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newly established genetic analysis techniques have been implemented in clinical settings in the
recent years. Blastocyst-stage biopsy, vitrification techniques, time-lapse imaging, whole-genome

amplification, array-based diagnostic techniques, and next-generation sequencing techniques
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are promising techniques for the accurate diagnosis of diverse genetic conditions and also for

Istanbul, Turkey the selection of the best embryo that has the highest implantation capacity. The timing and

technique used for biopsy, the amplification techniques, the genetic diagnosis techniques, and

appropriate genetic counseling play important roles in establishing a successful PGD. In this

review, those key points of PGD will be reviewed in detail.
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Introduction

Preimplantation genetic diagnosis (PGD) involves the genetic testing of biopsy mate-

rial from embryos that are generated through in vitro fertilization (IVF) techniques

and involves the transfer of chromosomally normal and disease-free embryos to the

uterus. PGD allows couples who have an increased risk of transmitting genetic dis-

orders not only to have healthy children, but also to prevent complications such as

health problems and the psychological and financial burdens that may result from the

termination of a pregnancy.

PGD was first performed by Handyside et al' using the polymerase chain reac-

tion (PCR) technique in order to prevent transmission of a sex-linked disorder. Since

then, PGD has been applied to many different conditions, and the list of indications

for PGD testing has extended enormously. Over those years, it is estimated that PGD

has been performed for over 300 monogenic conditions; this treatment has resulted in
the births of thousands of healthy children.>* The current list of indications for PGD

testing could be summarized as follows:
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e Y-linked

e Mitochondrial

e Predisposition syndromes
e Preimplantation human leukocyte antigen (HLA) typing

for hemopoietic stem cell transplantation
e PGD for numerical and structural chromosomal

abnormalities

e Advanced female age

e Previous history of chromosomally abnormal fetus

e Repeated pregnancy losses

e Repetitive implantation failures

e Translocation carriers

e Inversion carriers
e PGD for selecting single euploid embryo transfer.

The biopsy technique and timing, the choice of genetic
diagnosis techniques for mutational and chromosomal abnor-
malities, and appropriate genetic counseling play important
roles in establishing a successful PGD.

Developmental stage at time

of biopsy and biopsy techniques

There are currently three sources of genetic material avail-

able for PGD: polar bodies from oocytes; blastomeres from

cleavage-stage embryos; and trophectoderm cells from

blastocyst-stage embryos. Choosing the genetic source and the

optimal day of biopsy requires reflection on several factors:?

e The timing of the biopsy should allow accurate identifica-
tion of the genetic errors that need to be screened.

e The identified abnormalities should correspond to an
abnormality in the embryo.

e The genetic diagnosis should be obtained to allow the
selection of an embryo for transfer.

e The biopsy procedure should not harm the embryos.

Polar body biopsy

Polar body biopsy can be applied either before fertilization or
after fertilization. For prefertilization polar body biopsy, the
first polar body is removed before fertilization and the second
polar body is removed after fertilization. For postfertilization
polar body biopsy, both the first and the second polar bod-
ies are removed simultaneously after fertilization. Since the
polar bodies have no further role in embryo development,
their removal is unlikely to have any negative effects on the
subsequent steps of the embryo’s development. Another
advantage is the longer time that is available for genetic analy-
sis prior to embryo transfer.” However, polar bodies give
no information about the paternal genotype, and therefore
cannot be used to diagnose paternal mutations, HLA typing,

chromosomal abnormalities caused by paternal meiosis, or
mitotic errors, and cannot be used for sex determination.®’ As
a result of these limitations, polar body biopsy is preferred
to diagnose mostly aneuploidies in advanced maternal age,
maternal inherited disorders such as X-linked anomalies, and
maternal translocations. It should also be noted that in some
countries, polar body diagnosis is the only option available
because of legal restrictions.

With polar body biopsy, the material is obtained very early
in the IVF culture period; thus, the genetic laboratory gains
precious time for diagnosis and interpretation. Additionally,
the biopsies involve only the polar bodies, which are separate
and independent from the oocyte, and during the procedure,
no portion of the actual embryo is biopsied. However, the
capture of embryonic genetic errors with polar body biopsy is
low. Even when both polar bodies are biopsied, approximately
one error in four is missed.’ A recent publication detailed the
results of the serial biopsies of embryos from nine patients.
This study confirms that aneuploidy screening of polar bod-
ies provides a relatively low capture rate for errors that are
ultimately present at the blastocyst stage.® In addition, as
a technical note, polar bodies may undergo fragmentation,
which may complicate the biopsy procedure and lead to
misdiagnosis if all the fragments are not retrieved.

Cleavage-stage biopsy

Blastomere biopsy is accomplished at the cleavage stage,
which is typically on day 3 of in vitro development. This
technique is the oldest and most widely used method
for PGD.? In this method, one or two blastomeres are
retrieved from embryos with more than six cells (Figure 1).

