploidy assessment (PGT-A) may be advisable for these patients [19,20].

Increasingly, PGT-M and PGT-A are performed in the same embryo [21–23]. However, few instances
of combined testing have been reported for ADPKD. Indeed, we identified only two reports of
combined-PGT for ADPKD: a case report of two ART cycles from a woman with ADPKD in a couple
with no reported fertility issues [8], and a series of seven cycles from seven couples with reported
ADPKD-linked male infertility [24]. Importantly, combining PGT-A with PGT-M could reduce the
number of transferable embryos (i.e., neither genetically abnormal nor aneuploid embryos would be
considered for transfer) and may result in a higher number of ART cycles without a transferable embryo.
To date, the data reported for combined-PGT in ADPKD are limited. With 37 embryos analyzed across
the two reports, 18.2% (2/11) [8] and 46.2% (12/26) [24] of embryos were transferable.
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To help guide clinical application, we aimed to ascertain the impact on the number of cycles
with transferable embryos after introducing PGT-A into routine PGT-M for ADPKD. For this purpose,
we assessed the percentages of aneuploid embryos, transferable embryos, and cycles with transferable
embryos after combined-PGT in (i) overall ADPKD cases; (ii) cycles where the male carried the
mutation compared to when the female carried the mutation; and (iii) patients grouped as those with
an expected higher aneuploidy rate: advanced maternal age (AMA) or male-factor infertility (MF).

2. Materials and Methods

2.1. Patient Demography

This retrospective analysis included 74 couples affected by ADPKD that underwent at least one
combined-PGT (PGT-M for ADPKD along with PGT-A for 24-chromosomes) from October 2016 to
April 2020; nine of these couples underwent two combined-PGT cycles, for a total of 83 combined-PGT
cycles. Most cases were associated with PKD1 (83.1%) mutations, and the remainder (16.9%) with
PKD2 mutations. All 13 PKD2 cases and 53/61 (86.4%) PKD1 cases had a mutation identified.

Couples were ascertained from 39 IVF clinics in 10 countries. The top contributors were Spain
(37 cases, 46 cycles), the USA (18 cases, 18 cycles), and Brazil (9 cases, 9 cycles).

2.2. Combined-PGT Protocol

All patients underwent genetic counseling and were requested to provide a report showing the
causal mutation for ADPKD in any of the two progenitors or other family members, and/or a clinical
report confirming the diagnosis of ADPKD before beginning PGT. Then, written informed consent for
both PGT-M and PGT-A was obtained for all couples. Combined-PGT comprised four main steps:
(1) PGT-M work-up; (2) an IVF procedure (controlled ovarian stimulation, ovum pick-up, fertilization,
and embryo culture) to obtain trophectoderm biopsies from viable embryos; (3) the shipment of
biopsies to our facilities; and (4) PGT-M and PGT-A protocols. Once the PGT-M work-up was approved
by the staff of our company (Igenomix, Valencia, Spain), the IVF procedure was the responsibility
of each IVF center. After the embryo biopsy, Igenomix handled the shipment of samples, analysis,
and reporting. All trophectoderm biopsies were obtained on day 5 or 6 of embryo culture, and each
biopsy was collected and shipped in a PCR tube containing 2 μL of phosphate-buffered saline as
transport medium. Sample preparation for testing included whole genome amplification (WGA) using
the Ion ReproSeq PGS Kit (ThermoFisher Scientific, Waltham, MA, USA). The same WGA product was
used for both PGT-M and PGT-A. PGT-M was performed by PCR following a laboratory-developed
protocol, and PGT-A was performed by a semi-automated protocol by NGS (ThermoFisher Scientific,
Waltham, MA, USA).

2.3. PGT-M Work-Up

A preclinical work-up was required for all couples before undergoing PGT-M. Informativity for
several polymorphic genetic markers (short tandem repeats (STR)) and segregation analysis were
assessed for every family in genomic DNA from blood or buccal cells. Additionally, in cases in which
the mutation in PKD1 or PKD2 was needed for PGT-M purposes, its analysis was also included in
the work-up. Haplotyping analysis was assessed by fluorescence multiplex PCR using a minimum of
12 STR. Amplification was conducted using a T3000 thermocycler (Biometra, Goettingen, Germany) or
similar equipment, and PCR products were analyzed in an AB3500 genetic analyzer (ThermoFisher
Scientific, Waltham, MA, USA). After haplotyping analysis, a minimum of four informative STR,
two upstream and two downstream, and all of them within 1–2 Mb, were required for approving the
PGT-M work-up. The laboratory-developed protocol included the selected informative STR, as well as
the PKD mutation when applicable.
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2.4. PGT-M Protocol

PGT-M was performed on WGA products from trophectoderm biopsies using the same protocol
selected in the PGT-M work-up. After PGT-M analysis, embryos were classified as (i) “normal”,
when a paternal and a maternal haplotype were present, confirming the presence of the haplotype
unlinked to the PKD mutation, and the mutation was not detected; (ii) “abnormal”, when a paternal
and maternal haplotype were present, confirming the presence of the haplotype linked to the PKD
mutation, and/or the mutation was detected; or (iii) “non-informative” or inconclusive results, when any
paternal or maternal information was missing. For “non-informative” cases, it was not possible to
specifically classify the embryo as normal or abnormal. In such cases, a trophectoderm re-biopsy was
recommended, but clinics made the ultimate decision on whether to send a new biopsy.

2.5. PGT-A Protocol

For aneuploidy assessment, DNA barcoding was performed during the WGA process using
the Ion ReproSeq PGS Kit (ThermoFisher Scientific, Waltham, MA, USA). Ion Chef equipment was
used for library preparation, and samples were sequenced in batches of 24 or 96 samples (using 520
and 530 chips, respectively) in an S5 XL sequencer (ThermoFisher Scientific, Waltham, MA, USA),
as previously described [25].

After PGT-A analysis, embryos were classified as (i) “euploid”, when no aneuploidy was found;
(ii) “aneuploid”, when at least one aneuploidy was found; or (iii) “non-informative” or inconclusive,
when the pattern obtained did not enable a definitive classification of the embryo as euploid or aneuploid.
As for PGT-M, non-informative results prompted a recommendation for trophectoderm re-biopsy.

2.6. Combined-PGT Strategy

Only embryos both “normal” for PGT-M and “euploid” for PGT-A were considered to be
“transferable” embryos. However, couples had several options in terms of electing a combined-PGT
strategy: (i) to perform PGT-M and PGT-A in all embryos (elected for 29 cycles); (ii) to perform
PGT-M first, and only apply PGT-A to embryos considered “normal” or “non-informative” (elected in
52 cycles); or (iii) to perform PGT-A first, and only apply PGT-M to embryos considered “euploid” or
“non-informative” (elected in only two cycles). In total, PGT-M was performed in 432 embryos, PGT-A
in 298 embryos, and combined-PGT in 289 embryos.

2.7. Analysis of Results

ADPKD results were divided into two groups, according to Berckmoes [12] classification,
by whether the female (female-ADPKD) or the male (male-ADPKD) carried the ADPKD mutation.
The main indicators analyzed were the (i) number of aneuploid embryos; (ii) number of transferable
embryos; and (iii) number of cycles with transferable embryos after combined-PGT.

The same analysis was performed in patient subsets of AMA and MF, and compared with
non-AMA and non-MF results, respectively. AMA was defined as 38 years old or above, and male
patients with the ADPKD mutation that self-reported male infertility were considered for MF.

Statistical analyses for comparing the results of the different groups were conducted using Fisher’s
exact test for categorical variables. Comparisons of mean ages were performed using an unpaired
t-test. Statistical significance was defined by a two-sided test with a p value of < 0.05.

3. Results

Overall, in 69.9% of combined-PGT cycles (58/83), there was at least one transferable embryo.
By PGT-M, 94.0% of these cycles (78/83) had genetically normal embryos; by PGT-A, 74.7% of cycles
(62/83) had euploid embryos. Additionally, no difference in the percentage of cycles with transferable
embryos was found between female-ADPKD and male-ADPKD (Table 1).
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Table 1. Results per cycle presented by cases where the female (female-autosomal dominant polycystic
kidney disease (ADPKD)) or the male (male-ADPKD) carried the ADPKD mutation.

Male-ADPKD Female-ADPKD Total p-Value

No. couples 41 33 74 -
No. combined-PGT cycles 47 36 83 -

Female age, years (SD) 36.3 (3.9) 35.8 (4.3) 36.1 (4.1) ns
Mean no. analyzed embryos per cycle (SD) 5.4 (3.4) 5.4 (3.3) 5.4 (3.4) ns

Cycles with transfer, n (%) 31 (66.0) 27 (75.0) 58 (69.9) ns
% cycles with euploid embryos 70.2 80.6 74.7 ns

% cycles with PGT-M normal embryos 95.7 91.7 94.0 ns

ns: not significant; SD: standard deviation.

For combined-PGT, 98.2% of embryos were informative for both techniques. The percentage of
transferable embryos tended to be higher in the ADPKD-male group, but did not reach statistical
significance (43.8% vs. 33.8% in ADPKD-female; p = 0.0978). There were no differences in the number
of euploid embryos (PGT-A) or the number of genetically normal ones (PGT-M) (Table 2).

Table 2. Results per embryo presented by male-ADPKD and female-ADPKD cycles (% (n)).

EMBRYOS Male-ADPKD Female-ADPKD TOTAL p-Value

Combined PGT (n = 289)
Normal 43.8 (67) 33.8 (46) 39.1 (113)

nsAbnormal 54.2 (83) 64.7 (88) 59.2 (171)
NI 2.0 (3) 1.5 (2) 1.8 (5) *

PGT-M (n = 432)
Normal 49.0 (123) 49.7 (90) 49.3 (213)

nsAbnormal 48.2 (121) 45.9 (83) 47.2 (204)
NI 2.8 (7) 4.4 (8) 3.5 (15)

PGT-A (n = 298)
Normal 51.8 (84) 49.3 (67) 50.7 (151)

nsAbnormal 45.7 (74) 48.5 (66) 47.0 (140)
NI 2.5 (4) 2.3 (3) 2.3 (7)

NI: non-informative embryos; ns: not significant; * final non-informative embryos. Seven embryos (three embryos
in the male group and four in the female group) showed the presence of only one allele that was confirmed to
be a monosomy for the corresponding chromosome after preimplantation genetic testing aneuploidy assessment
(PGT-A) analysis. Therefore, they were initially classified as non-informative for PGT for monogenic disorders
(PGT-M), but finally classified as chromosomally abnormal.

Combined-PGT results in the subsets of AMA and MF couples showed no differences in the percentage
of cycles with transferable embryos compared with the overall results (Table 3). However, the comparison
of PGT-A results per embryo showed a significantly higher percentage of aneuploid embryos in the AMA
group when compared with non-AMA cases (Table 4). In contrast, the percentage of aneuploid embryos in
the MF group did not significantly differ from the percentage in non-MF cases (Table 5).

Table 3. Results per cycle in the advanced maternal age (AMA) and male-factor infertility (MF) groups.

AMA MF OVERALL p-Value

No. couples 23 5 74
No. combined-PGT cycles 32 6 83

Female age, years (SD) 39.5 (1.3) 33.3 (2.2) 36.1 (4.1) <0.0001 *
Mean no. analyzed embryos (SD) 4.9 (3.2) 5.2 (3.8) 5.4 (3.4) ns

Cycles with euploid embryos, n (%) 20 (62.5) 5 (83.3) 62 (74.7) ns
Combined-PGT cycles with transfer, n (%) 18 (56.3) 4 (66.7) 58 (69.9) ns

ns: not significant; SD: standard deviation; * between AMA and MF.
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Table 4. Comparison of results per embryo in AMA and non-AMA groups [% (n)].

AMA Non-AMA p-Value

Combined PGT
Normal 28.0 (26) 44.4 (87)

nsAbnormal 69.9 (65) 54.1 (106)
NI 2.1 (2) 1.5 (3)

PGT-M
Normal 46.1 (71) 50.4 (142)

nsAbnormal 47.4 (73) 47.8 (131)
NI 6.5 (10) 1.8 (5)

PGT-A
Normal 33.3 (31) 58.5 (120)

<0.0001Abnormal 64.5 (60) 39.0 (80)
NI 2.2 (2) 2.5 (5)

NI: non-informative embryos; ns: not significant.

Table 5. Comparison of results per embryo in MF and non-MF groups (% (n)).

MF Non-MF p-Value

Combined PGT
Normal 64.7 (11) 37.5 (102)

Abnormal 25.3 (6) 60.7 (165) ns
NI 0 1.8 (5)

PGT-M
Normal 54.8 (17) 48.6 (195)

Abnormal 45.2 (14) 47.6 (191) ns
NI 0 3.8 (15)

PGT-A
Normal 70.6 (12) 49.5 (139)

Abnormal 29.4 (5) 48.0 (135) ns
NI 0 2.5 (7)

NI: non-informative embryos; ns: not significant.

4. Discussion

This study provides detailed information to support the utility of combining PGT-M and PGT-A
to guide embryo selection in couples affected by ADPKD who are undergoing ART. A larger study on
PGT-M for ADPKD [12] reported 78 cycles and found that 35.7% of embryos were transferable (174/487),
while 92.3% (72/78) of cycles had transferable embryos. These data can be compared with ours when only
considering the PGT-M results; we found that 49.3% of embryos were transferable and 94.0% of cycles
had transferable embryos. In our study, fewer cycles had transferable embryos after combined-PGT
(94.0% of cycles with PGT-M vs. 69.9% with combined-PGT; p = 0.0001). This finding cannot be
directly compared with previous publications due to limited data availability [8,24]. The percentage of
transferable embryos we found after combined-PGT (39.1%) could be compared, but existing reports
utilized small samples (2/11 or 18.2% [8]; 12/26 or 46.2% [24]).

Berckmoes et al. [12] suggested ADPKD-linked male infertility and female age as factors influencing
the clinical outcome of PGT-M. In our data, when dividing cycles by male-ADPKD and female-ADPKD,
results at the embryo level showed a similar percentage of (i) euploid embryos, (ii) genetically normal
embryos, and (iii) transferable embryos after combined-PGT. Accordingly, no differences in the
percentage of cycles with transferable embryos were detected between groups. Similarly, no differences
were found when comparing MF versus non-MF cases. In contrast, the percentage of aneuploid
embryos was significantly higher in the AMA group compared to the non-AMA group, but the number
of cycles with transferable embryos was not statistically different.

In our study, ADPKD-linked male infertility was not associated with a higher aneuploidy rate or
fewer cycles with transferable embryos; this finding was consistent across all male-ADPKD couples.
Therefore, our data do not support that aneuploidy can be an influencing factor for poorer reproductive
outcomes in male-ADPKD cases. These data align with recent reports on PGT-A results for MF patients,
where significantly higher aneuploidy rates were only observed in severe cases [19,20], and not in
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overall MF patients [18]. However, in the present study, it was not possible to stratify the results by
the severity of sperm parameters and, given the low number of cases of self-reported male infertility,
any conclusions obtained for this group are limited.

On the other hand, AMA is established as a factor for higher aneuploidy rates [15–17]. Our data
align with this phenomenon, and support the lower live birth rate associated with female age in
Berckmoes et al. [12]. This higher aneuploidy rate will translate into a higher probability of transferring
aneuploid embryos when PGT-A is not performed. For instance, aneuploid embryos still develop to
the blastocyst stage and are responsible for lower probabilities of pregnancy, but a higher miscarriage
likelihood [26]. Unfortunately, our study did not have access to data for pregnancy, miscarriage,
or live birth rates, and Berckmoes et al. did not analyze PGT-M outcomes from the subset of patients
categorized as AMA. However, in their data (see Table 2), the mean female age is significantly higher in
the group of male-ADPKD compared with the female-ADPKD. Therefore, considering the information
above, this feature may have had a negative impact on PGT-M outcomes for the male-ADPKD group.

5. Conclusions

In summary, we demonstrated a feasible approach for every ADPKD patient through a
simultaneous analysis of PGT-M and PGT-A in the same embryo biopsy. The incorporation of
combined-PGT helps in selecting euploid and genetically normal embryos, ensuring 70% of cycles
with transferable embryos, and highlighting the impact of maternal age on embryo aneuploidy in this
cohort. A similar approach could be available for every PGT-M case in the daily clinical routine.

Author Contributions: All authors contributed to conceptualizing the study and defining the objectives. P.M.P.
built the database by gathering combined-PGT results. A.C. and J.A.M.-C. were involved in supervising and
administering the project. The manuscript was written by P.M.P. and reviewed by J.A.M.-C., J.M., C.S., and A.C.
All authors have read and agreed to the published version of the manuscript.

Funding: No funding was received for this study.

Acknowledgments: The authors would like to thank all of the Igenomix staff involved in these combined-PGT
cycles around the world for sharing valuable data, as well as the staffwho performed the embryo biopsies, ran the
lab protocols, and analyzed the results. Special thanks to Mónica Clemente, our beloved statistician, who helped
in reviewing the statistical analysis for this work.

Conflicts of Interest: All the authors are employees of Igenomix, the company where all combined-PGT analyses
were performed.

References

1. Cornec-Le Gall, E.; Alam, A.; Perrone, R.D. Autosomal dominant polycystic kidney disease. Lancet 2019, 393,
919–935. [CrossRef]

2. Harris, P.C.; Torres, V.E. Polycystic kidney disease. Annu. Rev. Med. 2009, 60, 321–337. [CrossRef] [PubMed]
3. Boucher, C.; Sandford, R. Autosomal dominant polycystic kidney disease (ADPKD, MIM 173900, PKD1

and PKD2 genes, protein products known as polycystin-1 and polycystin-2). Eur. J. Hum. Genet. 2004, 12,
347–354. [CrossRef] [PubMed]

4. Peces, R.; Drenth., J.P.; Te Morsche, R.H.; González, P.; Peces, C. Autosomal dominant polycystic liver disease
in a family without polycystic kidney disease associated with a novel missense protein kinase C substrate
80K-H mutation. World J. Gastroenterol. 2005, 11, 7690–7693. [CrossRef]

5. Vora, N.; Perrone, R.; Bianchi, D.W. Reproductive issues for adults with autosomal dominant polycystic
kidney disease. Am. J. Kidney Dis. 2008, 51, 307–318. [CrossRef]

6. Torra, R.; Sarquella, J.; Calabia, J.; Martí, J.; Ars, E.; Fernández-Llama, P.; Ballarin, J. Prevalence of cysts
in seminal tract and abnormal semen parameters in patients with autosomal dominant polycystic kidney
disease. Clin. J. Am. Soc. Nephrol. 2008, 3, 790–793. [CrossRef]

89



Genes 2020, 11, 692

7. Verlinsky, Y.; Rechitsky, S.; Verlinsky, O.; Ozen, S.; Beck, R.; Kuliev, A. Preimplantation genetic diagnosis for
polycystic kidney disease. Fertil Steril 2004, 82, 926–929. [CrossRef]

8. Murphy, E.L.; Droher, M.L.; Di Maio, M.S.; Dahl, N.K.S.; Dahl, N.K. Preimplantation Genetic Diagnosis
Counseling in Autosomal Dominant Polycystic Kidney Disease. Am. J. Kidney Dis. 2018, 72, 866–872.
[CrossRef]

9. Torra, R.; Ars, E. Molecular diagnosis of autosomal dominant polycystic kidney disease. Nefrologia 2011, 31,
35–43. [CrossRef]

10. Swift, O.; Vilar, E.; Rahman, B.; Side, L.; Gale, D.P. Attitudes in Patients with Autosomal Dominant Polycystic
Kidney Disease Toward Prenatal Diagnosis and Preimplantation Genetic Diagnosis. Genet. Test. Mol. Biomark.
2016, 20, 741–746. [CrossRef]

11. De Rycke, M.; Goossens, V.; Kokkali, G.; Meijer-Hoogeveen, M.; Coonen, E.; Moutou, C. ESHRE PGD
Consortium data collection XIV-XV: Cycles from January 2011 to December 2012 with pregnancy follow-up
to October 2013. Hum. Reprod. 2017, 32, 1974–1994. [CrossRef] [PubMed]

12. Berckmoes, V.; Verdyck, P.; De Becker, P.; De Vos, A.; Verheyen, G.; Van der Niepen, P.; Verpoest, W.;
Liebaers, I.; Bonduelle, M.; Keymolen, K.; et al. Factors influencing the clinical outcome of preimplantation
genetic testing for polycystic kidney disease. Hum. Reprod. 2019, 34, 949–958. [CrossRef] [PubMed]

13. Chamayou, S.; Sicali, M.; Lombardo, D.; Alecci, C.; Ragolia, C.; Maglia, E.; Liprino, A.; Cardea, C.; Storaci, G.;
Romano, S.; et al. Universal strategy for preimplantation genetic testing for cystic fibrosis based on next
generation sequencing. J. Assist. Reprod. Genet. 2020, 37, 213–222. [CrossRef] [PubMed]

14. Morales-García, A.I.; Martínez-Atienza, M.; García-Valverde, M.; Fontes-Jiménez, J.; Martínez-Morcillo, A.;
Esteban de la Rosa, M.A.; de Diego Fernández, P.; García González, M.; Fernández Castillo, R.; Argüelles
Toledo, I.; et al. Overview of autosomal dominant polycystic kidney disease in the south of Spain. Nefrologia
2018, 38, 190–196. [CrossRef]

15. Franasiak, J.M.; Forman, E.J.; Hong, K.H.; Werner, M.D.; Upham, K.M.; Treff, N.R.; Scott, R.T. The nature of
aneuploidy with increasing age of the female partner: A review of 15,169 consecutive trophectoderm biopsies
evaluated with comprehensive chromosomal screening. Fertil. Steril. 2014, 101, 656–663.e1. [CrossRef]

16. Rubio, C.; Rodrigo, L.; Garcia-Pascual, C.; Peinado, V.; Campos-Galindo, I.; Garcia-Herrero, S.; Simón, C.
Clinical application of embryo aneuploidy testing by next-generation sequencing. Biol. Reprod. 2019, 101,
1083–1090. [CrossRef]

17. Reig, A.; Franasiak, J.; Scott, R.T.; Seli, E. The impact of age beyond ploidy: Outcome data from 8175 euploid
single embryo transfers. J. Assist. Reprod. Genet. 2020, 37, 595–602. [CrossRef]

18. Kort, J.; McCoy, R.; Demko, Z. Lathi, RB. Are blastocyst aneuploidy rates different between fertile and
infertile populations? J. Assist. Reprod. Genet. 2018, 35, 403–408. [CrossRef]

19. Rodrigo, L.; Meseguer, M.; Mateu, E.; Mercader, A.; Peinado, V.; Bori, L.; Campos-Galindo, I.; Milán, M.;
García-Herrero, S.; Simón, C.; et al. Sperm chromosomal abnormalities and their contribution to human
embryo aneuploidy. Biol. Reprod. 2019, 101, 1091–1101. [CrossRef]

20. Kahraman, S.; Sahin, Y.; Yelke, H.; Kumtepe, Y.; Tufekci, M.; Yapan, C.; Yesil, M.; Cetinkaya, M. High rates of
aneuploidy, mosaicism and abnormal morphokinetic development in cases with low sperm concentration.
J. Assist. Reprod. Genet. 2020, 37, 629–640. [CrossRef]

21. Obradors, A.; Fernández, E.; Oliver-Bonet, M.; Rius, M.; de la Fuente, A.; Wells, D.; Benet, J.; Navarro, J. Birth
of a healthy boy after a double factor PGD in a couple carrying a genetic disease and at risk for aneuploidy:
Case report. Hum. Reprod. 2008, 23, 1949–1956. [CrossRef] [PubMed]

22. Minasi, M.G.; Fiorentino, F.; Ruberti, A.; Biricik, A.; Cursio, E.; Cotroneo, E.; Varricchio, M.T.; Surdo, M.;
Spinella, F.; Greco, E. Genetic diseases and aneuploidies can be detected with a single blastocyst biopsy:
A successful clinical approach. Hum. Reprod. 2017, 32, 1770–1777. [CrossRef] [PubMed]

23. Del Rey, J.; Vidal, F.; Ramírez, L.; Borràs, N.; Corrales, I.; Garcia, I.; Martinez-Pasarell, O.; Fernandez, S.F.;
Garcia-Cruz, R.; Pujol, A.; et al. Novel Double Factor PGT strategy analyzing blastocyst stage embryos in a
single NGS procedure. PLoS ONE 2018, 13, e0205692. [CrossRef]

24. Yang, X.Y.; Li, T.; Liu, X.J.; Shen, J.D.; Cui, Y.G.; Zhang, G.R.; Liu, J.Y. Preimplantation genetic diagnosis for infertile
males with autosomal dominant polycystic kidney disease. Zhonghua Nan Ke Xue 2018, 24, 409–413. (In Chinese)

90



Genes 2020, 11, 692

25. García-Pascual, C.M.; Navarro-Sánchez, L.; Navarro, R.; Martínez, L.; Jiménez, J.; Rodrigo, L.; Simón, C.;
Rubio, C. Optimized NGS approach for detection of aneuploidies and mosaicism in PGT-A and PGT-SR.
Genes 2020, in press.

26. Neal, S.A.; Morin, S.J.; Franasiak, J.M.; Goodman, L.R.; Juneau, C.R.; Forman, E.J.; Werner, M.D.; Scott, R.T.
Preimplantation genetic testing for aneuploidy is cost-effective, shortens treatment time, and reduces the risk
of failed embryo transfer and clinical miscarriage. Fert. Stert. 2018, 110, 896–904. [CrossRef] [PubMed]

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

91





genes
G C A T

T A C G

G C A T

Article

Optimized NGS Approach for Detection
of Aneuploidies and Mosaicism in PGT-A
and Imbalances in PGT-SR

Carmen M. García-Pascual 1,2,*,†, Luis Navarro-Sánchez 1,†, Roser Navarro 1, Lucía Martínez 1,

Jorge Jiménez 1, Lorena Rodrigo 1, Carlos Simón 1,3,4,5 and Carmen Rubio 1,2

1 R&D Department, Igenomix, 46980 Valencia, Spain; luis.navarro@igenomix.com (L.N.-S.);
roser.navarro@igenomix.com (R.N.); lucia.martinez@igenomix.com (L.M.);
jorge.jimenez@igenomix.com (J.J.); lorena.rodrigo@igenomix.com (L.R.); carlos.simon@igenomix.com (C.S.);
carmen.rubio@igenomix.com (C.R.)

2 Igenomix Foundation, 46980 Valencia, Spain
3 School of Medicine, University of Valencia/INCLIVA, Valencia 46106, Spain
4 Department of Obstetrics and Gynecology, School of Medicine, Stanford University, Stanford, CA 94305, USA
5 Department of Obstetrics and Gynecology, Baylor College of Medicine, Houston, TX 77030, USA
* Correspondence: carmen.garcia@igenomix.com; Tel.: +34-96-390-53-10
† Carmen M. García-Pascual and Luis Navarro-Sánchez have contributed equally.

Received: 19 May 2020; Accepted: 24 June 2020; Published: 29 June 2020

Abstract: The detection of chromosomal aneuploidies and mosaicism degree in preimplantation
embryos may be essential for achieving pregnancy. The aim of this study was to determine
the robustness of diagnosing homogenous and mosaic aneuploidies using a validated algorithm
and the minimal resolution for de novo and inherited deletions and duplications (Del/Dup).
Two workflows were developed and validated: (a,b) preimplantation genetic testing for uniform
whole and segmental aneuploidies, plus mixtures of euploid/aneuploid genomic DNA to develop
an algorithm for detecting mosaicism; and (c) preimplantation genetic testing for structural
rearrangements for detecting Del/Dup ≥ 6 Mb. Next-generation sequencing (NGS) was performed
with automatic library preparation and multiplexing up to 24–96 samples. Specificity and sensitivity
for PGT-A were both 100% for whole chromosomes and segmentals. The thresholds stablished for
mosaicism were: euploid embryos (<30% aneuploidy), low mosaic (from 30% to <50%), high mosaic
(50–70%) or aneuploid (>70%). In the PGT-SR protocol, changes were made to increase the detection
level to ≥6 Mb. This is the first study reporting an accurate assessment of semiautomated-NGS
protocols using Reproseq on pools of cells. Both protocols allow for the analysis of homogeneous
and segmental aneuploidies, different degrees of mosaicism, and small Del/Dup with high sensitivity
and specificity.

Keywords: NGS; aneuploidy; mosaicism; segmental; translocations; PGT-A

1. Introduction

Aneuploidies underlie most reproductive failures in humans [1] and, based on large datasets,
over half of the embryos produced through in vitro fertilization (IVF) are aneuploid [2,3]. Thus,
preimplantation genetic testing for aneuploidy (PGT-A) was proposed to improve pregnancy rates per
transfer and to decrease miscarriage mostly in advanced maternal age (AMA) patients [4–7]. Recently,
PGT-A has been shown to offer shorter time for pregnancy with lower cost compared to conventional
IVF for some subgroups of couples [8,9]. Currently, PGT-A includes the study of uniform aneuploidies,
small deletions/duplications (Del/Dup ≥ 10 Mb), and mosaicism. Preimplantation genetic testing for
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structural rearrangements (PGT-SR) aims to detect smaller imbalances (≥6 Mb), mostly in embryos
where at least one parent is a carrier of a balanced translocations and/or inversions.

The earliest technologies to assess all 24 chromosomes were comparative genome hybridization
arrays (aCGH), single-nucleotide polymorphism (SNP) microarrays, and quantitative polymerase
chain reaction (qPCR). These were applied to both PGT-A [10–13] and PGT-SR [14,15]. More recently,
techniques have been developed based on next-generation sequencing (NGS). NGS has significant
advantages. It is a versatile platform that can be used for detecting uniform/whole aneuploidies
and Del/Dup [16] and, compared to aCGH, is a reliable high-throughput technology with higher
resolution and a broader dynamic range facilitating mosaicism diagnosis [15,17]. It is also cheaper
and requires less hands-on time. Current NGS protocols consist of (a) whole genome amplification
(WGA) and barcoding; (b) library preparation, purification, and templating; (c) loading and sequencing;
(d) alignment of sequenced reads to a human reference genome; and, finally, (e) data analysis
and reporting. The templating preparation steps, chip loading, and data analysis can potentially be
automated, which is strongly recommended to decrease technical and human errors and increase
the robustness and reproducibility of results when processing large numbers of samples.

However, two important issues should be addressed before implementing NGS in a clinical
diagnostic laboratory: (1) defining the sequencing parameters required for each application, the minimal
resolution of each platform to detect Del/Dup and identify the presence of mosaicism; and (2) creating
a bioinformatics pipeline and diagnostic algorithms best able to avoid the subjectivity linked to
the visualization of sequencing plots. Del/Dup detection is limited by the minimal resolution of
the platform, number of reads and signal/noise ratio affecting the minimal fragment size that can be
detected [18–20]. Mosaicism detection is challenging since the degree of mosaicism is estimated from
a single trophectoderm biopsy (TE) with an uncertain number of cells. As live births after the transfer
of mosaic embryos have been reported [20–23] and the clinical outcome seems to be influenced by
the level of mosaicism [24], the identity [25] and, the number [26] of affected chromosomes; a proper
validation to define mosaicism thresholds is required for each platform to avoid overdiagnosis due to
technical artefacts.

To address these issues, we sought to validate a semi-automated NGS protocol for PGT-A to detect
uniform whole-chromosome aneuploidies and segmental aneuploidies ≥10 Mb, and a modified
protocol to increase the resolution up to 6 Mb to detect imbalances in carriers of structural
rearrangements (PGT-SR). Regarding mosaicism, we wanted to define thresholds for an accurate
diagnosis and develop an algorithm to automatically detect its levels in TE samples, avoiding
inter-individual and inter-laboratory subjectivity.

2. Materials and Methods

2.1. Experimental Design

This study was carried out in two phases from August 2017 to April 2018. Phase I, for PGT-A,
was conducted from August 2017 to February 2018 to validate the detection of uniform aneuploidies,
Del/Dup ≥ 10 Mb, and mosaic whole chromosome aneuploidies. Phase II, for PGT-SR, was carried out
from February 2018 to April 2018 for the detection of imbalances ≥ 6 Mb. In all validation experiments,
the tests were assessed using cell lines/DNA samples purchased from the NIGMS Human Genetic
Cell Repository at the Coriell Institute for Medical Research (Camden, NJ, USA). All cell lines were
grown in cell culture conditions established by the manufacturer. Before being collected, cells were
passaged once. Then, confluent cells were detached using Tryple E [27] and resuspended in PBS (Gibco,
Walthan, MA, USA). Cells were isolated under a dissecting microscope and placed in sterile PCR tubes
(Eppendorf, Hamburg, Germany). All samples were analyzed at least in triplicate.

For phase I, three types of experiments were designed (Figure 1): (a) pools (n = 96 samples) of 4–6
cells mimicking TE biopsies from nine cell lines of known karyotype with aneuploidies in chromosomes
8, 9, 13, 18, 21, X0, XXX, XXY, and XYY as well as two with normal XX and XY karyotypes, hence
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11 cell lines in total; and (b) mixes (n = 168 samples) of gDNA with different percentages of euploid
(normal XX and normal XY) and aneuploid (0%, 30%, 50%, 70% or 100%) chromosomes (2, 8, 9, 13, 15,
18, 20 or 21). Once the algorithm was established, we tested its ability to correctly diagnose samples
prepared to have 40%, 60%, or 100% mosaicism using two cell lines with trisomy in chromosome 8 or 9
(GM00425 and NA09287, respectively). To finalize the algorithm’s testing, we applied the algorithm
retrospectively to 14,108 TE biopsies analyzed in 10 different diagnostic laboratories from our group
and estimated the percentage of mosaicism in these clinical TE biopsies.

 

Figure 1. Experimental design for the validation of PGT-A and PGT-SR. Phase I: (a) PGT-A validation
was divided in 3 experiments: (a) PGT-A for full aneuploidies, (b) PGT-A for mosaicism and, (c) PGT-A
for segmental aneuploidies ≥ 10Mb. Phase II: PGT-SR for small rearrangements Del/Dupl ≥ 6Mb.

To establish the algorithm’s ability to detect segmental aneuploidies ≥ 10 Mb, (c) pools (n = 48
samples) of 4–6 cells from six cell lines with Del/Dup ranging from 10 to 24 Mb were used.

Phase II experiments were designed to validate PGT-SR for imbalances ≥ 6 Mb in pools (n = 48) of
4–6 cells using four cell lines from carriers of segmental aneuploidies with sizes from 5.6 Mb to 7 Mb
(Figure 1). This protocol was optimized to increase resolution, as explained below.

2.2. NGS Protocol for PGT-A and PGT-SR

The NGS platform validated in this study was a semiautomated protocol using the Ion Chef™
equipment for library preparation and the S5 XL sequencer (ThermoFisher Scientific, Walthan,
MA, USA). Samples were tested in batches of 24 or 96 (520 and 530 chips, respectively) for PGT-A
and batches of 12 (520 chips) for PGT-SR (ThermoFisher Scientific). WGA and DNA barcoding
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were performed using the Ion ReproSeq PGS Kit (ThermoFisher), following the manufacturer´s
instructions. The amplified DNA was purified, quantified with the Qubit™ (Qubit dsDNA HS Assay
Kit ThermoFisher), and diluted to 80 pM before placing it in the Ion Chef™ equipment that automates
preparation of the library and templates as well as chip loading, significantly reducing the hands-on
time and interexperiment variability. The complete workflow from sample processing to reporting was
completed in 12–14 h depending on the number of samples processed simultaneously.

For PGT-SR, the original protocol was modified by doubling the number of reads per sample,
loading the 520 chips with half of the samples (12 instead of 24). Purification steps were improved to
increase DNA integrity, yield, and purity, allowing enrichment of the final library for fragments with
the optimum length for the sequencer to read and increasing the quality of the sequencing.

Quality parameters (QC) for both the entire run and individual samples were examined, with
the most critical run parameters being loading percentage, live Ion Sphere Particles (ISPs) percentage,
polyclonality and usable reads. The first factor impacting the average number of useful reads
is the loading of the run, which indicates the number of chip wells containing ISP (with DNA
(templated) or without (non-templated)). Templated ISPs, the ones that are sequenced, are termed
‘live’. Polyclonality refers to ISPs with more than one library template population (different DNA
fragments). Each ISP should have only one DNA population, hence reads from ISPs with polyclonality
are removed from analysis. The combination of these factors determines the usable read number, that
will be divided among all samples in the run. Acceptable values for a run were: ≥70% loading, >98%,
Live ISPs, <50% polyclonality, and >30% usable reads. For individual samples, the most important QC
parameters were: the number of reads (required to be >70,000 for PGT-A and >120,000 for PGT-SR),
the dispersion/noise of the profile as measured by the mean absolute percent deviation (MAPD)
(required to be <0.3), and the number of duplicates (required to be < 30%). A sample was considered
informative if these parameters were met.

2.3. Bioinformatics Analysis and Interpretation of Results

Phase I: PGT-A for uniform whole chromosome and segmental aneuploidies ≥ 10 Mb
and mosaicism

Sequencing data obtained by the S5 sequencer were processed and transferred to Ion Reporter
software for data analysis. This software uses the bioinformatic tool ReproSeq w1.1 workflow to detect
24-chromosome aneuploidies from a single whole-genome sample with low coverage (minimum 0.01×).
Normalization was done using the bioinformatics baseline ReproSeq Low-Coverage Whole-Genome
Baseline generated from multiple normal samples.

For all full/partial chromosomal regions detected by the software, we computed the difference
value (DV) parameter, defined as DV = SNMC + CNMP× EP, where:

- Sample Normalized Mean Coverage (SMNC) is the observed ratio of reads in the sample;
- Control Normalized Mean Coverage for 1 copy (CNMP1) is the expected ratio of reads for one

copy if the sample is normal;
- Expected Ploidy (EP) is the expected number of copies.

The DVs from all regions (positives for gains and negatives for losses) were used to establish
the mosaicism and ploidy cutoffs according to the median values obtained in the different experiments
that included uniform aneuploidy and different levels of mosaicism (0%, 30%, 50%, 70% or 100%).
Different thresholds were defined to classify four levels of aneuploidy: euploid (<30% aneuploid),
low-degree mosaicism (from 30 to <50% aneuploid), high-degree mosaicism (from 50 to <70%
aneuploid) and aneuploid (≥70% aneuploid). In the pipeline for the diagnosis algorithm, all run
and individual sample QC parameters were uploaded as well as the individual bam files, incorporating
the aneuploidy classification described above.
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After validation and development, the algorithm was verified by calculating the incidence of
mosaicism retrospectively in 14, 108 TE biopsies from 10 diagnostic laboratories (January–June 2019).
The difference among the laboratories was studied using ANOVA.

Phase II: PGT-SR for Del/Dup ≥ 6 Mb
The analysis of these of samples was subjected to small changes in the workflow of the bioinformatic

analysis. The confidence filter was lowered to increase sensitivity for smaller chromosome segments.

2.4. Evaluation of Efficiency, Concordance, Sensitivity and Specificity

To determine the efficiency of the protocols, the percentage of informative samples was determined
for each individual experiment. Sensitivity and specificity values were determined using only
the informative samples (those meeting QC criteria). Concordance rates per sample were estimated as
the percentage of samples showing the expected result according to the cell line karyotype. Sensitivity
was defined as the percentage of samples showing the expected aneuploidy for each cell line and was
calculated as True Positive ÷ (True Positive + False Negative). Specificity was defined as the probability
of diagnosing a sample as euploid when there is no aneuploidy and it was defined as True Negative ÷
(True Negative + False Positive).

3. Results

3.1. Phase I: PGT-A for Uniform Whole Aneuploidies, Mosaicism, and Segmental Aneuploidies (≥10 Mb)

For uniform whole-chromosome aneuploidies, 96 samples from 11 cell lines with known karyotype
(2 of them normal XX and XY) were analyzed in one 530 chip sequencing run. All uniform samples
met QC criteria and had perfect informativity and concordance rates (Table 1). The average of reads
per sample was 173,053 (87,767–374,809; SD = 67,485) and the MAPD (Median Absolute Pair-wise
Difference) that gives information about the noise of the profile was remarkable (0.17 (0.111–0.288;
SD = 0.038). Importantly, no false negatives or positives were identified; hence, both sensitivity
and specificity were 100%.

Table 1. Number of samples; informativity, and media of the quality parameters for all sample
categories used in the validations.

TEST Type of Sample
Total

Samples
Informativity

Concordance
Rates

Reads * MAPD * Duplicates

PGT-A

Uniform whole aneuploidies 96 100% (96/96) 100% (96/96) 173,053 0.170 10.00%

Segmentals (≥ 10 Mb) 48 98% (47/48) 100% (47/47) 126,780 0.194 9.60%

Mosaicism
(0%, 40%, 60%, 100%) 18 100% (18/18) 94.4% (17/18) 148,874 0.174 6.63%

PGT-SR
Small rearrangements

(≥ 6 Mb) 48 100% (48/48) 100% (48/48) 305,287 0.145 7.00%

* Mean of all samples for that category; MAPD: Median Absolute Pair-wise Difference

For segmental aneuploidies (Del/Dup ≥ 10 Mb), 48 samples from four cell lines were analyzed in
two 520 chip runs. Again, all samples passed QC, and informativity and concordance rates were high
as summarized in Table 1. On average, there were 126,780 reads (78,606–264,095; SD = 47,676) per
sample and an MAPD value of 0.194 (0.151–0.234; SD = 0.031). Sensitivity and specificity were 100%.

For determining thresholds for different degrees of mosaicism, 168 gDNA samples from 10
different cell lines were analyzed in one 530 chip and three 520 chips. Informativity was 99.4% (167/168),
mean number of reads 154,934 (75,598–290,805; SD = 38,562), and MAPD 0.180 (0.127–0.285; SD = 0.033).

Four categories were established: euploidy (<30% aneuploid cells), low degree mosaicism
(30–50%), high degree mosaicism (>50–70%), and aneuploidy (>70%). To classify samples in these
categories, we defined the thresholds of different degrees of mosaicism. These thresholds were
calculated using our cell line models to mimic different levels of mosaicism. The mean difference
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values for each category were 0.05 (SD = 0.04), 0.33 (SD = 0.08), 0.52 (SD = 0.09), 0.72 (SD = 0.12),
0.94 (SD = 0.08) for the 0%, 30%, 50%, 70%, and 100% categories, respectively. Figure 2A displays
the distributions and confidence intervals of the different CNV thresholds when considering all
chromosomes at different percentages of mosaicism (0%, 30%, 50%, 70% and 100%). The distribution
obtained using all chromosomes is very similar to the distribution obtained when each chromosome
was analyzed separately using the same method (Figure 2B).

Figure 2. (A) Difference values for all chromosomes by known percentage of mosaicism. (B) All samples
by selected chromosomes and proportion.

To check if our algorithm was correctly diagnosing percent mosaicism, 18 samples with different
percentages of mosaicism (40%, 60% and 100%) generated using two cell lines with trisomy in
chromosome 8 and 9 (GM00425 and NA09287, respectively) were analyzed. 100% of the samples
amplified correctly (18/18), and 94.4% (17/18) were correctly categorized; only one 40% mosaic sample
was mis-categorized as being high mosaic instead of low. All QC criteria were met (Table 1).

Finally, to estimate the percentage of mosaicism in TE biopsies, we applied the algorithm
retrospectively to 14, 108 TE biopsies analyzed in 10 different diagnostic laboratories from our group.
The overall percentage of mosaicism was 5%, with 3.66% (SD = 0.86) of samples classified as low-degree
mosaicism and 1.34% (SD= 0.36) samples as high-degree mosaicism. The differences among laboratories
were not significant (p < 0.05). These data are in concordance with previously reported percentages [21].

3.2. Phase II: PGT-SR

For these samples, the amplification rate was 100% (48/48). Samples were sequenced in four
520 chips, with only 12 samples per run. The average number of reads per sample was 305,287
(156,970–604,356; SD = 120,052) and the MAPD mean value was 0.145 (0.106–0.3; SD = 0.037).

All deletions were detected (48/48), including the smallest, setting the detection limit to 5.6 Mb
and making the concordance rate and sensitivity/specificity 100% (48/48) (Table 1).
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4. Discussion

In recent years, several sequencing platforms have been applied to PGT-A, and initial
publications [10–15] have highlighted the need for a proper validation of each platform, mostly
for mosaicism levels and resolution for de novo and inherited Del/Dup. Here, we describe an improved,
mostly automatized, fast, and accurate protocol for detecting whole uniform aneuploidies, de novo
Del/Dup (≥10 Mb), unbalanced Del/Dup up to 6 Mb in carriers of structural rearrangements, as well
as mosaic aneuploidies. A key advantage of NGS is that portions of the protocols can be automated
minimizing the contamination risk, mismatch of samples, time, and cost. In this study, introducing
automated library preparation with the Ion Chef™ increased the robustness and reproducibility of
the NGS protocol. To our knowledge, this is the first study to extensively validate a semiautomated
NGS protocol with the Ion Chef + S5 sequencer for PGT-A, PGT-SR (≥ 6 Mb), and mosaicism detection
using a proprietary algorithm.

To validate our PGT-A strategy for detecting whole uniform chromosome aneuploidies and large
Del/Dup, we used cell lines of known karyotypes. These cell lines have been utilized previously by
other groups to validate PGT-A with both aCGH and NGS techniques [1], but, to our knowledge,
our study was the most comprehensive regarding the number of different cell lines and different
chromosomes affected (14 chromosomes divided between nine cell lines for whole uniform chromosome
aneuploidy and six cell lines for large segmentals ≥ 10 Mb). Other authors, e.g., Kung et al. (2015) [1]
and Goodrich et al. (2017) [28], used six and four cell lines, respectively, and only for whole-chromosome
aneuploidies and without the benefit of the automation steps used in this study.