Figure | Blastomere biopsy.

Notes: A blastomere (A) for which a biopsy pipette is placed through the zona
pellucida opening (B). The nucleus-containing and targeted blastomere is gently
aspirated into the pipette (C) and slowly released into the medium (D).
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With cleavage-stage biopsy, both maternal and paternal
meiotic errors can be detected. In addition, blastomere biopsy
allows enough time for genetic analysis to be performed
before the embryo reaches the blastocyst stage and enough
time for a fresh transfer with the timely shipment of samples
with the use of transport PGD.

The choice of embryo transfer day after the blastomere
biopsy is critical. Because of the width of the zona open-
ing made for the biopsy procedure itself, the embryo must
be manipulated with extra care. The general practice is to
transfer compacted embryos or morulas or, in some cases,
to wait for blastocyst formation on day 5.1

One of the major concerns at this point is the possible
effect of decreasing the cell number on the further develop-
ment of the biopsied embryo. In addition, an embryo’s further
development is negatively affected when the remaining cells
are harmed during the biopsy because of the use of an inap-
propriate technique or an unsuitable medium. The question of
the impact of biopsy on developing embryos was studied in a
randomized control trial in which a paired design was used."!
The results of the blastomere biopsies demonstrated signifi-
cant harm, with implantation rates decreasing from 50% to
30%, whereas after the trophectoderm biopsies, equivalent
implantation and delivery rates were obtained.!!

Although mosaicism has been speculated to be more
prevalent in the cleavage-stage embryos compared to the
blastocyst-stage ones, according to a detailed analysis, similar
degrees of mosaicism have been found irrespective of the
developmental stage;'? hence, a cleavage-stage biopsy may
be as safe as a blastocyst-stage biopsy.

Blastocyst-stage biopsy

Blastocyst-stage embryo biopsy can be defined as the retrieval
of a small part of the trophectoderm from a hatching blas-
tocyst (Figure 2). The major advantage of this method is
the amount of genetic material available for testing. Having
more than one cell to work with prevents most diagnostic
errors that are caused by technical problems, such as hybrid-
ization failures, amplification failures, or the absence of a
nucleus. The allele dropout (ADO) rate is also lower, thereby
increasing the reliability and accuracy of the diagnosis.!
A study conducted on both blastomeres and trophectoderm
tissue samples demonstrated that the trophectoderm biopsy
resulted in a threefold reduction in the number of embryos
that remained inadequately evaluated by the use of PGD for
single-gene disorders (SGD). The difference was attributed
to the larger number of cells obtained via trophectoderm
biopsy.'?

Figure 2 Day 5 blastocyst-stage embryo biopsy.

Notes: Expanding blastocyst with the trophectoderm protruding through an
opening in the zona pellucida made on day 3 or 4 with a microlaser (A). Aspiration
of the protruding trophectoderm cells through the zona pellucida (B). Laser shots,
represented by red circles, are applied to break down the tight junctions between
trophectoderm cells (C). Aspirated trophectoderm cells (range: 2-9 cells) (D).

The most common policy with blastocyst-stage biopsy is
aday 5 biopsy with a day 6 transfer. However, the time for the
analysis is limited by the implantation window of the blasto-
cyst and is thus very short — less than 24 hours. Despite this
narrow window, there are two options to overcome the time
limitation. One of them is to vitrify biopsied blastocysts and
to transfer diagnosed embryos in a subsequent freeze—thaw
cycle. The other one is to biopsy very early in the morning and
to transfer in the evening. Apart from these options, as long
as the rate of embryo development is suitable, trophectoderm
biopsy can be applied late in the fourth day and the transfer
can occur on the fifth day. With this option, it is still possible
to biopsy and then to vitrify the remaining, slower-growing
blastocysts on the fifth day. Also, a blastocyst contains over
100 cells, so the removal of 2—10 cells from the trophecto-
derm is very unlikely to have a detrimental effect either on
the blastocyst’s development or on the development of the
fetus originating from the inner cell mass (ICM); this provides
an advantage over cleavage-stage biopsy.'' It should also be
noted that embryonic aneuploidy screening was demonstrated
to be beneficial in two randomized controlled trials in which
trophectoderm biopsies were used.'* !¢

Mosaicism, which may cause discordance between ICM and
trophectoderm cells, is another issue that has been assessed in
blastocysts. Recent reports in which ICM and trophectoderm
cells had been evaluated separately by fluorescent in situ hybrid-
ization (FISH) and array comparative genomic hybridization
(aCGH) techniques demonstrated that aneuploid blastocysts
displayed no evidence of preferential segregation of abnor-
malities to the trophectoderm, and nearly all trophectoderm
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biopsies derived from the same embryos were concordant; this
finding supports the idea that the trophectoderm karyotype is
an excellent predictor of the ICM karyotype.!”2