Our PGT-A protocol was highly effective at detecting segmentals (≥ 10 Mb) in pools of 5-6
cells, mimicking TE biopsy. In 100% of samples, we not only correctly determined whole uniform
chromosome aneuploidies, but also detected Del/Dup. These results are consistent with or improve
upon those obtained in previous works, e.g., the Fiorentino et al. (2014) study [29], where authors set
the size of de novo detectable segmentals to 14 Mb using the Illumina NGS platform.

Our protocol was also highly effective at predicting mosaicism. We established thresholds for
this using multiple mixtures of gDNA from cell lines with known karyotype, mimicking different
mosaic percentages. Other groups have used distinct strategies combining different numbers of
euploid and aneuploid individual cells [28,30]. Our gDNA approach allowed us to test mosaicism for
more chromosomes than commercial cell lines (eight in total) can test, covering potential variability
among chromosomes, since it is known that amplification can be biased by GC content [31]. Using
the sequencing information from our samples, we developed a proprietary algorithm allowing
the automated assignation of mosaic embryos to different categories, avoiding the subjectivity of both
the scientist performing the diagnosis and the laboratory where the analysis has taken place. For this,
we divided mosaic embryos into two categories: low and high. Such categorization is clinically
relevant since implantation and ongoing pregnancy rates after the transfer of mosaic embryos relates to
the degree of mosaicism, with low mosaic embryos exhibiting better implantation rates [17,20,24,32,33].
Nevertheless, euploid embryos should be chosen first for transfer, and the transfer of mosaic embryos
should be coupled with pre- and post-genetic counselling, including the option of a new IVF cycle if there
are no euploid embryos in the current cycle, to yield a better prognosis [34]. Segmental aneuploidies
which are not uniformly present in blastocysts and have low predictive value in IVF/PGT-A [35,36]
were not considered when determining mosaicism in embryos.

Our algorithm to detect mosaicism is robust even when considering samples from different
laboratories. We retrospectively analyzed the incidence of mosaicism in TE biopsies from 10 diagnostic
Igenomix laboratories, finding an average incidence of 5% (3.6% low and 1.4% high), with no significant
differences among laboratories, demonstrating the consistency of the algorithm. A wide range of
mosaicism has been reported by different authors, suggesting that mosaicism may be over-diagnosed
and highlighting the need to set thresholds for the degree of mosaicism that can be detected in a TE
biopsy based upon the background signal that can interfere with the interpretation of results [37].
Interestingly, the different percentages of mosaic embryos reported in the bibliography are linked with
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the cutoffs used [38]. Some laboratories broadly defined mosaicism as being between 20% and 80%
admixed aneuploid and euploid DNA and others, including us, used thresholds of 30% and 70%.
Using the 20–80% range detected mosaicism in up to 17% of embryos, whereas the 30–70% threshold
range decreased the mosaicism rate to 5%. Miscarriage rates are similar in both scenarios, indicating
the 20–80% range may overdiagnoses mosaicism [38].

Finally, our protocol was successfully modified to create the PGT-SR protocol for detecting smaller
Del/Dup (≥6 Mb). For this, we used four different cells lines with deletions in different chromosomes
and with different breakpoints to assay the robustness of the technique in dealing with different
chromosomal conditions. Other groups have reported the detection of deletions as small as 5 Mb
in embryos using a similar platform [39]. However, these samples were amplified twice, first with
Sureplex (Illumina, San Diego, CA, USA) and then during WGA, and therefore more DNA (100 g) than
seen in regular protocols was used to prepare the libraries [39]. In an additional study, the authors
reported automatic calling of deletions as small as 10 Mb but detected fragments around 5 Mb when
data were examined manually, during which subjectivity could alter the diagnosis [40]. Additionally,
the abovementioned studies all used TE biopsies not cell lines, likely contributing to the variation in
the fragment sizes detected.

5. Conclusions

Our study indicates that the NGS platform Ion Chef plus S5 sequencer from ThermoFisher is
a reliable tool for testing the chromosomal complement of preimplantation embryos, detecting whole
uniform aneuploidies, segmentals (≥10 Mb), small rearrangements (Del/Dup ≥ 6 Mb), and degree of
mosaicism. Part of the protocol is automated, remarkably reducing user error and the subjectivity
often seen in manual PGT-A evaluation. Our automated algorithm allows for accurate, unbiased,
and reproducible diagnoses for PGT-A and PGT-SR application. The next steps would be trying to
enhance the detection of small rearrangements by improving the resolution to 6 Mb and moreover, to
improve the accuracy of the diagnostic algorithm of mosaicism including data from the chromosomal
analysis of the products of conception and livebirths.
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Abstract: Preimplantation genetic testing (PGT) has evolved into a well-established alternative to
invasive prenatal diagnosis, even though genetic testing of single or few cells is quite challenging.
PGT-M is in theory available for any monogenic disorder for which the disease-causing locus has
been unequivocally identified. In practice, the list of indications for which PGT is allowed may vary
substantially from country to country, depending on PGT regulation. Technically, the switch from
multiplex PCR to robust generic workflows with whole genome amplification followed by SNP array
or NGS represents a major improvement of the last decade: the waiting time for the couples has been
substantially reduced since the customized preclinical workup can be omitted and the workload
for the laboratories has decreased. Another evolution is that the generic methods now allow for
concurrent analysis of PGT-M and PGT-A. As innovative algorithms are being developed and the cost
of sequencing continues to decline, the field of PGT moves forward to a sequencing-based, all-in-one
solution for PGT-M, PGT-SR, and PGT-A. This will generate a vast amount of complex genetic data
entailing new challenges for genetic counseling. In this review, we summarize the state-of-the-art for
PGT-M and reflect on its future.

Keywords: preimplantation genetic testing; monogenic disease; multiplex PCR; SNP array; NGS

1. Introduction

Preimplantation genetic testing (PGT) can be performed for monogenic disorders or single gene
defects (PGT-M), for chromosomal structural rearrangements (PGT-SR), and for aneuploidy detection
(PGT-A) [1]. PGT involves the biopsy of a single or few cells from in vitro fertilized embryos and
testing of the biopsied samples for genetic aberrations followed by the selective transfer of embryos
unaffected for the condition under study. Although genetic testing of single or few cells is challenging
and the overall procedure is quite complex, PGT has evolved from an experimental procedure in the
early 1990s to a well-established alternative to invasive prenatal diagnosis and possible therapeutic
termination of pregnancy. The first report on children born after PGT was published by Handyside and
colleagues in 1990, describing the use of PCR amplification for the detection of repetitive Y-sequences
for gender determination in families with X-linked diseases [2]. The single cell simplex PCR applied in
this earliest PGT-M approach was soon replaced by multiplex PCR testing, in which closely linked
informative short tandem repeat (STR) markers are co-amplified, with or without the pathogenic
variant amplicon. Single cell biopsy at day 3 followed by multiplex PCR became the method of choice
for the detection of monogenic disorders [3]. Biopsy at the blastocyst stage followed by genome-wide
technologies began to replace this gold-standard method over the last decade. The genome-wide
methods yield data on genotyping as well as on chromosome copy number, allowing for concurrent
analysis of PGT-M and PGT-A [4–8].

As PGT and especially PGT-M is technically complex, transport PGT was implemented, a procedure
in which embryo samples biopsied in a satellite IVF laboratory are transported to a genetics unit for
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testing. Transport PGT has the advantage that testing can be performed by experienced teams in
genetic laboratories specialized in single cell molecular diagnostics. Transport PGT is a service that
has expanded substantially, despite the challenges related to transport and collaborations over (long)
distances [9].

PGT guidelines and recommendations for good practice have been designed by several
international societies such as the PGD International Society (PGDIS), the American Society for
Reproductive Medicine (ASRM), and the European Society for Human Reproduction and Embryology
(ESHRE) PGT Consortium. The latter society has recently updated and extended four sets of
recommendations, covering guidance on the organization of PGT service as well as technical guidance
on embryo biopsy and genetic testing [9–12].

In this review, we present an overview of current PGT-M practice from patient inclusion to baby
follow-up and reflect on future developments.

2. Indications for PGT-M

The provision of PGT is legally restricted in many countries, yet, policies and regulations differ [13].
Some countries have quite restrictive laws with a clear line between acceptable and unacceptable
indications with specific mechanisms in place for delineating which indications are eligible for PGT.
For instance, the Human Fertilization and Embryology Authority oversees the acceptable use of PGT in
the UK. In France, l’Agence de la Biomédecine is charged with the regulation of PGT. In other countries,
the law is more liberal. A minority of countries have no government regulation. The USA, for example,
has no established restrictions on PGT practice and as such, PGT is also used for nonmedical reasons
such as social sexing [14]. A recent overview of regulatory frameworks in 43 European countries
shows only two countries where PGT is not allowed (Malta and Bosnia & Herzegovina) [15]. The main
concern raised from the dawn of PGT has been the fear for eugenics. Many countries have a legislation
banning any form of eugenic selection, allowing to select against high risk and serious disorders in
PGT-M and PGT-SR but excluding the selection or enhancement of non-pathological characteristics in
humans. PGT-A fails to meet the standard of a ‘high risk and serious disorder’ and is therefore not
permitted in 11 out of 43 European countries [15]. As the field is rapidly progressing, it is essential
to continue the scientific, ethical, and legal debate about embryo selection and to make amendments
when necessary. For instance, the implementation of preconception carrier screening is likely to bring
more requests for double or triple conditions, which may not all meet the ‘high risk and serious
disorder’ standard. It is clear that this should be balanced with thorough discussions and ethical
reflections [16]. PGT-M can in theory be offered for all (combinations of) monogenic disorders for
which the disease-causing loci have been unequivocally identified. These loci are nuclear (X-linked,
autosomal, dominantly or recessively inherited) or mitochondrial (maternally inherited) and involve
(likely) pathogenic genetic variant(s) (class 4–5) [17].

The requests can be for rare or for more common diseases. The more frequent indications for
which PGT-M are currently applied are cystic fibrosis and hereditary hemoglobinopathies for the
autosomal recessive disorders, and myotonic dystrophy type 1, neurofibromatosis, Huntington’s
disease, and hereditary cancer syndromes for the autosomal dominant disorders. For the X-linked
disorders, PGT is mainly carried out for Duchenne’s muscular dystrophy, hemophilia, and fragile X
syndrome (unpublished data from the ESHRE PGT consortium). The advantages of specific DNA
diagnosis over sexing for recessive X-linked disorders are twofold: healthy male embryos are not
discarded and female carrier embryos can be identified and possibly used for transfer, according to the
patient’s wishes and the center’s policy. PGT with sex selection for non-medical reasons such as family
balancing is prohibited in most countries.

Some special indications have raised further ethical concerns. For instance, Human Leucocyte
Antigen (HLA) matching of preimplantation embryos is an exceptional indication as it is not a
pathological condition. PGT is applied to select an embryo that is HLA compatible with an affected
sibling who will need a bone marrow transplantation in the future. Hematopoietic stem cells from
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the cord blood at birth or later from bone marrow of the PGT baby are used to transplant and cure
the affected sibling. HLA typing alone is carried out for couples having a child with an acquired
hematological malignancy, but mostly, HLA typing is combined with PGT for a monogenic disorder,
commonly immunodeficiencies and hemoglobinopathies [18]. The selection of HLA-matched embryos
has evoked many ethical debates. The possible instrumentalization of the child to be born is the main
issue raised in these discussions. As a result, the regulation of PGT and HLA matching varies in
different countries around the world. Local and national legislation usually allow the use of PGT to
avoid the transmission of diseases for which no treatment exists, but only a subset of frameworks is
permissive for PGT and HLA typing.

In families with a history of late-onset neurodegenerative disorders such as Huntington’s disease,
individuals at risk who want to avoid pre-symptomatic testing but wish for their own biological
unaffected children may opt for PGT with exclusion testing [19]. Exclusion testing recognizes the right
of the parent not to know whether they are themselves affected while enabling them to have children
not affected by the disease. Genetic implication counseling is a necessary part of the procedure [11].
Exclusion testing is indirect, based only on genetic markers, and involves the transfer of embryos
carrying the haplotype derived from the non-affected grandparent. Embryos which have inherited the
haplotype of the affected grandparent will be discarded as they have a 50% chance of being affected.
These embryos have as well a 50% chance of being healthy for the disease under study. This fact
together with the fact that about half of the couples will have an unnecessary IVF/PGT treatment
with exposure to side effects and risks for the female and embryo, may be considered unethical. PGT
with exclusion testing is therefore prohibited in some countries. The alternative with direct testing
and non-disclosure of the results is not recommended as it obligates extreme confidentiality and may
impose unethical behavior on the practitioners (for instance, fake embryo transfers) [20].

PGT for mitochondrial (mt) DNA pathogenic variants is offered in only few centers worldwide.
The majority of mitochondrial DNA (mtDNA) pathogenic variants implicated in diseases show
heteroplasmy, which is the co-existence of wildtype and pathogenic variant mtDNA in a single
cell. The mtDNA pathogenic variant load (proportion of pathogenic variant mtDNA) may vary
over time and differ from one cell type to another. Clinical symptoms manifest once a particular
pathogenic variant load threshold has been exceeded. Because of a genetic bottleneck during oogenesis,
the proportion of pathogenic variant mtDNA inherited from one generation to the next varies widely.
PGT can be applied to select for embryos with a mtDNA pathogenic variant load below the threshold
of clinical expression. It is an ethically difficult indication group as the approach reduces the risk for an
affected child rather than eliminating it and this requires case-by-case counseling [21].

3. Genetic and Reproductive Counseling—Preclinical Workup

Before starting a clinical cycle, extensive genetic and reproductive counseling is provided to the
prospective parent(s). Psychological support may be offered as well. Parents are asked to sign informed
consent and blood samples are collected for preclinical workup. For PGT-M this usually includes blood
samples and genetic reports from relevant first-degree family members. The preclinical reproductive
workup and ovarian stimulation is similar as for patients undergoing conventional IVF. The preclinical
genetic workup requires a conventional karyotype of both partners. This can be complemented by
screening tests for carriership of common genetic variants for cystic fibrosis, spinomuscular atrophy,
or hemoglobinopathies. In the near future, these individual screening tests will be most likely replaced
by extended carrier screening. Genetic reports should be available at the intake of a PGT request.
The preclinical genetic workup for the monogenic disorder depends on the test methodology (targeted
versus genome-wide testing) and the strategy (an indirect test based on genetic markers versus a direct
test including the detection of the pathogenic variant).
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4. IVF, Embryo Biopsy, Transfer, and Cryopreservation

4.1. IVF and Current Embryo Biopsy Methods

Fertilization by ICSI rather than regular IVF is recommended for PGT treatment, in order to
avoid contamination from remaining cumulus cells or residual sperm cells attached to the zona
pellucida. Certain PGT indications may be associated with reduced spermatogenesis, and present with
lowered fertilization rates. For instance, it has been known that the PKD1 and PKD2 genes underlying
autosomal dominant polycystic kidney disease (ADPKD) play a role in the male reproductive system.
Males affected with ADPKD may present with lower sperm motility and lower sperm concentration.
A recent study showed that fertilization rates and live birth delivery rates tended to be lower for couples
with the male partner affected with ADPKD, compared to couples with the female partner affected
with ADPKD, although the higher female age in the former group was a confounding factor [22].
In some centers, oocyte or embryo vitrification before biopsy is applied as a systematic approach to
accumulate a larger number of embryos for testing while in other cases it is applied as a rescue strategy
in a minority of cycles, when in need for rapid interventions to preserve fertility such as in cases of
cancer treatment [23–25].

Biopsy can be performed at different developmental stages. All present methods are invasive.
Biopsy of the first and second polar body (both are required for an accurate diagnosis) is currently
applied in only a minority of centers (unpublished data from the ESHRE PGT consortium of 2016
and 2017). An advantage is that the removal of polar bodies has no detrimental effect on embryonic
development, however the most important limitation is that only the maternal genetic contribution
can be evaluated.

Cleavage-stage embryo biopsy has been the gold-standard for many years. It implies zona
opening (mechanically, chemically, or by using laser energy) and blastomere removal, mainly by
aspiration, on day 3 of preimplantation development. Major disadvantages of day 3 biopsy are the
limited amount of DNA available for testing and the negative impact of the removal of embryonic
cells. It was shown that a two-cell removal at the cleavage stage harms embryonic development and
implantation potential more than the removal of one cell [26]. Therefore, the removal of a single cell at
the cleavage stage has been recommended. Cleavage-stage biopsy leaves sufficient time for genetic
analysis before fresh embryo transfer on day 5. If available, supernumerary genetically transferable
embryos can be cryopreserved for later use.

Blastocyst or trophectoderm (TE) biopsy is at present the most widely used technique [27].
Laser energy is used to open the zona pellucida, either on day 3/4 or on day 5. TE cells are aspirated
and excised with a laser from herniating blastocysts, or aspirated in combination with mechanical
dissection from blastocysts, usually on day 5/6. TE biopsy provides more cells (ideally five to eight
cells) for genetic analysis providing a better accuracy [28]. This embryonic stage is also considered
less sensitive to possible embryo damage as the inner cell mass from which the fetus originates is left
intact. A paired clinical trial showed that implantation rates of 50% in the nonbiopsied group were
diminished to 30% in the cleavage-stage biopsy group, while similar implantation rates were obtained
for the blastocyst-biopsy group versus the nonbiopsied group [29]. Another benefit of TE biopsy is the
lower level of chromosomal mosaicism at this stage as compared to the cleavage stage. The problem of
limited time for analysis in the case of a fresh embryo transfer at day 5/6 is overcome by vitrification
and embryo transfer in a deferred cycle.

4.2. Current Developments and Future Sampling Methods

An alternative method is morula-stage biopsy, performed on day 4, after artificial decompaction
using Ca/Mg-free medium [30]. This option is attractive as more cells are obtained compared with
cleavage-stage biopsy, cells are intact in contrast to TE biopsy where cells may be damaged and fresh
embryo transfer is still possible. A drawback is the inability to distinguish between inner cell mass
and TE cells. Whether or not the removal of several cells at day 4 has a negative impact on embryo

108



Genes 2020, 11, 871

development and implantation remains largely unknown. Irani and colleagues relied on morula biopsy
at day 6 for slowly developing embryos in order to enlarge the cohort of available embryos for testing.
Of note were findings of lower implantation and live birth rates as well as higher rates of complex
aneuploidy [31].

Another option is blastocentesis, which is the aspiration of blastocoel fluid (BF) containing
cell-free DNA (cfDNA) from the blastocoel cavity with a fine needle [32]. This procedure is considered
less invasive than TE biopsy and results in embryo collapse which is a manipulation applied in
routine vitrification practice to maximize embryo survival post-vitrification [33]. A true non-invasive
alternative is to rely on cfDNA present in the spent blastocyst medium (SBM) [34]. Several studies
showed that the karyotype concordance between blastocoel fluid samples and inner cell mass and/or
TE cells varied widely, indicating that genetic analysis following blastocentesis is insufficiently accurate
for clinical PGT-A/PGT-SR [35]. Moreover, the diagnostic efficiency was low with high amplification
failure rates, making blastocentesis also unsuitable for PGT-M.

Analysis of cfDNA of spent embryo culture medium collected at the blastocyst stage seems a
more promising sampling method. A recent study of Capalbo and colleagues compared blastocoel
fluid and spent culture medium samples with TE cells as template for PGT-M [35]. TE samples
showed 100% amplification and a high genotype concordance rate (99.8%). Blastocoel fluid samples
gave high amplification failure (72.6%) with low genotype concordance (13.3%). SBM samples
performed better with low amplification failure (10.3%) and an intermediate accordance rate of 59.5%.
The lower diagnostic accuracy rate was due to contamination derived from maternal DNA due to
incomplete oocyte denudation and from exogenous DNA present in supplements of culture media.
As contamination is a major risk factor for genetic misdiagnosis, it is necessary to further optimize
current protocols to favor embryo-specific analysis and allow discrimination between embryonic and
non-embryonic DNA. This will provide more reliable and accurate testing for PGT-M in the short-term.
Future research should also focus on the origin of the cell-free DNA to determine whether collected
samples reflect the real genetic status of the embryo [36]. Substituting the laser-based biopsy methods
by non-invasive sampling would definitely transform the field of PGT as it represents a safer option
for the embryo and it would make the overall treatment less expensive.

4.3. Embryo Transfer and Cryopreservation

More and more PGT centers carry out a single embryo transfer (SET), a policy that can be linked
with mechanisms of reimbursement and legislation, but also with the acknowledgement that SET is
associated with a safer clinical outcome for any ensuing pregnancy. The substitution of slow-freezing
by vitrification greatly contributed to the widespread use of SET. Vitrification has been shown to be
superior to slow-freezing in terms of survival rate for both cleavage-stage embryos and blastocysts [37].
The evidence overall indicates that clinical outcomes after elective frozen embryo transfer are equivalent
with the outcome after fresh embryo transfer for the general population (normo-ovulatory patients)
and prove even better for specific subgroups such as patients at high risk of ovarian hyperstimulation
syndrome (OHSS) [38].

The implementation of vitrification also changed the overall timeline of a PGT cycle. For many
years, embryo biopsy on day 3, and testing and embryo transfer on day 5/6 were carried out within
the timeframe of one cycle; the transfer was a ‘fresh embryo transfer’ and any surplus embryo
from that cycle was cryopreserved. An alternative timeline emerged for cases for which no fresh
embryo transfer was possible (high risk of OHSS or endometrium problems). During this freeze-all
strategy, all genetically suitable embryos are vitrified and transfer was scheduled in a later cycle.
Current comprehensive genetic testing is mostly linked with TE biopsy and a freeze-all strategy.
This enables a more efficient and cost-effective laboratory organization as the larger time windows
make it possible to pool and co-process samples of multiple patients. Once the genetic testing results
have been disclosed, only genetically suitable embryos remain cryopreserved.
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5. Diagnostic Methods

5.1. Early Methods of PGT-M

An overview of past, present, and future methods for PGT-M is summarized in Figure 1. At the
start of PGT-M in the early 1990s, single cell simplex PCR amplification was applied. From these earliest
approaches, contamination and allele drop out (ADO) surfaced as important issues that could lead to
misdiagnosis [39]. Contamination with extraneous DNA or carry-over from previous amplification
reactions was and still is a major problem, given the high number of amplification cycles that is required
to increase the minute amount of DNA. It can be minimized by taking rigorous prevention measures.
ADO originates from the unequal amplification of alleles present in a heterozygous sample (called
preferential amplification) to the point where an allele remains undetected. Control for ADO relies on
optimized methods for cell lysis and amplification and on sensitive methods for allele detection. By far,
the most important measure to control and detect ADO as well as contamination was the inclusion of
closely linked informative short tandem repeat (STR) markers in the PCR reaction. The co-amplification
of STR markers with or without the pathogenic variant amplicon(s) at the level of a single or few cells
yields a more accurate test and this so-called haplotyping approach has been the gold-standard for
over two decades [27,40]. A major limitation of this approach is that the development and validation
of a single cell multiplex PCR is labor intensive for the laboratory and couples face a long waiting time.