Role of new IVF techniques: time-lapse
imaging systems
Culturing embryos until day 5 to select the blastocyst with
the best morphology ensures higher implantation rates and
decreased miscarriage rates. With the increasing need for
cryopreservation and for single-embryo transfer to avoid
multiple pregnancies, scoring embryos is a crucial step to
select the best embryos for transfer, for cryopreservation, or
for PGD to maintain high efficacy of the IVF cycle.
Embryo evaluation is the fundamental of IVF laboratories,
but it still remains subjective despite the recent efforts that
have been made to find more objective means.?' Continuous
monitoring of embryo development from fertilization to
blastocyst stage by automated time-lapse imaging has offered

the possibility to appraise the timing of embryonic cell divi-
sion. In a classical morphological evaluation, the embryos
have to be removed daily for a few minutes from the incuba-
tor to allow for a static observation under the microscope.
Conversely, in the time-lapse system, embryos can be con-
tinuously monitored without being disturbed. In addition,
time-lapse allows for the observation of the exact time points
of cell divisions, compaction, blastocyst formation, genera-
tion and absorption of fragments, and multinucleation (Figure
3). With this technology, fertile patients referred to IVF for
PGD may opt to biopsy only regularly dividing embryos for
the first run in order to deselect those with low implantation
potential.>> Another option to incorporate time-lapse imaging
is to further select among those embryos already identified
as euploid.

In a recent study, researchers retrospectively investi-
gated the relationship between morphokinetic variables
and ploidy after trophectoderm biopsy and either aCGH

Figure 3 Time-lapse observations of cleavage and blastulation.

Notes: Early initiation of blastulation at 97 hours (A) and 98 hours (aCGH result: euploid) (B). Late initiation of blastulation at | 12 hours (aCGH result: complex aneuploid)
(C). Irregular division from 1-3 cells (aCGH result: complex aneuploid) (D-F). Irregular division from 3-5 cells (aCGH result: complex aneuploid) (G and H).

Abbreviation: aCGH, array comparative genomic hybridization.
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or single-nucleotide polymorphism (SNP) array. Multiple
aneuploid embryos took longer for the initiation of compac-
tion and for the time to reach full blastocyst stage compared
with euploid embryos (Figure 4). Embryos having single
or multiple aneuploidy had a later initiation of blastulation
compared with euploid embryos. This noninvasive model for
ploidy classification may help identify the blastocysts that
are considered low risk and allow the remaining ones that
score a medium-to-high aneuploidy risk to be vitrified for a
later diagnosis and a potential transfer.”2*

Chromosomally normal and abnormal embryos were also
found to have different kinetic behaviors in another study in
which embryos were biopsied on day 3 and were analyzed
by aCGH. A hierarchical algorithm using the t5—t2 interval
and the duration of the third cell cycle (cc3=t5-t3) classified
embryos into four categories based on the expected percent-
age of chromosomally normal embryos and, thus, increased
the probability of selecting chromosomally normal embryos
by time-lapse morphokinetic analysis.?

Therefore, time-lapse morphological assessments and
combined measurements are promising and may improve the
ability to predict embryonic aneuploidy. However, invasive
diagnostic techniques such as comprehensive chromosomal
screening (CCS) still remain the most reliable methods in
order to eliminate chromosomally abnormal embryos.?

Recent advances

in aneuploidy testing
Although PGD first emerged as a diagnostic tool for the elimi-
nation of SGDs,' it has been more widely used for the purpose

\}/

Figure 4 Time-lapse photos of an embryo dividing irregularly from 6-8 cells and
further diagnosed as complex aneuploid at the blastocyst stage (A—C).

of eliminating chromosomal abnormalities in preimplantation
embryos and for increasing the take-home baby rates for IVF
treatments. Aneuploidy is defined as a numerical chromosomal
abnormality that results in a deviation of the number of copies
of any of the 23 chromosomes.?” Aneuploidy can originate
from either an excess number of chromosomes (eg, trisomy)
or from missing chromosomes (eg, monosomy). Haploidy
(one set of chromosomes [n]) and triploidy (3n) are associated
with the abnormalities of whole chromosome sets. Aneuploidy
significantly contributes to IVF failures?” and is the major
cause of the first trimester miscarriages.”® PGD for numeri-
cal chromosomal abnormalities has been commonly used for
couples experiencing recurrent first trimester miscarriages in
order to eliminate chromosomally abnormal embryos from
transfer. The other common indication for PGD is advanced
maternal age. Women of advanced maternal age have a high
risk of producing chromosomally abnormal oocytes and,
thus, of offspring with chromosomal abnormalities.* Lastly,
balanced translocation carriers (Robertsonian, reciprocal,
inversion) may have fertility problems and may experience
multiple pregnancy losses due to unbalanced segregation
products formed in their gametes in relation to the breakpoints
on the chromosomes.*

In 1993, Munné et al®® developed a diagnostic method
combining the principles of FISH and the fixation of a
single blastomere (Figure 5A) from cleavage-stage human
embryos in an attempt to provide an alternative to the PCR
technique for the determination of the sex of the embryos.
After that, a short FISH procedure was developed in order
to screen aneuploidy; this procedure uses fluorochrome- and
digoxigenin-labeled DNA probes that are specific for the
chromosomes most involved in miscarriages (X, Y, 18, 13,
and 21) (Figure 5B).* The FISH technique was also used
to test polar bodies;*** this procedure involved either the
simultaneous or sequential removal of two polar bodies from
a fertilized egg, and it was done with the aim of diagnosing
chromosomal nondisjunctions and premature separation of
sister chromatids during maternal meiotic divisions. After an
improvement of culture media to better support blastocyst-
stage embryos, the FISH technique was coupled with a
trophectoderm tissue biopsy for the purpose of testing for
aneuploidy in blastocysts.*

The FISH technique has also been used successfully
in the diagnosis of unbalanced products and embryos that
belong to balanced rearrangement carriers. Because cases
for translocation and inversion carriers are different from
aneuploidy cases, there is a need for a preclinical workup
study in order to both confirm the rearrangement breakpoint
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Figure 5 Overview and applications of the FISH technique.

Notes: Main steps in FISH technique (A). An example of a FISH image of trophectoderm cells belonging to a chromosomally normal embryo (chromosome 13 was labeled
with spectrum red, chromosome 18 with spectrum blue, chromosome 21 with spectrum green, Abbott, Vysis) (images from Istanbul Memorial Hospital, 2011) (B). An
example of a preclinical work-up study on peripheral blood metaphase cells belonging to a carrier with 46, XX, t(17; 19)(ql1.2; p13.3) karyotype. CEP 17 (pll.1-qlI.1I,
DI17Z1) was labeled with aqua, Tel 17q (D175928) was labeled with orange, LS| 19p13 was labeled with green, LSl 19q13 was labeled with orange (Abbott, Vysis) (images
from Istanbul Memorial Hospital, 201 1) (C). In the PGD study of the same patient, this FISH image shows a nucleus of a blastomere using the same probe combinations. In
the first round hybridization, LSI 19p13 and LSI 19q13 were used. According to the first round results, another round of hybridization involving hybridizations specific for
chromosome 17 is needed to confirm if the embryo is balanced or normal (images from Istanbul Memorial Hospital, 201 1) (D).

Abbreviations: FISH, fluorescence in situ hybridization; PGD, preimplantation genetic diagnosis; LSI, locus specific; Tel, telomeric; CEP, centromeric probes.

regions and to test the efficiency of the probes that will be
used for PGD (Figure 5C). For this preclinical study, at
least ten metaphase cells and 100 interphase cells should be
analyzed with the same probe combination to assess signal
specificities and any possibility of polymorphism in the
probe-specific regions that may cause difficulties in signal
interpretation during PGD (Figure 5D).

Regardless of the embryonic stage during which
the biopsy is performed, the FISH technique has many
limitations. The number of chromosomes that are screened
is limited, and the subjectivity of the method itself leads to
inaccurate results when the technique is used suboptimally.*
The FISH method is only available to screen a maximum of
9-12 chromosomes and it is able to detect 60%—-80% of all
aneuploid embryos.’ Given the fact that aneuploidy could
affect any of the chromosomes, FISH still cannot detect a
significant proportion of the aneuploidies and segmental
abnormalities. The second limitation is suboptimal fixation,
since the quality of the FISH results is highly dependent on

the quality of the nucleus, which is limited by the experience
of the laboratory personnel who performs micromanipula-
tions, such as fixation and biopsy procedures. These issues are
considered to be the major reasons that previous randomized
controlled trials have failed to show any benefit of PGD in
improving live birth rates.?¢’

From the beginning of 2010, several CCS techniques
have been introduced and have been validated in preclini-
cal studies evaluating accuracy. One technique is aCGH, in
which the analysis of all of the chromosomes is done either
with multiplex PCR, whole-genome amplification (WGA),
or multiple displacement amplification (MDA).**** The
most widely used techniques are aCGH, SNP arrays, next-
generation sequencing (NGS), and real-time quantitative
PCR (RT-qPCR).