 

Figure 1. Overview of past, present, and future methods for PGT-M. The timeline is divided over past,
present, and future sections without precise timepoints and starts in the early 1990s with blastomere
biopsy and simplex PCR amplification for detection of the genetic variant in PGT-M. If the amplicon
did not generate a difference in fragment length, post-PCR reactions were applied to allow low- and
high-risk allele discrimination. These methods are currently still employed, for instance for detection
of (de novo) genetic variants following WGA and SNP array. The addition of STR markers flanking
the region of interest increased the accuracy of the PCR test: with every informative marker added,
the diagnosis is confirmed and contamination and ADO pitfalls can be detected. The use of commercial
PCR multiplex kits facilitated the development of single cell PCR reactions and duplex or triplex PCRs
became multiplexes of 10 or more amplicons. Single cell multiplex PCR has been the gold standard for
over two decades, alongside blastomere biopsy at day 3 and fresh embryo transfer on day 5/6. TE biopsy
is currently the norm for embryo biopsy and is linked with the freeze-all strategy. The substitution
of slow-freezing by vitrification greatly contributed to the widespread use of SET. WGA represents a
technical milestone. The method of single or few cell WGA followed by regular PCR of multiple STRs
with or without the genetic variant amplicon is a more universal method with a reduced
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workup as the adaptation/validation of PCR reactions to the level of single or few cells can be
omitted. The implementation of WGA followed by genome-wide SNP array or NGS represents a truly
generic method, making it possible to combine haplotyping results for PGT-M with genome-wide
chromosome copy number PGT-A data. Both platforms require a sample of a valid reference family
member for haplotyping. Genotype-based NGS is regarded as the most powerful platform for
future PGT as it will allow an all-in-one solution for direct genotyping and chromosome aberration
assessment. Whether TE biopsy will be replaced by non-invasive sampling methods for PGT in the
future requires further investigations. TA: targeted amplification: i.e., PCR-based amplification of
the region of interest, either the genetic variant and/or a genetic marker(s); WGA: whole genome
amplification: WGA products are used in downstream amplification reactions, either TA (regular
PCR) or via genome-wide platforms (SNP array or NGS); STR: short tandem repeat marker; SNP:
single nucleotide polymorphism marker; TE: trophectoderm; cfDNA: cell-free DNA; SET: single
embryo transfer.

5.2. Whole Genome Amplification Approaches

The implementation of single or few cell whole genome amplification (WGA) was a technical
improvement which stimulated the development of more generic approaches. The first WGA methods
were PCR-based and suffered from incomplete genome coverage and amplification bias. The use
of Taq DNA polymerase yielded an average fragment length of 400–500 bp (with a maximum size
of 3 kb) and introduced many DNA sequence errors [41]. A multiple displacement amplification
(MDA) method relying on isothermal strand displacement amplification was developed at the single
cell level more than a decade ago [41]. In a MDA reaction, random exonuclease-resistant primers
anneal to the denatured target DNA and a DNA polymerase with strand-displacement activity such
as Phi29 elongating the primers in an isothermal reaction at 30 ◦C. Additional priming events can
occur on each displaced strand leading to a network of branched DNA strands over 10 kb. Because of
the proofreading activity of the Phi29 polymerase, the error rate of MDA-based WGA is much lower
compared with Taq DNA polymerase-based methods, but the non-linear amplification yields over- or
under-representation of genomic regions [42]. Afterwards, WGA methods combining MDA and PCR
amplification were introduced. Both the Rubicon PicoPLEX and the MALBAC (Multiple Annealing and
Looping Based Amplification Cycles) protocol initiate with DNA fragmentation and a pre-amplification
MDA reaction using hybrid primers, followed by PCR [43,44].

None of the WGA methods are producing a true linear representation of the single or few cell
genome and the results vary in ADO, preferential amplification rate, coverage, and nucleotide copy
errors. As a consequence, a specific WGA method is chosen in function of the downstream application:
the Rubicon PicoPLEX protocol is currently the method of choice for the detection of chromosomal
copy number because of the reduced amplification bias while MDA is preferred for haplotyping
applications in case of monogenic disorders because of the better genome coverage and low error
rates [45–47]. Final data interpretation has to take into account bias and artefacts introduced from
WGA. Also artefacts from the cell cycle phase should be considered. Analysis of TE samples containing
cells in different cell cycle stages may overcome this problem while the WGA representation bias may
be partially filtered out by computational algorithms but can not be completely eliminated.

WGA followed by standard PCR reactions of a multitude of STR markers flanking the region(s) of
interest is simpler and requires a shorter validation, compared to single or few cell multiplex PCR [48].
WGA followed by genome-wide methods based on single nucleotide polymorphism (SNP) array or
next-generation sequencing (NGS), represents a truly comprehensive approach.

5.3. SNP Array for PGT-M

SNP arrays are high density oligo arrays containing up to several million probes, which allow
genotyping of hundreds of thousands of selected SNPs across all chromosomes in a single reaction.
SNPs are mostly biallelic, alleles are indicated as A and B and genotypes are homozygous AA or
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BB, or heterozygous AB. The commercially available SNP arrays use different methods for SNP
genotyping: hybridization to SNP allele-specific probes or single base extension reactions are often
applied [49]. The arrays are scanned and SNP genotypes are called based on the total fluorescence
and the ratio of hybridization intensities for A and B (allele frequencies) (for example AB is called
in case of similar intensities of an intermediate level). Targeted multiplex PCR and SNP array share
the same principle of linkage-based testing for PGT-M, but the SNP array workflow is much more
standardized and uniform, without the need for a locus-specific preclinical workup. This reduces the
laboratory workload and the waiting time for the couples substantially. A drawback of SNP arrays is
the high cost of equipment and consumables which seems to hamper their widespread clinical use.
The SNP array platform is especially powerful for double indications (for instance two monogenic
disorders or a monogenic disorder plus HLA matching) as whole genome haplotyping is accomplished
from a single data set. Haplotyping via SNP array can also be applied for balanced translocations or
inversions. Analysis reaches a high resolution and can distinguish normal from balanced translocation
carriers. The major requirements for SNP array application are that the chromosomal or monogenic
aberration(s) is/are inherited and relevant family samples are available for haplotyping.

Different SNP genotyping algorithms are available. Handyside and coworkers developed
karyomapping, a family-based computational phasing approach for reconstruction of SNP haplotypes
which flank the pathogenic variant(s) [5,50]. It is applicable for both SNP arrays and NGS.
The commercially available karyomapping algorithm uses discrete diploid SNP calls (assuming
AA, BB, AB, or No call as possible states for each SNP) together with basic Mendelian laws and requires
a close relative for phasing.

5.4. PGT-M for De Novo Pathogenic Variants

In case of a de novo pathogenic variant(s) or when relevant DNA samples of family members
cannot be obtained, it is necessary to include the genetic variant detection in the test strategy. This is
feasible in targeted—as well as in genome-wide—methods, but the validation step of the latter
methods is much easier. Many types of genetic variants can be detected by PCR supplemented with a
post-PCR reaction if necessary. Deletion or duplication variants of a few nucleotides can be detected
directly via fragment length difference. For single nucleotide substitutions, different strategies of allele
discrimination have been developed, e.g., minisequencing [51]. The direct detection of complex and/or
larger gene rearrangements has so far been difficult since the exact breakpoints of the rearrangement are
frequently unknown. High-resolution characterization of breakpoints located outside highly repetitive
regions is now achievable with long-read nanopore sequencing [52].

Since high-risk and low-risk haplotypes cannot be established during workup, segregation must
be determined and diagnosis can be obtained during the first PGT cycle(s), provided that sufficient
embryos are available with at least one embryo diagnosed as affected and with the pathogenic variant
consistently detected in the presence of the same parental haplotype.

5.5. SNP Array for Concurrent PGT-M and PGT-A

SNP array can allow for simultaneous analysis of PGT-M and PGT-A as both SNP genotype and
chromosome copy number info are obtained from the raw data set. As such, SNP arrays can reveal the
presence of aneuploidies, polyploidies, and uniparental disomy [53]. Two measures provide evidence
about the copy number state: the log R ratio (the log2 transformed value of the normalized intensity of
the SNP) and the B allele frequency (BAF, which is the signal intensity of the B allele over the total
signal intensity for a SNP). BAF values of 0, 0.5, and 1 represent a normal copy number (n = 2) but
aberrations will cause a decrease or increase of the total intensity and allele frequencies. SNP arrays at
the level of a single or few cells yield a lot of noise because of WGA pitfalls and therefore demand
particularly well-developed algorithms for data interpretation. Genotyping algorithms using discrete
diploid SNP calls such as karyomapping will yield errors across regions with copy number variations
(true or WGA-induced) and therefore have restrictions in the detection of copy number aberrations. So
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far, few well-developed algorithms providing an all-in-one solution for data interpretation have been
published. Some PGT centers rely on in-house developed extended or novel algorithms, to overcome
this limitation. For instance, haplarithmisis is a computational pipeline that primarily relies on
continuous BAFs and allows haplotype and copy number detection as well as determination of the
parental origin of the chromosomal anomaly [6].

The true clinical benefit of PGT-A remains a topic of discussion, neither is there a consensus about
adding PGT-A routinely to PGT-M cases, yet, concurrent PGT-A and PGT-M is increasingly regarded
as an acceptable option, since it does not entail additional procedures or higher risks for the couple or
future child.

5.6. NGS for Concurrent PGT-M and PGT-A

NGS involves DNA fragmentation and preparation of a library of templates using adapters
containing barcodes for a more affordable analysis with multiple samples in a single run. The single
molecule templates are then sequenced in parallel from one end or from both ends, either directly
(third-generation) or after prior clonal amplification (second-generation) and the sequence reads are
mapped to a reference genome. A crucial parameter is the genome coverage or read depth referring
to the number of reads that is found at a given genomic position. A relatively low average coverage
has been demonstrated as sufficient for accurate numerical chromosome analysis [54]. For monogenic
disorders, sequencing at high coverage is required, which at this time is still too expensive for routine
clinical applications at a whole-genome scale, and therefore, various strategies, aiming at affordable
and rapid protocols are being developed. These protocols often provide a tandem solution, combining
PGT-A with PGT-M, and can be classified in two groups, depending on whether sequencing data for
the monogenic locus are derived with a targeted or a genome-wide method.

The three approaches of targeted sequencing presented here are merely an illustration of the wide
range of possibilities. A more affordable solution is to increase the read depth across the site of the
pathogenic variant (minimum 100×) only. In one report, the pathogenic variant loci were captured in a
preamplification reaction with pathogenic variant specific primers while the concurrent inclusion of a
specially designed primer pool allowed for parallel aneuploidy screening via real-time quantitative
PCR [4]. The MARSALA method (mutated allele revealed by sequencing with aneuploidy and linkage
analyses) works in a similar way: an aliquot of MALBAC-based WGA products undergoes targeted
amplification and the mixture of WGA and targeted enriched templates is subsequently sequenced at
low depth (0.1–2×), yielding targeted SNP haplotyping results for PGT-M together with genome-wide
PGT-A data [55]. Chamayou and colleagues developed a universal strategy for concurrent PGT-M
for cystic fibrosis and PGT-A [56]. Part of the MDA-based WGA products undergo multiplex PCR
for coverage of the CFTR gene (pathogenic variants and SNPs), generating a targeted DNA library.
Another aliquot of the WGA products is processed for comprehensive chromosome analysis, generating
a genome-wide DNA library. Both DNA libraries are subsequently sequenced. In these three examples,
the targeted amplification is coupled with the need for a locus-specific preclinical workup.

Genome-wide NGS is regarded as the most powerful platform for future PGT, as it will offer
simultaneously genotype and chromosome copy number data with increased accuracy, reliability,
and resolution, allowing a generic protocol for monogenic disorders (including the detection of de novo
pathogenic variants and repeat expansions) and numerical and structural chromosomal aberrations
(including balanced rearrangements). As the current cost is too high, the main approach has been to
decrease the number of reads by reducing the complexity of the libraries. Some of these strategies are
listed below (non-exhaustive).

The OnePGT solution, commercialized by Agilent, is a NGS-based generic application for PGT-M,
PGT-SR, and PGT-A [8]. The method takes advantage of reduced-representation genome sequencing
in offering a single workflow, starting from MDA-based WGA and followed by library preparation
with double restriction enzyme digestion and enrichment for fragments in a specific range of length;
sequencing data interpretation relies on the haplarithmisis algorithm with concurrent chromosome
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copy number detection and SNP linkage-based haplotyping. The PGT-M module requires a minimum
of 1.6× coverage and cosequencing of samples from the parents and a valid reference family member.

Haploseek is another universal workflow offering an economical analysis of PGT-M and PGT-A
within a 24-hour protocol, starting from PicoPLEX-based WGA and genome-wide low coverage
sequencing (0.3–1.4×) [7]. The information of high quality whole genome haplotypes of the couple
and a reference obtained through SNP array is then integrated with the sample sequencing data and
a hidden Markov model is used to predict whether haplotypes of the samples are shared with the
reference or not.

In another NGS approach, a target enrichment gene panel with nearly 5000 Mendelian
disease-associated genes (TruSight One sequencing panel) was applied on MDA-based WGA products,
thereby offering direct testing of family pathogenic variant(s) plus indirect pathogenic variant detection
through haplotyping of SNPs together with chromosome copy number detection through the log ratio
of signal intensities, i.e., PGT-M and PGT-A together in a single workflow [57].

It is clear that the implementation of concurrent PGT-M and PGT-A offers further possibilities
but may also generate incidental findings and more complex genetic information which we currently
do not fully understand. This entails many ethical discussions and challenges for genetic counseling,
because we lack knowledge to support data interpretation.

6. Clinical Outcome

It is difficult to compare clinical outcomes between individual centers because of varying
factors such as maternal age, indication type, or differences in genetic testing and IVF procedures.
Proper benchmarking against consortia data is neither straightforward, since reports of large data
collections have been lagging. The most recent publication is about summary PGT data for 2015 from
the ESHRE European IVF-Monitoring Consortium. This data set, which had been collected from
23 countries, showed a pregnancy rate of 39.7% per fresh embryo transfer cycle and a rate of 41.0% per
frozen embryo transfer, over all PGT indications [58].

A high diagnostic efficiency is a prerequisite for any laboratory wishing to perform PGT as
this potentially increases the clinical outcome. This is particularly true for indications with limited
success rate a priori, such as for PGT-M with HLA typing where the chance of finding a genetically
compatible embryo was shown to be only 16% [59]. This yielded a live birth delivery rate of 30.3% per
transfer, showing that PGT with HLA typing is a valuable procedure where the high complexity and
limited delivery rate are balanced by the successful transplantation outcome and the positive impact
on families.

Apart from technical errors due to ADO and contamination, possible causes of misdiagnosis
involve human errors such as mislabeling or incorrect embryo transfer. The misdiagnosis rate as
published by the ESHRE PGT consortium is generally very low (<0.1%) [27]. The true misdiagnosis
rate is difficult to assess as many embryo transfers yield no pregnancy or birth and only a minority
of children have pre- or postnatal testing. PGT centers are encouraged to re-analyse part of the
non-transferred embryos to provide an in-house estimate of the misdiagnosis rate.

7. Children Follow-Up

It was hypothesized that assisted reproductive technologies, especially the more invasive
techniques like ICSI, would increase the risk for birth defects. Studies showed that IVF and ICSI are
associated with a small but statistically significant increase in congenital anomalies at birth, compared
with the general population [60,61]. No difference was observed between ICSI and IVF [62].

Follow-up data on children conceived after PGT with ICSI and embryo biopsy procedures are still
limited. Neonatal follow-up studies did not report a higher rate of major congenital malformations
after PGT when compared to IVF/ICSI [63–65]. The study from our center compared neonatal data
of 995 live born children after PGT with the outcome data of 1507 live born children after ICSI and
showed that embryo biopsy at cleavage stage did not add a significant risk to the overall medical
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condition of newborn children nor did it change the risk for major malformations [63]. These results
were in line with studies carried out in other centers using embryo biopsy at cleavage stage [64,65].
The recent retrospective study in which a cohort of 1,721 children born after PGT with blastocyst biopsy
and cryopreservation was compared with an IVF/ICSI control group showed no significant difference
in neonatal outcome, indicating that neither embryo biopsy at blastocyst stage nor cryopreservation
added further risk to the health of PGT children [66].

The follow-up of PGT children at a young age has been studied in smaller cohorts. Developmental
neurological and cognitive assessment and follow-up on psychomotor and social functioning
showed that PGT pre-schoolers were comparable with controls born after ICSI or after spontaneous
conception [67–70]. Another study on body composition and blood pressure showed no adverse
outcomes for 6-year-old children born after PGT (with day 3 embryo biopsy followed by blastocyst
transfer) compared to children born after ICSI without embryo biopsy [71]. In summary, the follow-up
results have so far been reassuring but further monitoring of the safety of PGT and the long-term
health of the children remains necessary.

8. Conclusions and Future Perspectives

Major advancements have been introduced in the area of PGT and assisted reproduction over the
years, making PGT a well-established, accurate, and safe clinical procedure. The implementation of
genome-wide methods has allowed more standardization and uniformity for the genetic laboratories.
However, additional genetic findings other than the requested genetic condition—such as chromosomal
mosaicism in embryos tested for a monogenic disorder— have posed new dilemmas for genetic
counseling and embryo transfer policy making. As the cost of sequencing continues to decline,
PGT moves technically towards a sequencing-based, all-in-one solution for PGT-M, PGT-SR, and PGT-A.
As there is more awareness among patients about the risks of transmitting genetic disorders and
since the number of diseases with identifiable genetic cause(s) continues to rise, the total number of
treatments as well as the list of indications for PGT is likely to expand. Whether the scope of PGT
indications will broaden in the future from diagnosis of monogenic disorders to also predicting the risk
of polygenic disorders (PGT-P) represents an emerging ethical challenge for PGT practice. It is clear that
the rapid technological advances should be balanced with ethical reflection and thorough discussions.
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Abstract: The development of novel genome editing tools has unlocked new opportunities that
were not previously possible in basic and biomedical research. During the last two decades, several
new genome editing methods have been developed that can be customized to modify specific
regions of the genome. However, in the past couple of years, many newer and more exciting
genome editing techniques have been developed that are more efficient, precise, and easier to use.
These genome editing tools have helped to improve our understanding of genetic disorders by
modeling them in cells and animal models, in addition to correcting the disease-causing mutations.
Among the genome editing tools, the clustered regularly interspaced short palindromic repeats
(CRISPR)/CRISPR-associated (Cas) system has proven to be the most popular one due to its versatility
and has been successfully used in a wide variety of laboratory animal models and plants. In this
review, we summarize the customizable nucleases currently used for genome editing and their uses
beyond the modification of genome. We also discuss the potential future applications of gene editing
tools for both basic research and clinical purposes.

Keywords: genome editing; genetic diseases; embryos

1. Introduction

The ability to precisely manipulate the genome revolutionized not only molecular biology, but also
opened several areas of biotechnology that are useful for research, agriculture, and medicine. Initial gene
targeting primarily depended on homologous recombination to insert exogenous DNA sequences in
the human cells [1]. The establishment of mouse embryonic stem (ES) cells led to the application of
homologous recombination in pluripotent cells to modify the genome and generation of genetically
engineered mice [2–4]. Initially, the efficiency of gene targeting using homologous recombination was
extremely low, which was solved to an extent by enriching the edited cells using the antibiotic selection
cassette. Interestingly, Russell and Hirata observed that recombinant adeno-associated virus (rAAV)
vectors with homology arms proved efficient in modifying the chromosomal target sequences [5].
The mechanism behind this observation is not entirely clear. However, the single-stranded DNA of
the AAV genome and higher transduction rates might be the reason for higher homology recombination.

Double-strand breaks (DSBs) on DNA are repaired using three different mechanisms, namely
non-homology end joining (NHEJ), microhomology-mediated end joining (MMEJ), and homologous
recombination (HR). Due to the nature of the repairs, NHEJ and HR are referred to as error-prone
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and error-free, respectively. NHEJ is active during all the cell cycle phases, whereas HR occurs only
during the S-G2 phase of the cell cycle. For this reason, NHEJ is active in all the cell types, both
dividing and non-dividing. During the repair of DSBs, the donor template with homology arms can
get inserted at the site of repair using homology-directed repair (HDR) and dramatically increases
the gene targeting efficiency [6]. Based on this method, rare cutting endonucleases such as the 18-bp
cutter I-SceI have been used to introduce DSBs to increase the gene targeting efficiency [7]. Despite
the presence of several natural meganucleases with unique recognition sites, the chances of finding
a cutting site at the desired location are low. Nevertheless, modifications to meganucleases allowed
some of the challenges to be overcome [8].

The discovery of customizable nucleases that can be programmed to induce DSBs at desired loci
on the genome dramatically increased the efficiency of homologous recombination, leading to another
revolution in gene editing with much broader implications in several different fields. This review
aims to provide an overview of the recent developments in and applications of engineered nucleases
that have helped lay the groundwork for their use not only for genome editing in various animal
models, but also to correct the genetic mutations in human cells for clinical use. We also discuss
the additional applications of genome editing tools in addition to modifying the genome, such as
modulating the expression of genes and live-cell imaging. Finally, we review the use of genome editing
tools in human embryos.

2. Customizable Nuclease

2.1. Zinc-Finger Nucleases (ZFNs)

ZFNs are a class of DNA-targeting components with two monomer subunits containing DNA-binding
and cleavage domains. Each monomer is composed of three zinc fingers, which recognize nine base pairs
and a Fokl endonuclease domain. The DNA-binding zinc fingers can be engineered to bind to specific
regions on the genome. Fokl is enzymatically active as a dimer; therefore, two ZFN subunits are designed
for each target sequence to facilitate the dimerization and cleavage [9]. The dimerization requirement
of Fokl and binding of fingers to the target sequence have increased ZFNs attractiveness as a tool for
introducing DSB at desired locations on the genome, which is mostly repaired by NHEJ pathway, resulting
in the disruption of the amino acid sequence and function of the gene [10,11]. ZFNs have been widely
used to create mutations in a wide variety of organisms, including, drosophila, zebrafish, mouse, rats,
sea urchins and frogs [11]. ZFNs have also been employed for therapeutic purposes, such as disrupting
the CCR5 gene to interrupt the expression of co-receptor and prevent HIV infection [12]. Moreover,
homologous recombination with donor template DNA at the target site has also been achieved in mice
and rat embryos [13,14]. However, gene targeting did not succeed in all the animals, such as zebrafish,
despite a high rate of DNA cleavage and mutagenesis, potentially due to differences in DNA repair
mechanisms [11]. ZFNs are smaller in size and are presumed to possess low immunogenic properties due
to their similarity to mammalian transcription factors. Nevertheless, the complexity and cost of designing
the domains are disadvantages of ZFNs.