Comparative genomic hybridization
The first attempts to analyze the comprehensive chromosomal
constitutions of embryos started with the implementation of
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the comparative genomic hybridization (CGH) technique on
embryos. CGH provides genome-wide scanning of differ-
ences in DNA sequence copy number, unlike FISH, which
allows only a limited number of loci to be analyzed. The CGH
technique was demonstrated first as a means to screen copy
number variations in the entire genome.**

CGH is based on the cohybridization of differentially-
labeled test and reference DNAs with normal metaphase chro-
mosomes (Figure 6). Measurement of the test-to-reference
fluorescence ratios along all chromosomes provides
information on the chromosomal regions that are either
overrepresented or underrepresented in the test genome.
The limitations are as follows: the technique is laborious
and time consuming, and the analysis is too lengthy for the
limited time frame for human preimplantation embryos to
be transplanted into the uterus. For that reason, the technique
definitely required freezing during assisted reproductive
technique (ART) cycles when blastomere biopsy was used
in the study by Wilton.* Alternatively, polar body biopsy
coupled with CGH analysis was demonstrated with success
in fresh ART cycles.* This strategy allowed the freezing of

l Biopsy sample

DNA

=
Normal genomic l
(reference DNA)

(test DNA)

Whole genome amplification

Test DNA

Reference DNA
labeled green

labeled red

Hybridization onto normal

antaphase chromosom‘e/

Green/red fluorescence ratio
used to determine copy number
of chromosomes

Figure 6 Comparative genomic hybridization technique.

Note: Copyright © 2005. Adapted from Oxford University Press. Wilton L.
Preimplantation genetic diagnosis and chromosome analysis of blastomeres using
comparative genomic hybridization. Hum Reprod Update. 2005;1 I (1):33—41.4

the embryos to be avoided. The viability of these embryos
had been significantly affected by freezing techniques in
previous decades when advanced vitrification techniques
had not yet been implemented in routine clinical usage. The
CGH technique has served as a basis to develop array-based
CGH (aCGH) technology, which is more robust, accurate,
automated, and with higher resolution.

aCGH
The technique of aCGH is similar to CGH, but instead of
hybridization on metaphase chromosomes, the hybridization
is either on chips (usually bacterial artificial chromosomes)
or on arrays, and the results are analyzed with specialized
software.?’ This technique includes the following steps:
extraction of genomic DNA; WGA; fluorescent labeling
of samples and references; mixing of differentially-labeled
probes; hybridization on arrays; washing; and then scan-
ning and analysis by the computer program (Figure 7A—C).
This method is fully automated, and the whole procedure is
completed within 12 hours. The software analyzes the ratio
of red and green intensity information of fluorescent colors
in each position, and then compares these ratios with those
of the male and female reference DNA. The decision of
chromosomal status is made by the software by calculating
the standard deviation ratios after smoothing and normaliz-
ing the data; if the ratio for a specific chromosome is higher
than +0.3 (>0.3), the software reports this abnormality as
a “gain” (usually a trisomy), and if this ratio is below —0.3,
it reports as a “loss” (usually a monosomy). In addition to
the numerical abnormalities, this technique is capable of the
detection of segmental aneuploidies as small as 2 Mb and
imbalances formed by abnormal segregations due to rear-
rangements (Figure 7D).#-0

The aCGH system can diagnose unbalanced products
formed from any Robertsonian carrier and the vast majority
of reciprocal translocations carriers. However, the diagnosis
of reciprocal translocations smaller than 2 Mb in length has
not yet been validated either by aCGH or by any other array
systems. This remains an indication for FISH-based PGD for
translocations. However, as an alternative over FISH, aCGH
has the ability to screen not only translocated chromosomes,
but also the ones that are not involved in the rearrange-
ments. The high rates of aneuploidies in nontranslocated
chromosomes have shown the importance of aneuploidy
screening by the aCGH technique in both young and old
female age groups.’' Furthermore, a possibility of an inter-
chromosomal effect (ICE) that could be responsible for the
increased incidence of aneuploidies in embryos belonging to
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Figure 7 Overview and applications of the aCGH technique.

Notes: Overview of the aCGH technique (A). Chromosomally normal embryo according to aCGH result (B). Embryo with complex abnormality (C). An unbalanced
embryo formed by a balanced translocation carrier with 46, XY, t(6; 10)(q25.1; q22.1) karyotype (D). Note that besides the unbalanced state, there is aneuploidy (trisomy |8)
that probably originated from one of the meiotic divisions in the oocyte belonging to a 42 year old female.

Abbreviation: aCGH, array comparative genomic hybridization.

Robertsonian translocation carriers has been proposed by the
authors of a retrospective study in which FISH was used.*
More recently, Alfarawati et al® reported ICE in Robertsonian
translocation carriers, but not in reciprocal translocation
carriers. In that study, in which the aCGH technique was
used for comprehensive chromosomal assessments, the
authors claimed that ICE is more pronounced in cleavage-
stage embryos than in blastocysts; this difference might be
attributed to mitotic instability. Regardless of whether ICE
is responsible for aneuploidies, these studies show the benefit
of CCS in the translocation carrier’s embryos.

Although aCGH is a widely used array-based detection
technique, there are some pitfalls. This technique cannot

detect polyploidies, such as triploidy and tetraploidy.
Balanced chromosomal rearrangements, such as translo-
cations, inversions, and uniparental disomies, cannot be
detected because the total amount of DNA is the same as
that of the control DNA. Also, this method cannot be used
to diagnose SGDs.

The aCGH method has been applied successfully
in all three embryonic developmental stages, including
prefertilization and postfertilization (polar body), cleav-
age, and blastocyst.”!*%* According to some studies in
which implantation rates were examined as a primary
outcome, preimplantation genetic screening with aCGH
following day 3 blastomere biopsy markedly improved
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IVF outcomes while lowering multiple pregnancy rates and
miscarriages.>** Since blastocyst-stage transfers are being
used more often by clinics, the risk of multiple gestations
and the selection of the best embryo that has the highest
implantation capability has gained more importance. In
order to determine whether performing CCS on blasto-
cysts can reduce the risk of multiple gestation, Yang et al'*
conducted a randomized controlled study. The researchers
assessed clinical outcomes after single-blastocyst trans-
fers by comparing morphological assessment alone and
in combination with aCGH on good-prognosis patients.
According to their results, blastocyst transfer after aCGH
testing significantly increased ongoing pregnancy rates in
the aCGH group (P=0.009).

RTqPCR

In 2012, Treff et al’*>7 developed a RTqPCR-based meth-
odology that provides simultaneous assessment of 24 chro-
mosomes in less than 4 hours. This technique was based on
multiplex amplification of 96 loci (four for each chromosome)
and was performed with the use of a commercial assay and
master mixes.**>” This new 4-hour method was validated with
a consistency of 100% both in cell lines with previously well-
characterized karyotypes and in discarded human embryos,
with a consistency of 100%.5” The authors demonstrated that
this method is superior because it has the required accuracy
and it is a fast method that may provide both same-day tro-
phectoderm biopsy coupled with 24-chromosome aneuploidy
screening and fresh blastocyst-stage transfers. With a similar
strategy of using CCS with gPCR, Forman et al'* performed a
controlled trial in which they compared the clinical outcomes
of the transfer of a single euploid blastocyst with the trans-
fers of two untested blastocysts. According to their results,
they found similar ongoing pregnancy rates (60.7% after the
single euploid blastocyst transfer versus 65.1% after the two
untested blastocyst transfers), but significantly lower rates of
twins in the single euploid transfer group (0% versus 53.4%).
Although this method has a reduced resolution compared to
aCGH and SNP-array systems, it has been demonstrated
that this technique was successful in diagnosing unbalanced
products derived from embryos that belonged to three rear-
rangement carriers whose karyotypes were unknown before
the initiation of experiments.*®

Other techniques

Newer platforms such as SNP arrays and karyomapping tech-
niques are showing promise for more detailed chromosomal
analysis than previous array-based techniques.!'7*-! In

general, the system relies on the detection of variations in the
number of copies and of loss of heterozygosity. SNPs among
alleles are used for heterozygosity information that then can
be used to identify the copy numbers of each chromosome
or chromosomal region. With this platform, aneuploidies,
segmental imbalances, recombinations, uniparental disomies,
single-nucleotide mutations, and HLA compatibility could
be detected.*! While some platforms use only copy-number
variation information,® some others use an algorithm called
parental support,® which explicitly computes the confidence
in each copy-number call and is able to determine the paren-
tal origin of the detected abnormalities. The disadvantages
of techniques based on parental support are the length, the
cost, and the complexity of the protocol, all of which make
these techniques less applicable in clinical laboratories.”
Although some successful research studies and random-
ized controlled trials have been conducted,'17:60:61.63.64 ywhich
have already revolutionized the knowledge about the origins
and mechanisms of aneuploidy in both cleavage-stage and
blastocyst-stage embryos, this technique still needs improve-
ments on applicability, and the costs still need to be reduced
for routine use.

Recently, the NGS technique has been applied in a clinical
setting.® In this study, samples from 68 cycles were biopsied
at cleavage stage and were analyzed both by aCGH and by the
NGS technique. In this study, the same WGA samples were
tested by both techniques; NGS showed 100% sensitivity
and consistency with aCGH. This finding demonstrates that a
robust, high-throughput technology may replace array-based
techniques in the near future because of its cost effectiveness.
The NGS technique involves library preparation, bar coding,
sequencing, and analysis. It has numerous advantages, such
as allowing the opportunity to evaluate multiple samples
on the same sequencing chip with the use of a bar-coding
system. This reduces the time and cost. Moreover, it gives
the opportunity to evaluate more than one type of condition;
SGDs, HLA compatibility, translocations, aneuploidy, and
mitochondrial mutations can be analyzed at the same time.
This breakthrough may start a new era in the scientific history
of reproductive genetics.