2.2. Transcription Activator-Like Effector Nucleases (TALENs)

Similar to ZFNs, TALENs have a customizable DNA-binding domain and FokI nuclease domain.
The TALE-DNA-binding domain is composed of conserved repeats domains derived from transcription
activator-like effectors (TALEs) secreted by Xanthomonas bacteria to alter the transcription in host
cells [15]. Each TALE repeat binds to a specific single base of DNA, and the number of repeats
corresponds to the length of the target site. Two TALE repeats with target site binding domains fused
with the catalytic domain of FokI endonuclease are used to create a DSB. TALENs exhibit higher
specificity and efficiency than ZFNs. For this reason, TALENs have been widely used for genetic
manipulation in different organisms [16]. Additionally, two pairs of TALENs have been used on
the same chromosome to generate large deletions [17]. Moreover, TALENs have also been employed to
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introduce the donor sequences into the genome [18]. The single base pair recognition of TALE allows
greater flexibility in designing the TALENs; however, the repeat arrays of TALE presents a technical
challenge in cloning the identical sequences and also delivering in viral vectors. Additionally, the large
size and immunogenicity of TALENs limit their clinical applications.

2.3. CRISPR-Cas System

The clustered regularly interspaced short palindromic repeats (CRISPR)/CRISPR-associated 9
(Cas9) nuclease is a recently identified system in prokaryotes with adaptive immunity against viruses
and plasmids. Cas9 complexes with CRISPR RNA (crRNA) and trans-activating crRNA (tracrRNA) to
form an endonuclease that can recognize and cleave foreign genetic sequences. The DNA binding
occurs using a 20-base pair DNA sequence in the crRNA that complements the targeting region next to
protospacer adjacent motif (PAM) that triggers Cas9 to create DSB. During the repair of DSB, primarily
by NHEJ, small indels are created at the target site, which results in deletions, insertions or frameshift
mutations leading to loss of function of the gene. The sequence of crRNA can be replaced with
any synthetic target sequence without modifying the other components. The crRNA and tracrRNA
were fused to form a single chimeric RNA (sgRNA) and complexed with Cas9 to induce site-specific
DNA cleavage [19]. The applicability of CRISPR-Cas9 for genomic modifications was demonstrated
in human cells [20–23]. The replacement of only the targeting sequence in the RNA component
and higher targeting efficiency made the CRISPR-Cas9 an attractive genome editing tool. Moreover,
the simplicity in design and cloning facilitated the adoption of the system to various labs around
the globe. Notably, the size of the Cas9 nuclease also advantageously allowed the delivery of the system
in vivo using adeno-associated viruses (AAVs) [24–29]. Recently, additional Cas9 orthologues that
recognize different PAM sequences have been discovered [30]. The CRISPR-Cas9 has been widely
used for genetic modification in several different organisms, including plants [31,32]. Importantly,
the clinical potential of CRISPR-Cas9 to correct the genetic mutations that result in the manifestation
of the diseases is demonstrated in several different animal models [31]. However, the presence of
antibodies against certain types of Cas enzymes and a distinct cellular and molecular changes in
the host raise concerns [33–36]. Thus, large-scale screening for antibodies in different populations
and further studies in larger animals are required to reach a conclusion.

In an adult mammal, the majority of the cells in the body are post-mitotic, with a few exceptions like
cells in the liver. The classical HDR mechanism is generally inefficient in non-dividing cells, which limits
the possibility of performing a knock-in in these cells. We developed an NHEJ-based homology
independent strategy using CRISPR-Cas9, named homology-independent target integration (HITI),
for the integration of transgene in non-dividing cells [29,37]. Unlike the HDR-based CRISPR-Cas9
approach, the transgene that is integrated using the HITI method lacks homology regions but harbors
Cas9 cleavage sites similar to the targeting sequence on the genome. The cleavage by Cas9 creates
blunt ends on the transgene and at the targeting site, while the NHEJ pathway allows the integration
of transgenes during the repair of genomic DSB. As the NHEJ pathway is active during all cell cycle
phases, HITI opened the doors for targeted gene knock-in in non-dividing cells, including neurons
and muscle [29]. However, HITI cannot repair existing mutations; therefore, it is limited in its ability
to correct point or frameshift mutations. Recently, we developed another versatile knock-in method
called intracellular linearized single homology arm donor mediated intron targeting integration (SATI)
for gene knock-in in intronic regions using donor vector containing a single homology arm with a
Cas9 cleavage site [38]. SATI has a bipotential capacity to use HDR and NHEJ DSB repair machinery,
facilitating in targeting a broad range of mutations in different cell types. SATI was successfully
used for gene knock-in in vivo to correct a dominant point mutation that causes premature aging
in mice [38]. Similarly, several other gene-editing methods utilizing CRISPR-Cas9 and MMEJ were
developed during the last couple of years for both in vitro and in vivo application [37].

In addition to the use of CRISPR-Cas9 for gene deletion and insertion, Cas9 nickase and catalytically
deficient Cas9 (dCas9) are fused with deaminases for the conversion of single nucleotides. The cytosine
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base editor (CBE) is the first base editor developed that can convert C to T [39]. The commonly used
third-generation CBE consists of a cytidine deaminase (APOBEC1), Cas nickase, and a uracil glycosylase
inhibitor (UGI). In mammalian cells, an average of 37% permanent conversion at the target site is
reported [39]. Nishida et al. also reported another cytosine base editing system using cytidine deaminase
1 (CDA1) [40]. Later, adenine base editor (ABE) was developed by replacing the cytidine deaminase
with adenine deaminase (TadA) that can convert A to G [41]. The ABE comprises heterodimeric
proteins (wild-type non-catalytic TadA monomer and evolved TadA* monomer) and Cas9 nickase in
a single polypeptide chain. Base editors are successfully used in plants, zebrafish, mice and human
embryos [30]. Additionally, RNA base editors (RBE) are created by fusing nucleobase deaminase with
Cas13 protein to convert A to inosine (I) or C to uracil (U) in the targeted RNA [42].

Interestingly, three independent groups have recently reported the development of dual adenine
and cytosine base editors by combining both the deaminases with Cas9 nickase [43–45]. Using the dual
deaminase base editor, both A to G and C to T substitutions were achieved at the target site. The dual
deaminase base editors will offer new possibilities that were not possible with single-deaminase base
editors such as targeting multi-nucleotide variants and CA/TG-rich transcription factor binding sites [43].
Additionally, Zhao et al. developed glycosylase base editors that can cause C to A transversions in
bacteria and C to G transversions in mammalian cells [46]. The glycosylase base editors contain Cas9
nickase, a cytidine deaminase and uracil-DNA glycosylase. In mammalian cells, editing efficiency of
5–53% was observed.

Base editors do not generate DSBs and the chances of undesired changes such as indels are
low. However, the base editors sometimes show off-target specificity [47]. Moreover, the presence of
multiple C and A nucleotides close to the target base called “bystander base” can result in multiple base
conversions, which can affect the targeting efficiency of base editors. Notably, Arbab et al. reported
the creation of a machine learning model called BE-Hive using experimental data from more than
38,000 target sites in human and mouse cells [48]. This tool facilitates in predicting the base editing
efficiency at the target site, especially in the presence of bystander nucleotides.

Anzalone et al. reported a prime editing approach similar to base editors, where Cas9 nickase
was fused to an engineered reverse transcriptase, which is guided by a two-part guide RNAs termed
“search” and “replace”. The “search” guide localizes the Cas9 to target loci, where it cuts the DNA
and the “replace” guide sequence is used by reverse transcriptase to make complementary DNA
to integrate at the cut site [49]. Since most of the genetic diseases occur due to point mutations,
the therapeutic potential of base and prime editors for the treatment of human disorders is currently
being explored [50–52].

Interestingly, the CRISPR-Cas complex was also found to be encoded in a class of bacterial
Tn7-like transposons [53]. Due to the site-specific integration of Tn7 transposon downstream of
the conserved genomic sequence in Escherichia coli, researchers have hypothesized that transposon
encoded CRISPR-Cas promoted this process [53]. In a recent study, Klompe et al. demonstrated
how transposons have used the RNA-guided DNA targeting mechanism for site-specific integration
without the need of DSBs and homologous recombination [54]. The unique features of this system
might help to overcome the issues that arise from potential DSBs at off-target sites and the requirement
of a long-homology arm, which limits the size of the target sequence. However, the system has not
been tested in human cells and the efficiency of integration of template DNA at the target site remains
unknown [55].

In addition to the targeting of DNA, Cas9 is also directed to target the single-stranded RNA (ssRNA)
matching the guide RNA sequence when PAM is presented in trans as a separate DNA oligonucleotide
(PAMmers). The PAMmers were able to stimulate the Cas9 endonuclease activity on ssRNA, similar to
DNA cleavage [56]. This approach was used to eliminate the toxic microsatellite repeat expansion
RNA in myotonic dystrophy type 1 patient cells [57]. Later, a naturally existing CRISPR-Cas13
system with RNA-targeting endonuclease activity was discovered in bacteria. Cas13 has four family
members (Cas13a-d) and each demonstrates specific base preferences; for example, Cas13a requires a
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protospacer flanking sequence consisting of a single A, U or C base pair [58]. Moreover, Cas13 subtypes
differ in CRISPR RNA structure, direct repeat sequence and size. Although all exhibit promiscuous
ribonuclease activity upon target recognition, Cas13d RNA cleavage is observed only in bacteria
and not in the mammalian cells [59]. This unique characteristic of Cas13d allowed targeting RNAs in
mammalian cells [59,60].

3. Specificity and Off-Target Effects of Customizable Nucleases

The specificity of nucleases used for genome editing is one of the essential criteria for success in
both basic and translational research. The customizable nucleases are engineered to target the region
of interest on the genome using sequence information; however, the shorter-targeting sequence length
used for the identification and few mismatches might allow the binding of nucleases at off-target
sites. The concern of off-target applies to all the customizable nucleases in general. For therapeutic
use of nucleases, they need to demonstrate higher specificity, activity, and gene modification ability.
They should also be easier to deliver. Along this line, re-engineering strategies have been implemented
for Zinc finger proteins and TAL effectors to improve the targeting precision [61–63]. Since Zinc finger
nucleases and TALENs have been actively used for a long time, they demonstrate a long track record in
safety, including their use in patients for therapeutic purposes. Conversely, CRISPR is relatively new;
due to the simplicity in its design and ease of use, it is widely used, but we are still understanding
the specificity and repair outcomes [63]. In the initial studies using CRISPR-Cas9, depending on
the number of mismatches in the guide RNA, the rate of off-target effects were observed [20,64,65].
Later, a Cas9 nickase mutant paired with two guide RNAs was used to create DSBs, which led to
reduction of off-target effects by 50 to 1000-fold [66]. Similarly, base and prime editing approaches
can be a good alternative way to correct the disease-causing mutations without introducing DSBs
and thereby avoid unintended changes. Nevertheless, the development of advanced bioinformatics
tools and high-throughput sequencing methods will help in screening and identification of guide
RNAs that are specific and do not have any off-targets [67]. In addition, the use of cell- or tissue-specific
promoters to restrict the expression of CRISPR in combination with the local delivery, short-term
expression, and use of selective AAV serotype can also help to minimize the negative effects.

4. Applications of Customizable Nucleases

4.1. Modeling Genetic Diseases in Cells

The traditional approach of genetic modification in the cells is less efficient, especially in performing
targeted gene knockout or knock-in of fluorescent reporters. The customizable nucleases allowed
the generation of a variety of genetic modifications in mammalian cells to model diseases, including
cancer, metabolic and neurodegenerative diseases [68]. Stem cells are routinely used in the laboratories
as they can be differentiated to any cell type using a defined medium, but genome editing by homologous
recombination is less efficient and possesses limited use in the modeling diseases. The generation
of pluripotent stem cells from patient somatic cells by reprogramming opened the possibilities of
generating personalized induced pluripotent stem cells (iPSCs) [69]. iPSCs are routinely used to
generate disease causing mutations to mimic the disease phenotypes in cell culture, which aid in
understanding the cellular and molecular changes that occur during the disease progression [70].
Also, the engineered iPSCs can be differentiated to other cell types and used them for large-scale
drug screenings and CRISPR knockdown screenings to identify new gene networks that play a role
in disease progression or prevention. Moreover, pluripotent stem cells are widely used to generate
different types of organoids [71,72]. Interestingly, gene-editing tools are also used in the in vitro
organoid system to model human diseases to understand the etiology of the disease as well as for drug
screening [73]. Notably, the genetically engineered cells have been used to generate several different
types of organoids, including the brain, intestine, liver, kidney and lung [70].
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4.2. Correction of Disease-Causing Mutations

The correction of genetic mutations to treat human diseases has proven an exciting potential
application for the genome editing tools. In this line, ZFNs, TALENs, and the CRISPR-Cas system
have been used to correct mutations in cells in vitro and transplanting them back to the patients. ZFNs
have been successfully employed in mammalian cells to deliver the vectors expressing the ZFN-coding
sequences by transfection of DNA or infection with viruses [11]. The higher specificity and mutagenesis
rate of ZFN provides an advantage for therapeutic applications. ZFNs have been used to knock out
the CCR5 gene in T-cell precursor cells isolated from HIV patients to avoid the infection of HIV-1 [12].
Currently, clinical trials are ongoing that use this approach with modifications in the delivery of ZFNs
to T-cells and improvements in the engraftment of infused cells [74]., Moreover, the genetic mutation
that causes β-thalassemia and sickle cell disease in hematopoietic stem cells has been corrected using
ZFNs [75,76]. Similarly, TALENs are also used in chimeric antigen receptor (CAR) T-cell therapy,
where the T-cells are genetically modified to produce artificial receptors that recognize a specific protein
on the tumor cells. Many products based on TALEN-edited cells have begun clinical trials, especially
those focused on immuno-oncology [74].

Similar to ZFN and TALEN, T-cells have been genetically edited using CRISPR to knockdown
immune checkpoint inhibitor programmed cell death-1 (PD-1), which is upregulated during activation
of T-cells to reduce the autoimmune reaction and aid cancer cells in evading the immune system [77].
Moreover, CRISPR is also used to induce exon skipping of defective exons in Duchenne muscular
dystrophy (DMD), to inactivate faulty genes that lead to the manifestation of disease including
amyotrophic lateral sclerosis and Huntington disease, correct a genetic mutation that causes premature
aging and eliminate the entire chromosome in aneuploid stem cells [32,78,79]. Importantly, gene-editing
tools have already been used to correct the mutation in β-globin gene in patient hematopoietic stem
cells [31].

ZFNs and CRISPR-Cas9 have been used to edit the HIV-1 genome and block its expression in
T-cells, microglia and promonocytes [80–82]. CRISPR-Cas9 has been used to directly target and disrupt
the reverse-transcribed products of lentivirus RNA generated during their life cycle [83]. Although
the use of nucleases to edit the HIV-1 genome from human cells may not be considered a correction of
disease-causing mutations, the HIV-1 genome in the cells produces new viral particles that lead to
the development of acquired immune deficiency syndrome (AIDS).

The recent development of the NHEJ based genome-editing approach in non-dividing cells now
allows for correcting mutations that cover a wide range of diseases, including Parkinson’s disease
and amyotrophic lateral sclerosis. HITI was employed to correct a mutation that causes inherited
degenerative eye disease, retinitis pigmentosa, in rats [29]. Likewise, SATI was used to knock-in
a normal copy of Lmna and prevent the expression of mutated copy, which led to the extension of
the lifespan of progeria mice [38]. Furthermore, other NHEJ and CRISPR-Cas9 based approaches were
used to knock-in a normal copy of the gene to rescue diseases such as tyrosinemia type I in mice [37].
Notably, several clinical trials are ongoing using CRISPR for the treatment of genetic diseases, including
a blood disorder, eye disease and muscular dystrophy [31]. Likewise, CRISPR single-base editors
are now used for the correction of single-base mutations or to disable the expression of the mutant
gene [52]. Although CRISPR-based gene editing was identified recently, it has been tested in almost all
cell types.

4.3. Generation of Animal Models

The traditional approach for creating gene-edited animals requires a time-consuming method that
involves the use of modified ES cells. The generation of modified ES cells is a time and labor-intensive
process. Moreover, the low success rate of obtaining the founder mice with a higher contribution of
injected ES cells to the germline also hindered the process. Furthermore, the lack of ES cells for certain
animals, including rats, also limited the generation of genetically modified animals of different species.
However, the development of customizable nucleases has helped to overcome the need for ES cells by
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performing the gene modifications directly in the zygotes. ZFNs were the first nucleases widely used for
targeted mutagenesis and gene replacement, beginning with fruit fly and nematodes and progressing
to other organisms such as silkworm and zebrafish, by injecting the ZFN pair at the early stages
of zygote or embryo development. Notably, ZFNs opened the door to the possibility of creating
genetically modified rats, which was not possible with other approaches [84]. In mice and rats, ZFNs
have been able to induce both mono and biallelic gene disruption and homologous recombination with
donor DNA at the target site. Furthermore, the germ cells carried the modifications. Similar to ZFNs,
TALENs have been used to disrupt the expression of target genes in different animal models, including
mice, rats, frog, zebrafish, pig and fruit fly [16]. In most of these studies, a single TALEN pair was
used to create DSB to interrupt the function of the targeted gene. Moreover, to generate large deletions
or chromosomal inversions, two pairs of TALENs were used to target the same chromosome [85,86].
The higher genome editing efficiency of TALEN is also used for generating animal models that mimic
human diseases such as hypercholesterolemia.

Currently, the CRISPR-Cas system is the most favored customized nuclease and is widely used for
performing in vivo genetic modification. Importantly, the CRISPR-Cas system allows the possibility of
the simultaneous manipulation of several different genes, thereby dramatically reducing the amount
of time required for the generation of double- or triple- knockout animals [87]. Moreover, in
addition to mice, CRISPR has been successfully used in rats and other large animals, including dogs,
pigs and monkeys [88]. In addition to performing gene knockout in vivo, the CRISPR-Cas system is
also used to perform knock-in of reporters not only in dividing cells but also in non-dividing cells such
as neurons [29,37]. Likewise, CRISPR-Cas9 along with NHEJ and MHMEJ-based methods have been
used for transgene knock-in in mouse and monkey embryos [89]. Wang et al. reported the generation of
non-human model of Hutchinson-Gilford progeria syndrome (HGPS) in monkey embryos using base
editor to introduce C to T conversion in LMNA gene [90]. However, the microinjection of nucleases into
zygotes requires special equipment and skill, which are not always available in all labs. To solve this
problem, alternative methods are being developed, such as the injection of nucleases into the oviduct
of pregnant females, followed by in vivo electroporation to deliver the components into zygotes [91].

4.4. Targeting Mitochondrial Genome

Among the different nucleases, so far, ZFNs and TALENs are the only ones so far that have been
successfully used to target the mitochondrial genome. Unlike the nuclear genome, mitochondrial
DNA (mtDNA) is mostly maternally inherited. The number of mitochondria and mtDNA can vary
between different cell types and tissues. Moreover, multiple copies of mtDNA exist, ranging from a few
hundred to thousands in each cell based on their energy demand. The mutations in the mtDNA lead
to the degeneration of tissues and organs with high energy demand, including muscle and neurons,
resulting in the manifestation of mitochondrial disease phenotypes [92]. Due to a lack of an efficient
DNA repair mechanism in the mitochondria and the presence of multiple copies of both mutated
and non-mutated mtDNA, the strategy of selective elimination of mutated mtDNA and re-population of
normal mtDNA has been undertaken [93]. ZFNs and TALENs are localized into the mitochondria using
a mitochondria localization signal and they selectively degrade the mtDNA with the disease-causing
mutation in the cells obtained from mitochondrial disease patients [94–96]. Moreover, in a recent study,
both ZFN and TALENs were delivered in vivo to reduce the mtDNA with a disease-causing mutation
in muscle and heart and rescue the disease phenotypes in a mitochondrial disease mouse model [97,98].
Additionally, TALENs were also used in the mice embryos to target specific mitochondrial haplotypes
and prevent their transmission to the next generation [99].

However, the CRISPR-Cas system has not been reported to be successfully used for
targeting mtDNA. The major hurdle for the application of CRISPR-Cas system to mtDNA editing has
been the successful import of gRNAs into the mitochondrial matrix, partially due to the inefficient RNA
import mechanism present in the mitochondria of mammalian cells [100]. Although a few publications
report the use of CRISPR-Cas9 to target mtDNA, the results presented in the studies lack proper
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experimental evidence and have not yet been independently validated by other groups [101,102].
Interestingly, a new study reports a CRISPR-free mitochondrial base editing approach, which is
accomplished using an interbacterial cytidine deaminase toxin fused to TALE domains [103].
The cytidine deaminase was split into two halves to avoid the toxicity and is inactive until brought
together at the target site. Using this new approach, the CG to TA base conversions in mtDNA are
possible without the need of DSBs and five different genes on mtDNA were edited without any off-target
effects [103]. Though this approach is promising to introduce base changes in the mtDNA, a strong
preference for 5′-TC-3′ is reported, which dramatically limits the number of target regions. In fact,
only one mitochondrial mutation 8356T>C found in humans can fulfill this requirement. Nevertheless,
the modification of current cytidine deaminase may allow us to overcome this requirement. Currently,
we lack animal models for mitochondrial disease due to the inability to edit the mtDNA. However,
a CRISPR-free mitochondrial base editing approach can be used to generate animal models by
introducing pathogenic mutations in the mtDNA.

5. Applications Beyond Genome Editing

5.1. Epigenetic Modifications

Although initial applications of nucleases mostly focused on gene editing, they were quickly
redirected for other purposes, such as gene regulation. Zinc-fingers and TALEs were fused to
transcriptional activators, among the different activators, VP64 and p65 proved the strongest when
targeted upstream of the transcription start site and in promoter regions [104]. Similarly, the catalytic
inactive dCas9 was fused with different transcriptional activators, repressors, modifiers or fluorophores
to modulate the expression of the target gene by modifying the epigenetic status at the promoter
regions [30]. To repress the gene expression, dCas9 was fused with the transcription repressor
domain Krüppel-associated box (KRAB), which induces heterochromatin formation and changes in
chromatin structure. dCas9-KRAB has been shown to silence genes, non-coding RNA and proximal
and distal enhancer elements [30]. For gene activation, multiple transcription activation domains
were fused to dCas9 [105] or recruited using the dimerized MS2 bacteriophage coat proteins that
bind to the minimal hairpin aptamer on the gRNA tetraloop and stem-loop 2 [106]. Using this
approach, multiple genes were simultaneously activated at the same time for cellular reprogramming
of somatic cells to pluripotent state or direct differentiation of fibroblasts to neurons [30]. Furthermore,
other epigenetic modifications, such as the acetylation and methylation of DNA have also been
performed by fusing histone acetyltransferase p300 or catalytic domain of methylcytosine dioxygenase
TET1 to dCas9 [104]. Recently, a study achieved dose-dependent activation of genes was achieved
using CRISPR and chemical epigenetic modifiers that recruit endogenous chromatin machinery [107].