Recent advances in mutation testing
Since its first application in 1990, PGD for SGD has become
an effective alternative to prenatal diagnosis.! Moreover,
PGD is an excellent option for families who have an affected
child who is in need of bone marrow transplantation.
Preimplantation HLA typing can facilitate the birth of an
HLA-matched donor infant,***” and hematopoietic progenitor
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cells from this donor could then be transplanted into the
affected child with a successful cure as a result.®®

PGD by multiplex PCR method

Currently, the most common method of PGD of SGD involves
the use of a single-cell multiplex PCR for the amplification
of short tandem repeat (STR) polymorphic markers that are
located in close proximity to the mutation site. Those poly-
morphic STR markers are repeats of DNA that are mostly
heterozygous and whose sizes vary greatly among individu-
als. STR length values that are linked to the mutated allele
can be determined via fragment analysis using paternal and
maternal genomic DNA prior to PGD, and the genotypes of
the generated embryos can be diagnosed by linkage analysis
during PGD (Figures 8 and 9). In addition to direct mutation
techniques via restriction length polymorphism or minise-
quencing, the use of multiple STR markers that are linked
to the mutation site is useful to overcome the diagnostic
problems of ADO, which is the amplification failure of one
of two alleles in a locus and is one of the major causes of
misdiagnosis during PGD.*

WGA (Whole genome amplification)

The major disadvantages of PGD by multiplex PCR are the
amount of time and the amount of labor required to optimize
the process of the PCR protocol so that the interaction of the
PCR primers does not result in the failure of the PCR reaction.

COQ2 deficiency

Father (carrier) }ﬂ Mother (carrier)

COQ2 gene (A302V)

D453042 176 165 168 176

D452990 152 139 139 152

D452947 119 112 114 119

D453002 109 105 105 109

coQ2 A302v N N A302V

D45395 153 155 153 153

D452922 174 172 166 174

D452361 98 95 143 98
Decease!' :: ‘a a
child Healthy Carrier  Affected Carrier Healthy
176 176 165 gje8 176 168 176 176
152 152 139 ll| |29 152 139 152 152 }22 1;2 igg }gg
119 119 12 fl{fi1s 119 114 119 119 112 W |is 114
109 109 105 ff|[ios 109 [if {105 108 109 105 lff0s 132 105
A302 A302V N IN azo2@l [N Az02v| A302V N Az02v 109 N
153 153 155 @[ |53 153 153 153 152 155 Mz N 153
174 174 172 166 174 166 174 174 172 174 e 166
98 98 95 143 98 143 98 98 95 8 ;;2 143

ET

Recombinant

Figure 8 Actual case sample of linked STR marker analysis for the COQ2 gene.
Notes: Preliminary work was done on the DNA of parents and DNA of deceased child
using specifically designed STR markers to identify informative markers to be used in
the PGD case. Seven informative STR markers (four upstream and three downstream
of the gene) were used for the detection of mutation A302V in the COQ2 gene. Two
embryos (one healthy and one carrier) were transferred, resulting in the birth of a
healthy singleton. Embryos 6 and 9 were cryopreserved for possible future use.
Abbreviations: COQ?2, coenzyme Q; ET, embryo transfer; STR, short tandem
repeat; PGD, preimplantation genetic diagnosis.

An alternative approach to overcome those problems is the
amplification of the single-cell genome by WGA.

Some of the WGA protocols are PCR-based, such as
primer extension PCR (PEP) and degenerated oligonoucle-
otide primed PCR (DOP-PCR). PEP was initially used on
single sperms,® and the protocol was adapted for the ampli-
fication of single blastomeres in PGD.” Incomplete genome
coverage and the amplification bias between the genomic
loci of the amplified products were main disadvantages
of PEP. In DOP-PCR, a partially degenerate primer that
binds at many sites throughout the genome, is used during
several low-temperature annealing cycles. More specific
priming at the fragments will be generated by the increased
annealing temperature. DOP-PCR is mainly used for aCGH
applications.

MDA is a non-PCR, isothermal method for DNA
amplification. MDA, during its early use to amplify single
blastomeres for PGD,”"® was a long method (over 16 hours),
and the ADO rates of the amplification products were as
high as 34%.

The preimplantation haplotyping approach was
developed as an alternative to the previous methods, which
had relied completely on PCR. Renwick et al introduced the
single-cell haplotyping approach by using WGA by MDA.™
In this technique, DNA from single cells was amplified
using MDA the resulting products were then tested by using
disease-specific PCR multiplexes applied under standard
laboratory conditions to determine the haplotypes in the
embryo. With this method, 12 different monogenic disorders
with 38 different mutations were diagnosed successfully;
these results demonstrate that preimplantation genetic haplo-
typing provides a robust, efficient, and successful alternative
to single-cell PCR for monogenic diseases.” Despite the
high ADO rates (average 27%) in this study, the method did
not cause any problems with diagnosis; the percentage of
embryos with no diagnosis due to ADO or recombination
was 0.82%. Later, MDA was modified to give results in a
4-hour period with approximately 10% ADO rates, and it
was used for the detection of monogenic disorders.”? The
MDA method was also successfully used for array-based
preimplantation testing.”