We have shown, for the first time in vivo, that Cas9 and transcription activation complexes can
be recruited to the target loci using modified guide RNAs to activate the expression of endogenous
genes [108]. Using this approach, we treated acute kidney disease, diabetes and muscular dystrophy
in mouse models [108]. Later, a transgenic mouse model expressing a modified dCas9 system was
used in vivo to activate multiple neurogenic endogenous genes to directly convert astrocytes into
functional neurons [109]. Recently, Matharu et al. delivered dCas9-VP64 using AAVs to rescue
the obesity phenotypes in a haploinsufficient mouse model [110]. Moreover, CRISPR-Cas12a was
fused to a transcriptional activation domain to enable multiplexed knockout and transcriptional
activation in vivo [111]. Similarly, the CRISPR system was also used to repress the expression of
genes in vivo. In the last few years, several studies have successfully delivered dCas9 fused with
different transcriptional repressors to reduce the expression of genes that play a role in reducing brain
function [112], lower circulating low-density lipoprotein (LDL) concentration [113], and to correct
retinitis pigmentosa phenotypes [114]. All these studies demonstrate the therapeutic potential of
CRISPR based epigenetic modifications in vivo in ameliorating disease phenotypes [115].
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5.2. Live Cell Genome Imaging and Large-Scale Genetic Screenings

Among the different repurposes, nucleases were also used for labeling specific regions of chromatin
using fluorescent proteins. Before the identification of CRISPR-Cas system, ZFN and TALE proteins
were used to recruit the fluorescent protein to the regions such as telomeres and centromeres for live
imaging in cells [116,117]. Higher targeting efficiencies of Cas9 and dCas9 have replaced the other
nucleases. Moreover, in another study, the improvement to the gRNA scaffold containing multiple
MS2 binding modules facilitated the increase of the fluorescent signal with as few as four gRNAs.
This improvement facilitated better labeling of low-repetitive and non-repetitive regions and tracking
of the transcriptionally active and inactive regions [118]. Among the different nucleases, CRISPR-Cas
system is the popular choice for performing high-throughput screens. Additionally, the CRISPR-Cas
system is also employed in large-scale functional screening using hundreds of gRNAs in the cells
and is efficient compared to the traditional short hairpin RNA (shRNA) system [119]. This approach
allows large-scale genetic screening in an unbiased way to understand the role of a gene on a specific
phenotype [106,120,121]. CRISPR-Cas system is also used to perform large-scale knockout screens
to identify causative drivers of cancer in a native tissue environment [122,123]. Notably, this type of
screen can be performed in a regular laboratory with access to cell culture, and no automated robotics
are required. However, it involves a significant amount of sequencing, data analysis, and validation of
data [124].

5.3. Use of CRISPR to Detect Nucleic Acids for Diagnostic Purposes

The use of CRISPR for molecular diagnosis has provided another exciting development during
the last couple of years. Initially, the promiscuous ribonuclease activity of Cas13a upon target
recognition of the surrounding RNA molecules was used to develop a molecular detection platform
termed specific high-sensitivity enzymatic reporter unlocking (SHERLOCK). This platform was used
for the detection of the Zika and Dengue viruses [125]. Moreover, a new version of SHERLOCK
(SHERLOCKv2) was developed that can simultaneously detect multiple targets in the same reaction
using different Cas enzymes and fluorescent reporters [126]. The SHERLOCK system was also shown to
identify single-nucleotide polymorphisms (SNPs) on the viral genome [127]. Similarly, Cas12a possesses
a non-specific cleavage of ssDNA molecules upon recognition of targeted sequence; using this feature,
a DNA detection platform termed DNA Endonuclease Targeted CRISPR Trans Reporter (DETECTR)
was developed [128]. Interestingly, both SHERLOCK and DETECTR approaches have been used for
the detection of SARS-CoV-2 from nasal swabs during the recent COVID19 pandemic [129]. Notably,
in the case of both the approaches, the results can be obtained in less than one hour and can be observed
on a lateral flow strip. Furthermore, SHERLOCK and DETECTR methods are specific and sensitive in
detecting the nucleic acids at low concentrations. These features make them ideal as care diagnostic
tools that can be deployed and used with minimal setup during pandemics such as COVID19.

Interestingly, the RNA targeting property of CRISPR was also tested to target the SARS-CoV-2
genome. A CRISPR-Cas13-based strategy, PAC-MAN (prophylactic antiviral CRISPR in human
cells), was shown to target and degrade RNA from SARS-CoV-2 sequences and H1N1 IAV load in
respiratory epithelial cells [130]. In this study, the PAC-MAN was tested in an in vitro setting; however,
the successful translation of this approach in vivo requires a non-viral delivery vehicle. Nanoparticles
can be used to deliver mRNAs encoding CasRx/gRNAs directly into the lungs in an aerosol format
using a nebulizer, are an ideal choice. Nevertheless, directly targeting the virus RNA genome is a
promising strategy to prevent viral replication without relying on the body’s immune system, which is
an important factor for patients with low immunity or older individuals that cannot fight the infection
and develop antibodies efficiently [131,132].
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6. Gene Editing in Human Embryos

Genetic mutations in the germline of parents are passed down to the next generation. Some of
the mutations can be lethal and affect embryo development that may lead to the early termination of
pregnancy. In some less severe cases, the mutation can lead to the development of disease later during
life. With the advancements in diagnosis and availability of cutting-edge medical interventions, it is
now possible to treat or prevent the progression of many diseases. However, we still lack effective
methods for treating the majority of the diseases caused by the genetic mutations inherited from
the parents, so the correction of these mutations in the early stage of embryo development has been
considered. Nevertheless, genome editing in somatic cells and germline differs greatly, not only in
terms of DNA repair mechanism, but also in long-term consequences. Genome editing in somatic
cells involves the modification of patient cells to cure a disease, which can be performed by isolating
the cells and transplanting them back after correcting the mutation. However, for germline editing,
the correction needs to be performed during the early stages of embryo development, and all the cells
from the embryo may carry the modification, including the germ cells, which will also impact the future
generations. Alternatively, it is possible that only some cells in the embryo undergo correction,
which can lead to the generation of a mosaic embryo.

In the last few years, several research groups have performed gene editing in human embryos. Until
now, more than seven different studies have been carried out using human embryos to test the cleavage
efficiency and off-targets using CRISPR-Cas system [133–136]. Interestingly, during the correction of a
pathogenic mutation in human embryos, DSBs have been repaired using endogenous HDR mechanism
and wild-type allele as a template, which differs from the HDR efficiency observed in pluripotent
stem cells [135]. In addition to the correction of pathogenic mutations, gene editing has also been
used performed in human embryos to understand the role of pluripotent transcription factor OCT4
during early embryogenesis [137]. Moreover, base editing technology has also been used in the human
embryos to correct pathogenic mutations [138,139]. Interestingly, better correction efficiency and higher
homozygotic nucleotide conversion with no overlapped mutations have been observed at two-cell
and four-cell human embryos compared to zygote [139].

Interestingly, the development of a long-term in vitro culture system for human embryos
(until 14 days) [140,141], opened up possibilities of culturing the gene-edited embryo to better
understand the early developmental problems. Moreover, pluripotent stem cells are now cultured
in vitro on different cellular matrices to allow them to self-organize and generate structures called
synthetic embryos that are similar to normal embryos and mimic the early developmental program
of natural embryos [142]. Recently, using a single stem cell type, extended pluripotent stem cells of
mouse origin, and a 3D-differentiation system has been used to generate blastocyst-like structures [143].
A similar approach is currently being refined to create synthetic embryos using human pluripotent
stem cells. We can foresee that in the near future, the synthetic embryos might help to replace the use
of natural human embryos for basic research purposes, especially for gene editing, to generate various
disease models. Notably, the successful generation of a synthetic human embryo can, to some extent,
avoid the ethical issues surrounding the use of human embryos for basic research purposes [144,145].

Until recently, the goal of genome editing in human embryos was intended to better
understand the efficacy of gene correction and early developmental problems without implanting
the edited embryos. However, to prevent HIV infection, one researcher in China to prevent HIV
infection attempted to modify the CCR5 gene in the human embryos that were later transferred to a
human resulting in the birth of twin babies. This controversial experiment reignited an international
debate on the necessity and ethical issues on genome editing in human embryos. Currently, in several
different countries, a moratorium exists on genome editing in human embryos for clinical purposes.
According to the guidelines developed by the National Academy of Science, clinical trials for heritable
genome editing can be permitted when performed adhering to the regulatory framework and fulfilling a
list of criteria that includes, among others things, the absence of reasonable alternatives, the prevention
of the transmission of serious disease, the restriction of the conversion of genes to the versions already
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prevalent in the population, plans for long-term and multigenerational follow-up, and oversight
to prevent the use for other purposes [146,147]. Reports from the World Health Organization
and International Commission on the Clinical Use of Human Germline Genome editing organized by
US National Academy are due later this year. In general, pre-implantation genetic diagnosis (PGD)
can be used to select un-mutated embryos free of mutation for implantation and avoid genome editing.
However, the selection-based approaches can be a challenge for families who produce a lower number
of embryos or when one of the partners carries a homozygous autosomal dominant mutation [148].

7. Future Perspectives

Customizable nucleases have opened new possibilities in the treatment of genetic mutations.
Promising results from in vitro experiments and animal models demonstrate the potential application
of CRISPR-Cas system in both basic research and clinical settings. However, before these nucleases can
be used in clinics, several improvements must be achieved, including more precise targeting efficiency,
lower off-targets, fewer unintended changes and a good delivery vehicle that can target a wide range
of tissues when delivered in vivo. Certainly, significant progress on these requirements has been made.
Notably, the repair efficiency has been improved by delivering Cas protein, and the availability of
different types of Cas nucleases isolated from other prokaryotes and nickases are used to avoid DSBs
and reduce the off-target activity [31]. Moreover, to prevent the unintended changes at the targeting
site during the correction, the intronic region upstream of the mutation site is targeted to perform
gene knock-in; this approach will offer greater flexibility in designing the gRNAs, and any additional
changes will potentially not affect the gene function [38]. Similarly, the use of delivery vehicles other
than viruses, including nanoparticles, are being tested to deliver the CRISPR-Cas system efficiently
and safely. Another factor that might affect the clinical use of CRISPR-Cas system is the pre-existing
antibodies against Cas proteins due to their bacterial origin, which could lead to inflammation
and lower stability of Cas proteins [31]. However, more evidence is needed to determine the minimal
levels of Cas protein that can activate the immune system. Together, these improvements will aid in
using the CRISPR-Cas system to correct the mutations in vivo and cure the genetic disease. Notably,
people with some genetic variants are more susceptible to the development of neurological disorders
and some cancers. Moreover, with age, the number of mutations in somatic cells increases dramatically,
and some of these mutations can lead to the development of cancer [149]. The availability of an
efficient CRISPR-Cas system might facilitate the modification of specific regions of the genome in
the future to prevent the development of diseases, for example, a variant of the gene that encodes for
less functional protein or familial mutation that can lead to the development of the neurodegenerative
disease. Moreover, the development of efficient genome editing tools, including the base editors
with high specificity and no off-target effects, will open the possibilities of using them in human
embryos to avoid the transmission of the disease-causing mutation. Similarly, the newly developed
CRISPR-free mitochondrial base editing approach promises tremendous potential in the future to
correct the pathogenic mutations in the mtDNA present in the unfertilized oocytes or embryos
and prevent the transmission of mitochondrial diseases to the next generation.

In addition to the application of customizable nucleases for gene editing, their use in modulating
the expression of the genes by changing the epigenetic marks on the promoters offers great potential.
Interestingly, genetic diseases are not only caused due to the mutations in a gene, but also due to
the lower expression of said genes that can affect the function of tissues and organs. Notably, during
aging, dysregulation of epigenetic marks leads to the decreased expression of several different genes that
are important for the normal function of cells and tissue, which eventually leads to the manifestation of
disease phenotypes [150–152]. Since customizable nucleases were shown to modulate the expression
of target gene without modifying the genomic sequences, they can be an attractive method in clinical
settings to treat various diseases. Notably, we have shown that the use of CRISPR-Cas system may
allow the activation of endogenous genes in vivo and reverse disease phenotypes [108]. In vivo gene
activation using a CRISPR-Cas system can also overcome several limitations posed by traditional gene
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therapy, including the size and number of transgenes that can be delivered. Age-associated disorders
are not caused due to dysregulation of a single gene or pathway, and in such cases, multiple genes
may need to be activated at the same time. For this reason, a multiplex system needs to be developed
in which several gRNAs can be simultaneously delivered to every cell and activate multiple genes
that will help to ameliorate the cellular hallmarks of aging and restore the function of the tissues.
Furthermore, the use of tissue or cell-specific promoters will help to restrict the expression of Cas
enzyme or gRNAs and prevent unintended gene activation in other tissues.

In conclusion, during the last couple of years, we have not only witnessed the discovery
and development of new genome editing approaches, but also their implementation to treat various
diseases. Currently, many clinical trials are underway that use the newly developed gene-editing tools,
and in the next few years, some of them will be eventually used in clinics not just for the treatments of
genetic diseases, but also to prevent or treat viral infections such as SARS-CoV-2.
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Abstract: Highly sensitive next-generation sequencing (NGS) platforms applied to preimplantation
genetic testing for aneuploidy (PGT-A) allow the classification of mosaicism in trophectoderm
biopsies. However, the incidence of mosaicism reported by these tests can be affected by a wide
number of analytical, biological, and clinical factors. With the use of a proprietary algorithm for
automated diagnosis of aneuploidy and mosaicism, we retrospectively analyzed a large series of
115,368 trophectoderm biopsies from 27,436 PGT-A cycles to determine whether certain biological
factors and in vitro fertilization (IVF) practices influence the incidence of overall aneuploidy, whole
uniform aneuploidy, mosaicism, and TE biopsies with only segmental aneuploidy. Older female and
male patients showed higher rates of high-mosaic degree and whole uniform aneuploidies and severe
oligozoospermic patients had higher rates of mosaicism and only segmental aneuploidies. Logistic
regression analysis identified a positive effect of female age but a negative effect of embryo vitrification
on the incidence of overall aneuploid embryos. Female age increased whole uniform aneuploidy
rates but decreased only segmental aneuploidy and mosaicism, mainly low-mosaics. Conversely,
higher ovarian response decreased whole uniform aneuploidy rates but increased only segmental
aneuploidies. Finally, embryo vitrification decreased whole uniform aneuploidy rates but increased
mosaicism, mainly low-mosaics, compared to PGT-A cycles with fresh oocytes. These results could
be useful for clinician’s management of the IVF cycles.

Keywords: PGT-A; NGS; aneuploidy; mosaicism; segmental; vitrification; ovarian response;
female age

1. Introduction

Current genetic analysis platforms used in preimplantation genetic testing for aneuploidy (PGT-A)
are highly sensitive and, when applied to trophectoderm embryo biopsies (TE), identify mosaicism
when not only euploid or aneuploid cells, but a combination of both are present in the TE biopsy.
Embryonic mosaicism is mitotic in origin and is caused by improper separation and segregation
of chromosomes during cell division [1]. Next-generation sequencing (NGS)-based platforms are
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most commonly used in PGT-A programs; however, differences in platform sensitivity and specificity,
the threshold established for data interpretation and the cut-offs applied for low-level mosaicism
classification affect the percentage of mosaicism reported among genetic laboratories and the number of
euploid embryos deemed suitable for transfer [2]. Other factors related to biopsy technique, the number
of cells biopsied, and the conditions surrounding the cell loading can also affect the results [3]. Studies
by Popovic et al. [4,5] on the inner cell mass (ICM) and TE analysis from aneuploid and mosaic embryos
suggest limitations in the accuracy of diagnosing mosaicism in PGT-A due to difficulty distinguishing
technical bias from biological mosaicism. As a result, the use of validated NGS platforms and the
development of algorithms to improve mosaicism diagnosis have become priorities for many genetic
laboratories [6–8].

Ovarian stimulation protocols during the IVF cycle can influence the incidence of euploid
embryos [9]. Additionally, the fertilization method [10] and conditions in the clinical IVF laboratory,
such as the embryo culture media, pH, oxygen, osmolality, temperature or plastics, are linked to
increased aneuploidy and mosaicism [3]. Accurate mosaicism determination describes incidences of
euploid/aneuploid mosaicism from 31% at the cleavage stage to 4–5% at the blastocyst stage [11,12].
Maternal age is a major influence on aneuploidy, but primarily related to incidence of uniform
aneuploidies. Isolated mosaicism may be independent of maternal age, but Rubio et al. [13] described
a slight decrease in mosaicism in women over 37 compared to younger patients. The same study,
however, did not observe an effect of the ovarian response and vitrification of oocytes on mosaicism
rate. Finally, the use of PGT-A in couples with compromised semen quality shows higher rates of
mosaic embryos with low sperm concentrations [14,15].

Since the first pregnancies reported by Greco in 2015 [16] transferring mosaic embryos after PGT-A
analysis, more clinicians are considering transfer in the absence of euploid embryos. Clinical outcomes
are poorest for high-mosaic compared to low-mosaic embryo transfers [17]; therefore, mosaic degree
classification is critical to the decision-making process for clinicians and patients. We evaluated the
distribution of euploid and aneuploid cells in a large series of 115,368 TE biopsies to assess whether
the distribution was affected by characteristics of the IVF cycle, including the indication to perform a
PGT-A cycle, the use of fresh or vitrified oocyte/embryos, the ovarian response, sperm concentration,
and maternal and paternal ages. Aneuploidies were analyzed considering uniform aneuploidies,
low- and high-degree mosaicism, and segmental aneuploidy. Logistic regression analysis identified
maternal age, ovarian response, and PGT-A cycles with vitrified embryos as the factors with the most
influence on aneuploidy.

2. Materials and Methods

2.1. Study Design

This was a retrospective observational study carried out between October 2018 and December 2019
that included TE embryo biopsies from PGT-A cycles analyzed in our laboratory subsidiaries (Igenomix,
Valencia, Spain). Every TE biopsy was classified as euploid or aneuploid. The aneuploidies observed
in the TE biopsies were distributed among four categories: (i) only segmental aneuploidy, when only
partial deletion/duplications were observed; (ii) low-mosaic, when one or two low-mosaic degree
aneuploidies without additional uniform or segmental aneuploidies were observed; (iii) high-mosaic,
when one or two high-mosaic degree aneuploidies or one low- and one high-mosaic degree aneuploidies
without additional uniform or segmental aneuploidies were observed; or (iv) whole uniform aneuploidy,
when at least one aneuploidy for a whole chromosome was observed in the TE biopsy, combined or
not combined with additional segmental or mosaic aneuploidies.

The distribution of euploid and aneuploid results within the four categories of aneuploidies
(whole uniform aneuploidy, low-mosaic, high-mosaic, and only segmental) were evaluated according
to the following characteristics of the IVF cycle: the indication to perform the PGT-A cycle, the origin
of the embryos, ovarian response, sperm count, and maternal and paternal age. Patients with altered
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karyotype, cycles with females aged ≥ 45 years at embryo biopsy, as well as ovum donation cycles
where excluded from analysis.

2.2. Study Population

The study included 115,368 day 5, 6, or 7 TE biopsies from 27,436 PGT-A cycles. Clinical indications
for PGT-A were: (1) advanced maternal age, ≥37 years old (AMA; n = 48,174 TE biopsies); (2) repetitive
implantation failure with ≥2 failures (RIF; n = 6742 TE biopsies); (3) recurrent pregnancy loss with ≥2
miscarriages (RPL; n = 5244 TE biopsies); (4) male factor infertility with impaired sperm parameters
and/or increase in the incidence of aneuploid sperm (MF; n = 6562 TE biopsies); (5) previous aneuploid
conception (PAC; n = 512 TE); (6) mixed causes (MIX; n = 2199 TE biopsies); or (7) aneuploidy
screening (AS; n = 45,935 TE biopsies). Female age in RIF, RPL, MF, PAC, MIX, and AS indications was
<37 years old.

Information on embryo origin was available in 34,346 (29.8%) of the embryos analyzed, distributed
as fresh oocyte origin (FO; n = 30,312 TE biopsies), vitrified oocyte origin (VO; n = 1649 TE biopsies),
and vitrified embryo origin (VE; n = 2385 TE biopsies). A total of 14,092 (12.2%) TE biopsies had
information regarding the ovarian response, considered as the total number of MII oocytes retrieved
in the IVF cycle. These were distributed as: (i) ≤5 MII oocytes (n = 1677); (ii) 6–10 MII oocytes
(n = 3302); (iii) 11–15 MII oocytes (n = 2646); (iv) 16–20 MII oocytes (n = 2373); and (v) >20 MII oocytes
(n = 4094). The sperm count of the samples used in IVF cycles was available for 8360 (7.3%) of the
TE biopsies analyzed, classified as: (i) normozoospermia with ≥15 × 106 sperm/mL (N; n = 6428);
(ii) moderate oligozoospermia between >5 × 106 and <15 × 106 sperm/mL (MO; n = 911); and (iii)
severe oligozoospermia with ≤5 × 106 sperm/mL (SO; n = 1021).

2.3. Next-Generation Sequencing of TE Biopsies

TE biopsies were performed on day 5, 6, or 7 of blastocyst growth. NGS analysis was conducted
using an Ion ReproSeqTMPGS kit for 24 chromosome aneuploidy screening (Thermo Fisher Scientific,
Waltham, MA, USA) and was performed on the Ion ChefTM and Ion S5 System instruments (Thermo
Fisher Scientific). Data were analyzed with Ion Reporter Software using the human genome build (hg19)
(Thermo Fisher Scientific). An internally validated algorithm was applied for automatic mosaicism
calling. Low mosaic degree was determined when the TE biopsy had 30% to <50% of aneuploidy
cells while a high mosaic degree was determined by 50% to <70% aneuploid cells. TE biopsies with
<30% aneuploid cells were classified as euploid and those with ≥70% were classified as uniform
aneuploid [13]. TE biopsies showing another uniform aneuploidy were not reported as mosaic but as
uniform aneuploid. Partial deletions/duplications were determined by >10 Mb.

2.4. Statistical Analyses

Univariant analysis using pairwise comparisons between pairs of proportions with correction
for multiple testing (based on Pearson’s Chi-squared test) was applied to evaluate the distribution of
embryo ploidy (euploid and aneuploid) and the category of aneuploidy (whole uniform aneuploidy,
only segmental aneuploidy, low-mosaic degree, or high-mosaic degree) according to the indication
to perform PGT-A (AMA, RIF, RPL, MF, PAC, MIX, or AS), the ovarian response (≤5 MII oocytes;
6–10 MII oocytes; 11–15 MII oocytes; 16–20 MII oocytes; >20 MII oocytes), the classification of sperm
count (N, MO, or SO) and the embryo origin (FO, VO, or VE). To evaluate the distribution of the four
categories of aneuploidies according to maternal and paternal age, a pairwise comparison between
means (± standard deviation, SD) with corrections for multiple testing (based on t-test) was used.

Multivariant analysis was performed in 4885 TE biopsies for which all variables were present
(4.4% of the informative embryos). A binary logistic regression model was applied to evaluate the
variables affecting embryo ploidy and the four categories of aneuploidies. Maternal and paternal age,
sperm concentration, and ovarian response defined as the number of mature oocytes retrieved (MII)
were considered as quantitative variables and the embryo origin and the indication for the PGT-A were
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considered qualitative variables in the model, considering FO for the embryo origin and AS for the
indication for the PGT-A as references. The odds ratio for each coefficient and the confidence interval
at 95% were computed in the case of a significant variable to analyze the effect of each parameter.

Statistical analysis was performed using R Free software (R Foundation for Statistical Computing,
Vienna, Austria) and GraphPad InStat v3.10 for Windows (GraphPad Software, Inc., San Diego, CA,
USA). Differences were considered statistically significant when p < 0.05, highly significant when
p < 0.01, and extremely significant when p < 0.001.

3. Results

We retrospectively analyzed 115,368 TE biopsies and 111,860 were informative. From the
informative TE biopsies, 46.1% were euploid and 53.9% were aneuploid, mainly due to whole
uniform aneuploidies (42.6%) followed by mosaicism (6.2%) and TE biopsies with only segmental
aneuploidies (5.1%) (Table 1). When analyzing the data per day of biopsy from day-5 to day-7,
the percentage of euploid TE biopsies decreased significantly (49.4% in day 5; 42.1% in day 6; 35.7%
in day 7; p < 0.0001) and the percentage of aneuploid embryos increased significantly (50.6% in day
5; 57.9% in day 6; 64.3% in day 7; p < 0.0001). The incidence of TE biopsies with whole uniform
aneuploidy increased significantly from day-5 to day-7 (39.5%, 46.5% and 52.8 in day-5, day-6 and
day-7, respectively; p < 0.0001). No significant differences in the percentage of TE biopsies with
mosaicism or only segmental aneuploidies were observed in different biopsy day.

Table 1. NGS results of 27,436 PGT-A cycles performed in TE biopsies.

TE Embryo Biopsy
TOTAL

Day 5 Day 6 Day 7

No. embryos analyzed 64,578 50,054 736 115,368
Mean female age (SD) 35.7 (4.6) j 36.3 (4.3) k 36.9 (4.1) l 36.0 (4.5)
Mean male age (SD) 38.5 (6.3) m 38.4 (6.1) n 39.2 (6.6) o 38.6 (6.2)

Informative embryos (%) 62,435 (96.7) 48,703 (97.3) 722 (98.1) 111,860 (97.0)
Euploid embryos (%) 30,819 (49.4) a 20,509 (42.1) b 258 (35.7) c 51,586 (46.1)

Aneuploid embryos (%) 31,616 (50.6) d 28,194 (57.9) e 464 (64.3) f 60,274 (53.9)
Whole uniform aneuploidy (%) 24,672 (39.5) g 22,638 (46.5) h 381 (52.8) i 47,691 (42.6)
Only segmental aneuploidy (%) 3187 (5.1) 2474 (5.1) 38 (5.3) 5699 (5.1)

Mosaic aneuploidy (%) 3757 (6.0) 3082 (6.3) 45 (6.2) 6884 (6.2)
Low-mosaic aneuploidy (%) 2439 (3.9) 1951 (4.0) 25 (3.5) 4415 (4.0)
High-mosaic aneuploidy (%) 1318 (2.1) 1131 (2.3) 20 (2.7) 2469 (2.2)

Note: a-b, a-c, d-e, d-f, g-h, g-i, j-k, j-l, k-l p < 0.0001; b-c, e-f, h-i p < 0.001; n-o p < 0.01; m-o p < 0.05; Fisher’s Exact test and
Welch’s t test.

3.1. Univariant Analysis

3.1.1. Maternal and Paternal Age

Euploid TE biopsies showed significantly lower mean female and male age compared to aneuploid
TE biopsies (34.8 ± 4.2 vs. 37.0 ± 4.4 for female, and 37.6 ± 6.0 vs. 39.4 ± 6.2 for male, respectively;
p < 0.0001). When considering the categories of aneuploidies, mean female age was similar in the
groups of euploid (34.8 ± 4.2) and low-mosaic degree (34.9 ± 4.2) TE biopsies and both were slightly
but significantly higher compared to only segmental aneuploidy TE biopsies (34.6 ± 2.2; p < 0.001) and
significantly lower compared to the high-mosaic degree (36.5 ± 4.3) and whole uniform aneuploid TE
biopsies (37.5 ± 4.2) (p < 0.0001) (Figure 1a). Mean paternal age was similar in the euploid (37.6 ± 6.0),
low-mosaic degree (37.8 ± 6.0), and only segmental aneuploidy (37.5 ± 6.0) TE biopsies and these were
significantly lower compared to the groups of high-mosaic degree (39.0 ± 6.1) and whole uniform
aneuploid (39.8 ± 6.1) TE biopsies (p < 0.0001) (Figure 1b). In summary, whole uniform aneuploidy had
the highest mean maternal and paternal age, significantly increased compared to the other categories
of aneuploid TE biopsies (p < 0.0001).
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Figure 1. Box plot distribution of mean maternal age (a) and mean paternal age (b) expressed in years
in the results categories of euploid, low-mosaic, high-mosaic, only segmental, and whole uniform
aneuploid TE biopsies.

3.1.2. Ovarian Response

Figure 2 shows the distribution of aneuploidies in TE biopsies according to the number of mature
oocytes (MII) retrieved. The percentage of aneuploid TE biopsies decreased progressively as the
number of MII oocytes increased. The percentage of whole uniform aneuploidies was significantly
higher in patients with less than 11 MII oocytes compared to patients with more than 11 MII oocytes
(p < 0.01). No significant differences in the percentage of TE biopsies with mosaicism or only segmental
aneuploidies were observed within the ovarian response.

Figure 2. Distribution of chromosomal abnormalities in TE biopsies (euploid, low-mosaic, high-mosaic,
only segmental, and whole uniform aneuploidy) according to categories of ovarian response considering
the number of mature oocytes retrieved (≤5 MII oocytes; 6–10 MII oocytes; 11–15 MII oocytes; 16–20 MII
oocytes; >20 MII oocytes). The mean number of embryos biopsied (SD) per case was 2.6 (1.9) for ≤5 MII
oocytes category, 3.4 (2.1) for 6–10 MII, 4.5 (2.9) for 11–15 MII, 4.8 (2.7) for 16–20 MII and 6.5 (3.9) for
>20 MII oocytes category.
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Mean maternal age was significantly higher in the group with ≤5 MII (38.9 ± 2.7) compared to
the other groups (38.1 ± 3.3 in 6–10 MII, 37.6 ± 3.5 in 11–15 MII, 38.0 ± 3.4 in 16–20 MII, 37.4 ± 3.8 in
>20 MII; p < 0.0001). The group with 6–10 MII compared to the group with 16–20 MI, and the group
with 11–15 MII compared to the group with >20 MII showed similar mean maternal ages.

3.1.3. Classification of Sperm Count

Analysis of TE biopsies considering patient sperm count showed significantly higher incidence of
aneuploid embryos in patients with N (63.8%) compared to patients with MO (57.6%, p < 0.001) and
SO (54.2%, p < 0.0001) (Figure 3). Mean maternal age was also significantly higher in the N group
(38.8 ± 3.1) compared to MO (37.4 ± 3.5) and SO (35.9 ± 3.8) (p < 0.001, among groups). The N group
showed significantly higher incidence of embryos with whole uniform aneuploidy (53.8%) compared
to MO (47.5%) and SO (41.5%) groups, p < 0.001. Although the percentage of embryos with mosaicism
(6.1% in N; 6.4% in MO; 7.9% in SO) and only segmental aneuploidy (3.9% in N; 3.7% in MO; 4.9% in
SO) was slightly increased in patients with SO, no statistical differences were observed among groups.
However, the incidence of embryos with aneuploidies due to mosaicism or only segmental instead of
uniform aneuploidy was significantly higher in the SO compared to the N group (12.7% vs. 10.0%,
respectively; p < 0.05).

Figure 3. Distribution of the percentages of chromosomal abnormalities in TE biopsies (euploid,
low-mosaic, high-mosaic, only segmental, and whole uniform aneuploidy) according to the classification
of sperm count (normozoospermia, with ≥15 × 106 sperm/mL; moderate oligozoospermia, between
>5 × 106 and <15 × 106 sperm/mL; severe oligozoospermia, with ≤5 × 106 sperm/mL). The mean
number of embryos biopsied (SD) per case was 4.6 (3.2) for N category, 5.2 (4.1) for MO and 5.1 (3.7) for
SO category.

3.1.4. Embryo Origin

Figure 4 shows the distribution of aneuploidies in TE biopsies according to embryo origin.
The percentage of euploid embryos was significantly higher in the VE group (46.5%) compared to FO
(41.3%) and VO (39.2%) groups, p < 0.0001. Comparing the four categories of aneuploidies, the VE
group showed significantly lower percentage of embryos with whole uniform aneuploidy (40.6%)
compared to FO (47.5%) and VO (48.7%) groups, p < 0.0001. The percentage of embryos with only
segmental aneuploidy was significantly higher in the VE groups (6.5%) compared to the FO group
(5.2%), p < 0.05. No differences were observed in the incidence of mosaic embryos among the three

146



Genes 2020, 11, 1151

groups (6.0%, 6.9% and 6.3% in FO, VO, and VE groups respectively, NS). The VO group had the
highest mean maternal age (38.7 ± 3.7), followed by the group of FO (36.6 ± 4.5), and the VE group
showed the lowest maternal age (35.7 ± 4.6) (p < 0.0001 among groups).

Figure 4. Distribution of the percentages of chromosomal abnormalities in TE biopsies (euploid,
low-mosaic, high-mosaic, only segmental, and whole uniform aneuploidy) according to the embryo
origin (fresh oocyte, vitrified oocyte, and vitrified embryo). The mean number of embryos biopsied
(SD) per case was 4.8 (3.3) for fresh oocyte category, 4.7 (3.4) for vitrified oocyte and 4.5 (3.5) for vitrified
embryo category.

3.1.5. Indication for PGT-A

PGT-A cycles with indication of AMA showed significantly lower percentage of euploid embryos
(32.1%) compared to cycles with indication of RIF (54.2%), RPL (53.9%), MF (56.7%), PAC (54.9%),
MIX (55.5%), and AS (56.8%), p < 0.0001 (Figure 5). Considering the four categories of aneuploidies
evaluated, AMA showed significantly higher percentage of embryos with whole uniform aneuploidy
(59.1%) compared to RIF (32.9%), RPL (32.5%), MF (29.6%), PAC (31.4%), MIX (31.5%), and AS
(30.4%), p < 0.0001. Moreover, the percentage of whole uniform aneuploidy in MF and AS cycles was
significantly lower than that observed in RIF and RPL cycles.

The percentage of embryos with only segmental aneuploidy was significantly lower in AMA
cycles (3.5%) compared to RIF (6.4%), RPL (6.4%), MF (7.0%), PAC (8.1%), MIX (6.3%), and AS (6.1%),
p < 0.0001, and significantly higher in MF compared to AS (p < 0.05). A similar trend was observed
for the overall incidence of mosaicism, which was significantly lower in AMA (5.4%) compared to
RIF (6.4%, p < 0.01), RPL (7.3%, p < 0.0001), MF (6.7%, p < 0.001), MIX (6.7%, <0.05%) and AS (6.7%,
p < 0.0001). The percentage of embryos with low-mosaic degree was significantly lower in AMA (2.9%)
compared to RIF (4.4%), RPL (5.1%), MF (4.7%), MIX (4.4%), and AS (5.7%) (p < 0.0001). However,
TE biopsies with high-mosaic degree were significantly increased in AMA compared to AS (2.4% vs.
2.0%, respectively; p < 0.001). Mean maternal age was 40.1 ± 1.7 in AMA, 33.0 ± 3.1 in RIF, 32.8 ± 3.4 in
RPL, 32.6 ± 3.6 in MF, 33.5 ± 2.9 in PAC, 33.1 ± 3.2 in MIX, and 33.1 ± 3.3 in AS.
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Figure 5. Distribution of the percentages of chromosomal abnormalities in TE biopsies (euploid,
low-mosaic, high-mosaic, only segmental, and whole uniform aneuploidy) according to the indication
for PGT-A (AMA: advanced maternal age ≥ 37 years; AS: aneuploidy screening; MF: male factor
infertility; MIX: mixed causes; PAC: previous aneuploid conception; RIF: repetitive implantation failure;
RPL: recurrent pregnancy loss). Female age was <37 years in AS, MF, MIX, PAC, RIF, and RPL groups.
The mean number of embryos biopsied (SD) per case was 4.4 (3.4) for AMA indication, 6.1 (6.6) for AS,
6.0 (3.7) for MF, 5.2 (3.6) for MIX, 5.1 (2.7) for PAC, 4.8 (3.5) for RIF and 5.4 (3.8) for RPL indication.

3.2. Multivariant Analysis

Female and male age, ovarian response, sperm count, embryo origin, and indication for PGT-A
were assessed to identify which could be an independent variable affecting the overall incidence of
aneuploidy and the different sub-categories (whole uniform aneuploidy, only segmental aneuploidy,
low-mosaic, and high-mosaic). Logistic regression analysis showed that the percentage of aneuploid
TE biopsies increased with female age (OR: 1.168, 95% CI 1.130–1.208, p < 0.0001), and decreased in
PGT_A cycles with vitrified embryos (OR: 0.488, 95% CI 0.315–0.754, p < 0.01). Among the different
types of aneuploidy, the percentage of whole uniform aneuploidy increased with female age (OR:
1.178, 95% CI 1.117–1.242, p < 0.0001). However, it decreased with higher ovarian response (OR:
0.991, 95% CI 0.985–0.998, p < 0.05) and in PGT-A cycles with vitrified embryos (OR: 0.416, 95% CI
0.213–0.862, p < 0.05). The percentage of TE biopsies with only segmental aneuploidy decreased when
the female age increased (OR: 0.816, 95% CI 0.851–0.965, p < 0.0001) and increased when the ovarian
response increased (OR: 1.011, 95% CI 0.995–1.012, p < 0.05). The percentage of mosaic TE biopsies
decreased when female age increased (OR: 0.906, 95% CI 0.851–0.965, p < 0.01) and increased in PGT-A
cycles with vitrified embryos (OR: 2.344, 95% CI 0.990–4.930, p < 0.05). Finally, analysis of the two
grades of mosaicism revealed that the percentage of embryos with low-mosaic degree decreased with
higher female age (OR: 0.884, 95% CI 0.817–0.958, p < 0.01) and increased in PGT-A cycles with vitrified
embryos (OR: 3.456, 95% CI 1.279–7.879, p < 0.01). The percentage of TE biopsies with high-mosaic
degree was not affected by any of the variables evaluated.
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4. Discussion

PGT-A results are influenced by many analytical and biological factors. Our laboratory uses
a proprietary algorithm for the automated diagnosis of aneuploidy and mosaicism in TE biopsies,
resulting in an objective and robust system to minimize variability in the diagnosis [8]. We have
mainly observed whole uniform aneuploidies, followed by mosaic aneuploidies and only segmental
aneuploidies. Interestingly, the incidence of aneuploid embryos significantly increased from day-5
to day-7 TE biopsies, due to the increase of whole uniform aneuploidy, whereas the incidence of
mosaic aneuploidy and only segmental aneuploidy remained constant regardless the day of biopsy.
The increased incidence of aneuploidies in day-7 TE biopsies can be related to the lower embryo
quality and significantly higher female age compared to day-5 and day-6 TE biopsies. However,
other factors may contribute to differences in the overall incidence of aneuploidy and the different
subtypes. To assess the influence of these other factors, we retrospectively analyzed our PGT-A results
to determine if certain biological factors and IVF practices have an effect on the incidence of overall
aneuploidy, whole uniform aneuploidy, mosaicism, and TE biopsies with only segmental aneuploidy.
Logistic regression analysis identified maternal age, ovarian response, and PGT-A cycles with vitrified
embryos as the factors with the most impact on aneuploidy determination.

Female age is one of the primary biological factors that influences infertility. The presence of meiotic
errors in oocytes increases with female age [18], which hinders successful pregnancies and makes
advanced maternal age the most common indication for PGT-A. We observed a significant increase
in aneuploidy with higher female age, mainly due to the increase of whole uniform aneuploidies.
Girardi et al. [19] recently described a predominant meiotic origin for whole-chromosome errors, which
justifies the increase in the percentage of this category of aneuploidy observed in our study. However,
for other types of chromosomal abnormalities, such as segmental aneuploidies and low-mosaic degree,
female age showed a negative correlation. Both could be considered as mitotic in origin [1,20]. In fact,
Girardi et al. [19] showed that 67.9% of the segmental aneuploidies from preimplantation embryos
had a mitotic origin, confirming previous publications [21,22]. Interestingly, mean maternal and
paternal age were higher in the group of TE biopsies with whole uniform aneuploidy and high-mosaic
degree compared to the group of TE biopsies with low-mosaic degree and only segmental aneuploidy.
Moreover, logistic regression analysis showed a significant decrease in low-mosaic degree with female
age, suggesting that this decrease is the main contributor to the overall decrease in mosaicism as female
age increases.

Regarding ovarian response, we observed a significant increase in the percentage of aneuploid
embryos with the decrease in the number of MII oocytes: 58.4% in PGT-A cycles with >20 MII
oocytes retrieved and 65.3% with ≤5 MII oocytes. This confirms a trend described in our previous
publication [13] where there was a decrease in aneuploidies in PGT-A cycles with >20 MII oocytes
(41.7%) compared to ≤5 MII oocytes (47.5%) without statistical significance. In contrast, a recent
publication in cycles with oocyte donation did not find an association between the proportion of
aneuploid embryos and the number of MII oocytes retrieved, although the absolute number of euploid
blastocysts was higher with higher oocyte number [9]. The nature of our population could explain
these differences when female age is a factor. Logistic regression analysis showed that the percentage
of aneuploid embryos increases with female age, but decreases with higher ovarian response, with a
stronger effect of maternal age than the ovarian response. In our population, there was a correlation
between female age and the ovarian response in which patients with ovarian response below 11 MII
oocytes were older than those with 11 or more MII oocytes. Female age is a risk factor for decreased
ovarian reserve [23], which explains the inverse effect that both variables exerted on the overall
aneuploidy rates of our population. In fact, we observed that the percentage of aneuploid embryos in
the group of 16–20 MII oocytes (62.1%) was similar to the group of low responders (65.3%). This finding
could be explained by the fact that female age in the group of 16–20 MII was similar to the female age
in the group of low responders and significantly higher than the group with more than 22 MII oocytes.
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Contrary to the effect of maternal age, ovarian response was positively correlated with the incidence of
TE biopsies with only segmental aneuploidies.

Vitrification of oocytes and embryos is a widespread practice in IVF laboratories, which allows
multiple possibilities in managing fertility treatment. The incidence of aneuploid embryos derived
from fresh or vitrified oocytes was similar in our study, confirming previous results from our group
and others [13,24]. Interestingly, we observed lower incidence of aneuploid embryos when TE biopsies
derived from vitrified embryos with a decrease in whole uniform aneuploidies and an increase in TE
biopsies with only segmental aneuploidies. Maternal age was lower in our group of patients using
vitrified embryos compared to fresh and vitrified oocytes. Lower maternal age could explain the lower
incidence of aneuploid embryos, but logistic regression analysis identified embryo vitrification as an
independent factor reducing the incidence of embryo aneuploidy and increasing the probability of
mosaicism mainly of low-mosaic degree.

The contribution of sperm to embryo aneuploidy is controversial. The incidence of mosaic and
chaotic patterns in cleavage stage embryos from oligozoospermic and azoospermic patients ranges
from 35% to 68% [25–32]. Although the incidence is lower at the blastocyst stage, two recent studies
described a higher rate of mosaic blastocysts in PGT-A cycles with male factor indication compared to
couples with normal sperm parameters, with the highest rate of mosaicism correlated with the severity
of male infertility [14,15]. We also observed an increase in mosaicism with a decrease in sperm count,
with the highest mosaicism rate in patients with severe oligozoospermia (7.9%) similar to the 7.7%
described by Tarozzi’s group and 10.9–15.6% described by Kharaman’s group [14,15]. Our group of
severe oligozoospermia had the highest incidence of TE biopsies with only segmental aneuploidy.
Interestingly, whereas whole chromosomal aneuploidies in TE biopsies are predominantly maternally
derived aneuploidies, segmental aneuploidies are mostly paternally derived [33]. Moreover, SNP
data in the same study showed 76.7% of mosaic segmental aneuploidies affecting paternally derived
aneuploidies. Our group previously described sperm count as the parameter primarily associated with
increased risk of sperm aneuploidies [34]. We also described a clear effect of specific sperm aneuploidies
on the chromosomal constitution of preimplantation embryos [32]. Moreover, the incidence of TE
biopsies with only segmental aneuploidy in male factor indication to perform PGT-A was significantly
increased compared to patients performing PGT-A without a specific clinical indication (aneuploidy
screening—AS). These results highlight male infertility as a factor influencing the risk of mosaicism
and segmental aneuploidies in preimplantation embryos. Nevertheless, neither the sperm count nor
the male factor as an indication for PGT-A were identified in the logistic regression analysis as factors
affecting aneuploidy rates. The low number of samples included in the logistic regression analysis for
sperm parameters (only 4.4% of the informative TE biopsies) could explain the differences observed in
the univariant analysis.

5. Conclusions

Female age is the most influential on the overall incidence of aneuploid embryos and mosaicism,
showing an inverse effect on both. While the incidence of aneuploid embryos increases, mainly due
to whole uniform aneuploidies, the incidence of mosaic embryos and only segmental aneuploidies
decrease with age. Other biological and IVF factors, such as the ovarian response and PGT-A cycles
with vitrified embryos also affect aneuploidy incidence, with an effect contrary to female age. While the
incidence of whole uniform aneuploid embryos decreases with the ovarian response and the use of
vitrified embryos, the incidence of only segmental aneuploidies increases with the ovarian response,
and the incidence of mosaicism increases with the use of vitrified embryos compared to fresh oocytes.
Considering the two grades of mosaicism, high mosaic degree is not affected by any of the variables
evaluated. However, the incidence of low-mosaic degree decreases with female age but increases in
PGT-A cycles with vitrified embryos.
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Abstract: It is estimated that around 10–15% of the population have problems achieving a pregnancy.
Assisted reproduction techniques implemented and enforced by personalized genomic medicine
have paved the way for millions of infertile patients to become parents. Nevertheless, having a
baby is just the first challenge to overcome in the reproductive journey, the most important is to
obtain a healthy baby free of any genetic condition that can be prevented. Prevention of congenital
anomalies throughout the lifespan of the patient must be a global health priority. Congenital
disorders can be defined as structural or functional anomalies that occur during intrauterine life
and can be identified prenatally, at birth, or sometimes may only be detected later during childhood.
It is considered a frequent group of disorders, affecting 3–6% of the population, and one of the
leading causes of morbidity and mortality. Congenital anomalies can represent up to 30–50% of
infant mortality in developed countries. Genetics plays a substantial role in the pathogenesis of
congenital anomalies. This becomes especially important in some ethnic communities or populations
where the incidence and levels of consanguinity are higher. The impact of genetic disorders
during childhood is high, representing 20–30% of all infant deaths and 11.1% of pediatric hospital
admissions. With these data, obtaining a precise genetic diagnosis is one of the main aspects of a
preventive medicine approach in developed countries. The field of reproductive health has changed
dramatically from traditional non-molecular visual microscope-based techniques (i.e., fluorescence in
situ hybridization (FISH) or G-banding karyotype), to the latest molecular high-throughput techniques
such as next-generation sequencing (NGS). Genome-wide technologies are applied along the different
stages of the reproductive health lifecycle from preconception carrier screening and pre-implantation
genetic testing, to prenatal and postnatal testing. The aim of this paper is to assess the new horizon
opened by technologies such as next-generation sequencing (NGS), in new strategies, as a genomic
precision diagnostic tool to understand the mechanisms underlying genetic conditions during the
“reproductive journey”.