SNP arrays

An SNP is a variation at a single position (single DNA base
pair) in a DNA sequence. An SNP microarray contains immo-
bilized DNA sequences (Figure 10). It detects SNPs within
a genome at a high resolution; this detection enables karyo-
mapping, a process in which the SNP genotype of a person is
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Figure 9 An informative STR analysis in the HLA class Il region in order to determine HLA compatibility of the resulting embryo.

Note: The arrows represents shared alleles with the sick child.
Abbreviations: HLA, human leukocyte antigen; STR, short tandem repeat.

determined. For SGDs, the SNP genotypes of the parents and
areference (an affected child or another affected relative) can
be analyzed at a gene of interest, and linkage information can
be used to select unaffected embryos during PGD.*"

The main advantage of karyomapping over the traditional,
targeted approach is that karyomapping is applicable to any

ol
SNP 1
< <
< <« <
—— A ddcTp ddATP
) — ddGTP '
~ SNP 2

Figure 10 The working principle of SNP arrays.

Abbreviations: SNP, single-nucleotide polymorphism; A, adenine; C, cytosine;
G, guanine; T, thymine; ddATP, dedeoxyadenine trinucleotide; ddCTP, dedeoxy-
cytosine trinucleotide; ddGTP, dedeoxyguanine trinucleotide; ddTTP, dedeoxy-
tymine trinucleotide.

inherited SGD within the informative SNP loci without
the development of costly, time-consuming, and laborious
patient- or disease-specific designs. In addition, SNP data
enable the detection of chromosomal abnormalities (meiotic
trisomies, monosomies, and deletions);”” the elimination of
those embryos may improve implantation rates and lower
miscarriage rates. Karyomapping data can also be used for
HLA typing via the use of SNP data over the HLA region
located on chromosome 6.*!

However, the major disadvantage in karyomapping is that
it does not include a mutation detection method; therefore,
areference (an affected child or another affected relative) is
always needed to establish linkage information, which is not
always available for every couple. Similarly, it is not possible
to apply karyomapping to de novo mutation cases without
additional work with direct mutation testing.

Since array technology is used in the karyomapping tech-
nique, the cost of the test per embryo is currently higher than
that of the traditional multiplex PCR technique. But it should
be noted that the preclinical workup cost, which is necessary
for the existing STR method, is not required in karyomapping;
this saving may result in the reduction of costs overall.
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Figure 11 Next-generation sequencing and preimplantation genetic diagnosis.

Notes: After fragmentation and library preparation, DNA fragments are amplified and sequenced. With the use of a bar-coding system, multiple samples can be sequenced at
the same time (A). With the use of complex bioinformatic tools such as clustering, assembly, annotation, and cross-mapping, then copy-number variations, single-nucleotide
polymorphisms, mutations, insertions, and deletions are identified in the test genome with high accuracy (B).

Abbreviations: MID, multiplexing identifiers; PCR, polymerase chain reaction; emPCR, emulsion-based polymerase chain reaction.

NGS

Although recent advances in NGS have created opportunities
for possible PGD applications (Figure 11), the experience
with NGS on single cells is limited. NGS has been performed
successfully on single tumor cells to quantify genomic copy
number’ and on sperm cells to determine recombination
hot spots.” Recently, NGS was performed on trophectoderm
cells® and on blastomeres® for the detection of aneuploidies
and of unbalanced chromosomal rearrangements; the results
of these experiments were successful.

The sensitivity and specificity of this method depends
on the sequencing depth and the coverage of the regions of
interest. Complex bioinformatic analyses are necessary to
provide a sequence analysis since there is a large quantity
of data obtained through massive parallel sequencing. First
applications of the NGS technique on PGD for monogenic
disorders®! involved a targeted, semiconductor technology-
based NGS method, which was used with a bar-coding pro-
tocol that gave results in less than 24 hours. Genotype results
from the NGS method were consistent with the results of
the conventional STR method. However, further studies are
necessary to establish the accuracy and reliability of this tech-
nique, as well as its applicability for single blastomeres.

Conclusion

Although noninvasive techniques, such as time-lapse analysis
and noninvasive assessments of embryos and oocytes, are
being developed in order to generate an alternative to PGD,
invasive diagnostic techniques still remain the most reliable
methods to eliminate affected and chromosomally abnormal
embryos. In the last couple of decades, preventive medicine
has gained more attention worldwide. This, together with
the implementation of more powerful, comprehensive, and

cost-effective techniques, such as NGS, will strengthen the
place of PGD in ART and increase the demand for PGD.

Currently, the choice of technique depends mostly on the
indication (whether the purpose is either mutation testing or
chromosomal analysis) and on the cost, the availability, and
the applicability of the technique. As the list of conditions
and indications for PGD testing is continuing to extend enor-
mously, the techniques have been evolving toward a universal
method for the simultaneous diagnosis of multiple types of
genetic conditions such as monogenic disorders, HLA typing,
rearrangements, aneuploidy screening, and the selection of
the best embryo that has the highest implantation capacity.
The development of such a method will be possible in the
near future.
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