Keywords: genetic testing; reproductive health; next-generation sequencing; whole exome
sequencing; perinatal care

1. Introduction

The odyssey of an infertile couple to become parents can be compared to the odyssey of those
parents who realize that their child has some type of problem or illness but there are no answers or
name for that “condition“. It can also be compared to adults that suffer from a genetic condition and
want to know what it is, how to deal with it and their reproductive options, embarking on a long,
emotionally draining and financially costly journey.

There is an indisputable advancement that the emergence of molecular genetic techniques, such as
next-generation sequencing (NGS), has allowed, which is to standardize pathways to achieve an accurate
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diagnosis. Genomic high-resolution and high-throughput technologies have opened new diagnostic
pathways, allowing a more personalized clinical management paired with new challenges, such as the
use, management and interpretation of generated databases needing great bioinformatic support.

2. The Reproductive Journey

2.1. First Stage: Pre-Conceptional Care

Increasingly often, more couples assess their reproductive potential without acknowledging the
reproductive roulette of the risk for an associated genetic disease (Figure 1). The growing knowledge
on the impact of genetic diseases in soon to become newborns, as well as the development of new
technologies, has led to an increase of the pre-conceptional care field. Nevertheless, genetics is not the
only area covered by pre-conceptional assessment. Genetic analysis can be implemented at any stage
of the reproductive journey, starting from preconception to detect genetic carriers of frequent diseases
like cystic fibrosis, hemophilia or fragile X syndrome, pre-implantation to ensure a chromosomal and
genetically normal embryo is transferred, decreasing the risk of monogenetic disease like Duchenne
muscular dystrophy, aneuploidies such as Down’s syndrome or structural diseases like DiGeorge’s
syndrome or Prader Willi syndrome. Genetic analysis is also useful for prenatal diagnosis of these
kinds of diseases, high-risk pregnancies and in case of spontaneous abortions, the analysis of the
products of conception. Lastly, it can be utilized to perform newborn screening of common and
actionable diseases, personalized genetic analyses such as single gene analysis for monogenic diseases
and genetic panels or whole exome sequencing for complex or clinically unspecific diseases (Figure 1).

The WHO (World Health Organization) defines preconception care as the provision of biomedical,
behavioral and social health interventions for women and couples before conception occurs. Its main
aim is to improve maternal and child health, in both the short and long term [1]. Preconception
counseling must cover all known barriers that may have a detrimental effect on fertility or pregnancy
which include:

• An evaluation of the overall well-being
• Medical history
• Surgical history
• Social and behavioral history
• Medication
• Occupational and education risks

There are many areas addressed by preconception care assessment including nutrition,
environmental conditions, toxic habits (i.e., tobacco and alcohol consumption), mental health and
genetic conditions. We are going to focus on the last one, genetic conditions.

Most genetic disorders that result in sterility or childhood death are caused by recessive mutations.
Nonetheless, these variants can cause devastating diseases like cystic fibrosis when the patient carries
both copies of the mutation. It is estimated that humans carry an average of one to two mutations per
person that can cause severe genetic disorders or prenatal death when two copies of the same mutation
are inherited [2]. This means that if two carriers of the same mutation have a child, it could be affected
by a genetic disease.

Currently, there are many genetic tests that assess the “mutational state” of a patient or a couple
to reduce the probability of having a baby with a genetic disorder. Genetic carriers screening based
on NGS test the existence of mutations causing a vast number of recessive genetic conditions in an
individual, that can be passed on to their offspring if the couple carries the mutation. Even though
the standard of practice is to offer carrier testing only to those individuals who have a strong family
history of a genetic disorder, or a history of genetic disorder in the partner and/or relatives of identified
carriers, only a minority of carrier couples are identified. These reduced indications for testing can
lead to children affected by recessive disorders with no known family or medical history [3].
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Figure 1. Reproductive journey vs. reproductive roulette: Genetic analysis can be implemented at any
stage of the reproductive journey, starting from preconception to detect genetic carriers of frequent
diseases, pre-implantation to ensure chromosomal and genetically normal embryos, prenatal diagnosis
and lastly, for newborn screening of common and actionable diseases. The reproductive roulette is a
term that aims to explain the unknown risk of having any form of genetic disease given the risk factors
of the parents or purely by chance. The possibility of reducing this probability can be done by an
adequate and directed genetic analysis or screening approaches.

Autosomal/X-linked recessive disorders are more frequent than autosomal/X-linked dominant
because the latter present a higher deleterious effect. The reproductive approach is different in these
cases because patients are not only carriers, but they also suffer the illness, and so are aware that they
can transmit the genetic condition to 50% of their offspring.

When it is known that an autosomal and/or dominant disease is present in a couple, preconception
counselling is crucial. During this process, we must evaluate the medical and family history to obtain
an accurate clinical diagnosis. From here, the next step will be to carry out the most appropriate genetic
analyses to identify the molecular cause of the disease, an essential requirement for any subsequent
family study, including prenatal and pre-implantation analyses.

2.2. Second Stage: Pre-Implantation Diagnosis

At this stage of the reproductive journey, it is useful to group together couples with known
reproductive problems (infertility, miscarriages, previously affected child . . . ) as well as those couples
that have never tried but know there is a genetic condition running in the family. Therefore, all of
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them could benefit from assisted reproduction techniques such as pre-implantation genetic testing for
monogenic diseases (PGT-M) and pre-implantation genetic testing for aneuploidies (PGT-A).

PGT-M allows us to detect embryos affected by a known monogenic that has been previously
detected in their parents. Molecular technologies used to perform the PGT-M test were several, for
example:

• Multiplex PCR (Polymerase Chain Reaction): Multiplex PCR uses targeted primers designed
specifically for the mutation of interest combined with other markers for linked short tandem
repeat (STR) markers.

• Whole-genome amplification (WGA).
• Karyomapping: High-density SNP (Single Nucleotide Polymorphism) array that allows evaluation

of DNA haplotypes).
• Sanger sequencing.
• Multiplex Ligation-dependent Probe Amplification (MLPA) [4].

Besides genetic disorders caused by gene mutations/variations, other genetic conditions can have
an impact on fertility, pregnancy, parents and newborns: the so-called chromosomal disorders.

As women age, their fertility declines and there is an increased risk of numerical and structural
chromosomal abnormalities, which can lead to implantation failure, early pregnancy loss, greater
risk of congenital birth defects or severe chromosomal congenital diseases such as Down’s and Patau
syndromes. Aneuploidy ranks as the most common genetic abnormality accounting for approximately
50% of miscarriages. More than half of the embryos produced by in vitro fertilization (IVF) are
aneuploid [5].

The process of detecting numeric or structural chromosomal abnormalities for the purpose of
embryo selection is generally referred to as pre-implantation genetic testing for aneuploidies (PGT-A),
introduced in the 2000s to increase implantation and pregnancy rates, decrease miscarriage rates
and the risk of aneuploid offspring, as well as decrease the time to conceive [4,6,7]. Early PGT-A
utilized fluorescence in situ hybridization (FISH) screening. However, data from several studies
questioned the efficiency of FISH screening [8–11], which is restricted due to the limited panel of
chromosomes that it is able to analyze. In recent years, PGT-A using FISH screening has been initially
replaced by comprehensive approaches, including comparative genomic hybridization arrays (CGH)
or single nucleotide polymorphism microarrays, and more recently, by next-generation sequencing
(NGS)-based techniques.

Currently, embryo biopsy is required for PGT-A testing. In the event of a poor blastocyst quality at
biopsy, new effective approaches involving the sequencing of cfDNA (cell free DNA) secreted into the
culture medium from the human blastocyst have been developed. In addition, PGT-A could mitigate
the potential adverse effects associated with embryo biopsy [12,13].

Aside from the assessment of the embryo´s mutational/chromosomal status, additional genetic
tests assessing fertility, based on high-throughput techniques such as NGS, are beyond the scope of an
ordinary clinical practice to increase the reproductive chances of a couple, i.e., endometrial receptivity
analysis and more recently, endometrial microbiome test [14,15].

2.3. Third Stage: Prenatal Diagnostis

Prenatal screening is the risk estimation of fetal aneuploidies based on high-resolution ultrasound
scans, in order to assess ultrasonographic markers including nuchal translucency, combined with
biochemical determinations in maternal blood samples of free beta-subunit of human chorionic
gonadotropin (fβ-hCG) and pregnancy-associated plasma protein-A (PAPP-A) in the first trimester,
and the alpha-fetoprotein (AFP) and beta-human chorionic gonadotropin (βhCG) in the second
trimester [15]. If this risk of congenital defect is high, invasive procedures such as chorionic villus
sampling (CVS) or amniocentesis are recommended [16]. Fetal chromosomal assessment traditionally
performed using Giemsa banding (G-banding) on cultured cells in metaphase is considered as the
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gold standard detection method [17,18]. Although the accuracy and reliability of this technique is very
high, 99.4–99.8% and 97.5–99.6% for amniocentesis and CV respectively [19], there are considerable
disadvantages that must be highlighted: prenatal tissue must be cultured for several days to obtain
metaphase nuclei prior to analysis, increasing maternal anxiety and the risk of fetal loss up to 0.5–2%
due to an invasive technique used for fetal tissue extraction (i.e., amniocentesis to obtain amniotic fluid).

Currently, a rapid noninvasive prenatal test for the most common aneuploidies in the live newborn
(i.e., Down or Turner syndrome) can be performed by sequencing fetal DNA present in maternal
blood. The genomics-based non-invasive prenatal test (NIPT) could be considered as a candidate to
replace the conventional karyotype as a first-tier test in unselected populations of pregnant women
undergoing aneuploidy screening or as a second-tier test in pregnant women considered to be high
risk after first-tier screening for common fetal aneuploidies [20].

Despite that cytogenetic conventional karyotype has been considered the gold standard for
chromosomal assessment, new molecular microarray-based genomic copy-number techniques like
chromosomal microarray (CMA) present some advantages.

The resolution of chromosomal analysis by karyotyping is limited to 5–10 Mb in size [21].
Most chromosomal anomalies identified in early pregnancy are aneuploidies, which are detected using
conventional karyotyping. CMA resolution is higher than karyotype, therefore offering additional
diagnostic benefits by revealing sub-microscopic imbalances or copy-number variations (CNV)
that are too small to be detected using a standard G-banded chromosome preparation. Clinically
significant copy-number variations not identifiable by standard karyotyping occur in 1–1.7% of routine
pregnancies [22]. Most of these CNVs are responsible for:

• A variety of phenotypes.
• Multiple malformations.
• Congenital anomalies.
• Intellectual disabilities.
• Developmental delay.
• Epilepsy.
• Cerebral palsy.
• Neuropsychiatric disorders [23].

Alternatively, there are trade-offs, however, DNA extraction needed for prenatal purposes in order
to perform a CMA still requires invasive techniques such as amniocentesis or chorionic villus sampling.
Furthermore, a high resolution increases the probability of incidental findings of unknown clinical
significance that, in turn, add a level of complexity to the genetic counselling as well as parent anxiety.
We must take into consideration that CMA does not detect polyploidies or balanced rearrangements.
In the vast majority of cases, the presence of a balanced rearrangement does not imply major clinical
significance for the ongoing pregnancies, but there are still reproductive ramifications for future
pregnancies if one of the parents is a carrier [24].

Although aneuploidies are the most frequent genetic alteration during the prenatal stage, as well as
one of the main genetic causes of congenital defects (10–15%), monogenic alterations are of considerable
importance throughout this stage, reaching up to 10% of the congenital defects.

Some of the clinical features of these monogenic disorders, especially those associated with
syndromic forms, can be identified throughout pregnancy by ultrasonography analyses. In these
cases, and depending on the clinical impression, specific tests can be used to analyze certain genes or
variants, as well as more complex and nonspecific technologies, such as CMA, NGS gene panels or
whole exome sequencing (WES), when a precise clinical guidance is not possible. In any case, when an
ultrasound finding is detected during pregnancy, that pregnancy is labelled as high risk for a genetic
disease, therefore an invasive test will be indicated to obtain a fetal sample to analyze using the most
suitable technique depending on the type of ultrasound finding.
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Another significant and relatively frequent issue is when the couple first finds out about the
presence of a genetic disease or knows that they are at high risk of being a carrier during an advanced
stage of their pregnancy. As we have described previously, it is strongly recommended to face this
situation in the pre-conceptional stage in order to approach the diagnostic process with sufficient
guarantees and time. Once the pregnancy has started, the gestational age and prenatal diagnosis
can be time-limiting, being critical in some complex cases. In any case, and whenever possible, it is
recommended to identify the molecular cause of the familial disease prior to taking the fetal sample
using an invasive approach.

Unfortunately, miscarriages are the most common complication during early pregnancy. Clinically
recognized pregnancy losses occur in approximately 15–25% of pregnancies, most of them occurring
during the first trimester [25]. Although there are many known causes and risk factors for early
pregnancy loss, about 60% of those cases are caused by sporadic chromosomal abnormalities which
are usually numerical (86%) [26–29]. These cytogenetic anomalies include autosomal trisomies (27%),
polyploidies (10%), chromosome X monosomy (9%) and structural rearrangements (2%) [30]; double
trisomies, as well as multiple trisomies, which are infrequent, have an incidence of about 0.7% [31,32].

Until now, products of conception (POC) studies have been carried out using cell culture followed
by conventional karyotyping. However, when using these techniques, the incidence of chromosomal
abnormalities in miscarriages in the general population ranges between 40% and 80%, depending on
the culture methods adopted [33,34]. Proper chromosomal analysis of POC samples is not always
feasible, for several reasons:

• Cell culture growth failure (the failure rate in POC samples cultured after curettage ranges between
5% and 42% [35]).

• Suboptimal chromosome preparations.
• Maternal cell contamination (MCC).
• Low-resolution limit that does not allow the detection of submicroscopic deletions and duplications

that can cause miscarriages.

Molecular biology techniques such as NGS or CMA that are culture-independent can avoid such
limitations, increasing the karyotype resolution [36,37]. Given this, new genomic technologies are
positioning themselves as the first-choice technologies for the analysis of miscarriages and POC.

Whole exome sequencing (WES) is very useful for the detection of alterations in the sequence of
any gene that may be related to the potential genetic condition that may have caused the spontaneous
termination of the pregnancy in progress. This is especially important in the second trimester of
gestation when monogenic disorders acquire a higher frequency. In these cases, identification of the
molecular causes of the miscarriage can be very useful to prevent new similar situations in the couple.

When miscarriage occurs in an advanced pregnancy, the clinical and anatomopathological
evaluation of the fetus can be very useful to guide the genomic analysis. When clinical assessment is not
possible, WES provides a high capability to identify sequence variants in genes associated to complex
syndromes, but also, the optimization of bioinformatic analyses, making possible the identification of
copy-number variations in these cases.

2.4. Fourth Step: Newborn Screening and Neonatal Care

Currently, 3% of live newborns will have a congenital alteration despite great efforts made in
the different stages of the reproductive process, growing capacities of available technologies and
the implementation of prevention programs. This is because, on one hand, technologies, although
increasingly precise, are not infallible, and on the other, the use of prevention techniques and programs
are not universal.

In this stage, as in other previous stages, we will be able to apply screening measures in order to
reduce the impact of congenital diseases. An example would be extended neonatal screening aimed for
early identification of apparently healthy newborns that are at immediate risk of a congenital disease
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if an early and accurate diagnosis is not established and therapeutic measures are not taken as soon
as possible.

The neonatal screening allows us to detect a wide number of genetic disorders, causing health
problems starting in infancy or early childhood, mainly metabolic disorders like phenylketonuria.
Newborn screening programs are well-established as the standard of care in most developed countries,
but the number of diseases and approaches differ between countries and health systems. Early detection
and treatment can help prevent inborn errors of metabolism, intellectual and physical disabilities and
life-threatening illnesses during the first hours of life. The advent of next-generation sequencing has
resulted in attempts to expand the use of DNA sequencing in newborn screening to improve diagnostic
and prognostic utility. Currently, in the market, we can find different commercial options for newborn
screening panels that can detect, not only the most common metabolic disorders, but a great number of
genetic disorders, or even gene susceptibility. Still, unexpected and medically irrelevant incidental
findings must be carefully considered [38].

On the other hand, we can also apply diagnostic methods in those neonates who have developed
symptoms, especially for newborns admitted to the intensive care unit when disease progression is
extremely rapid and a quick molecular diagnostic is relevant for clinical decision making, establishing
a prognosis, defining specific therapeutic measures and providing genetic counselling and access to
family studies aiming to reduce the risks of recurrence in the family. Monogenic diseases have a high
impact in the neonatal morbimortality, accounting for ~20% of infant deaths and ~18% of pediatric
hospitalizations. Genomic testing of these patients aims to provide a comprehensive molecular
diagnosis that allows for early intervention of the patient and proper genetic counseling of the family
in order to reduce the time spent in the diagnostic odyssey [39,40]. These tests provide a high clinical
utility and are cost-effective, especially in patients involved in neonatal intensive care units.

Both genetic assessment and diagnosis have a special impact during this stage of the reproductive
journey, especially in young adults that may be developing a career, forming partnerships and
potentially becoming parents. Pre-symptomatic testing may affect many facets of their future lives as
well as the future of their upcoming families [41], but also raises profound ethical challenges.

NGS technologies, especially introduction of the WES, has become a turning point, especially in
the rare genetic diseases research. It has allowed development and implementation of strategies to
uncover the mechanisms behind all rare diseases to sketch a “molecular atlas” showing links between
molecular genetic profiles and states of health or disease. Rare genetic conditions affect around 2–3% of
the worldwide population, usually causing diseases that drastically reduce life expectancy and quality
of life as well as reproductive consequences in their offspring.

3. Genomic Precision Diagnostic

Recent advent of genomic technologies and its clinical applications has allowed the scientific
community, especially those involved in patient care and clinical management, to evolve from a
diagnosis-based approach of fragmented or isolated data to a diagnostic-based approach of the “overall
picture” point of view. This can be done as a result of huge datasets, using their unique genetic and
physiologic characteristics to tailor the diagnosis and treatment of individual patients.

To reach an accurate and reliable genetic diagnosis, or in other words, to interpret these
data in a meaningful and useful manner for the patient’s clinical management, it is mandatory
to develop bioinformatic tools, including novel data pipelines or computational tools, and also,
acquire knowledge to manage and to interpret combined analysis of multi-dimensional data produced
by these technological and scientific innovations. This is where clinical bioinformatics comes into play as
an essential element to integrate laboratory and clinical data as well as the use of database-computational
methods, algorithms, customized pipelines and other resources and methods, including machine
learning or even artificial intelligence [42].

Whole exome sequencing (WES) and whole genome sequencing (WGS) are the most recent
technologies based on NGS that are developed for genomic diagnostic purposes when a genetic
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disorder for which single-gene or limited gene testing fails to provide a genetic explanation. WGS
and WES—wherein the genome or the protein-coding parts of the genome are sequenced in its
entirety—would be an option to replace panel tests in the near future. There is no doubt that genomic
tools, especially WES and WGS, give us a global view of the disease, increasing the knowledge on the
underlying mechanism causing this rare genetic condition, but also increases the probability to find
variants associated with other health conditions which may or may not be medically actionable and are
unexpectedly so named secondary or incidental findings. How to report and manage this secondary
finding as well as how to assess patients are some of the main genomic diagnostic challenges [43].

4. Conclusions

It is estimated that 350 million people globally suffer from a genetic disorder causing a rare
condition. Genetic disorders can be assessed in several stages of our life, generating a different impact in
our lifestyle and personal decision-making, in particular those involved with our reproductive options.

Frequently, searching for an answer and an accurate diagnosis in those patients suffering from a
genetic disorder can turn into an odyssey, especially in those cases where children or pregnant women
are involved.

Sometimes, patients and their families bounce back and forth from physician to specialist and back
again only to receive multiple misdiagnoses. Genetic diagnosis serves to provide a linear or step-by-step
flowchart with plenty of medical tests, reports and documentation of clinical manifestations. These lead
to the concatenation of several visits, usually to different specialists, only to end up with the final step,
which was a genetic analysis, usually by Sanger sequencing or NGS of a limited/selected gene panel
when there was a suspicion of a genetic disorder. The emergence of a massive gene analysis tool like
NGS has changed this diagnostic workflow in genetic diseases by providing a higher diagnostic yield,
rapid, powerful and cost-effectiveness alternative for genetic analysis in the early stages of the process
(Figure 2). This new workflow has drastically reduced waiting times and anxiety that many patients
have to undergo to know their prognosis [44].

Currently, NGS-based tools can point to the implication of a single gene (or a small number of
genes) and help establish a rapid diagnosis in just a few weeks or even less in a large percentage
of cases.

Lately, we have experienced a noticeable increase in the demand of NGS technologies in the
clinical setting. Increasing the diagnostic precision of these technologies has been one of the main
levers for change, alongside the optimization of processes, reduction of costs and development of new
applications. These adjustments contribute to an improvement in the diagnostic capacity, improving
the life of patients with monogenic and widely known diseases, patients with heterogeneous conditions,
gene-associated phenotypes or even complex differential diagnoses.

Genomics provides the tools and knowledge necessary to achieve an accurate diagnosis, making
a difference in the lives of a growing number of patients suffering from genetic diseases. Relying on
an accurate diagnosis enables a greater availability to different reproductive options, allowing the
“reproductive journey” to be a comfortable and safe experience for the patient (Figure 3).
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(a) 

(b) 

Figure 2. Classic genetic diagnostic (a) vs. Genomic diagnostic (b) flow-charts: Genomic Precision
Diagnostic is an innovative approach that ultimately not only provides a precise diagnosis of a genetic
alteration at every stage of the reproductive journey, it also alleviates the healthcare burden of a patient
that has to go from specialist to specialist, increasing the degree of uncertainty and preoccupation.
This can decrease the economic cost, psychological deterioration of the patient and the healthcare
provider, and all in all, simplify the diagnosis for a more directed treatment and patient care, allowing
the patient to be the center of the diagnostic axis.

Figure 3. Closing the circle of the Reproductive Journey: Impact of the genomic diagnostic (dark blue)
and screening (light blue) application along the different stages of the reproductive journey. Blue-gray
arrows show new “access ways” to the reproductive journey driven by a precise diagnostic.
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