Approaches to Preimplantation

Diagnosis

Introduced only in 1990 as an experimental proce-
dure, preimplantation genetic diagnosis (PGD) is
now becoming an established clinical option in
reproductive medicine [1-3]. Thousands of appar-
ently healthy children have been born after PGD,
validating that there is no ostensible evidence of
any incurred adverse effect. Over 100,000 PGD
cases have presently been performed in more than
100 centers around the world, allowing at-risk cou-
ples not only to avoid producing offspring with
genetic disorders but, more importantly, to have
unaffected healthy babies of their own without fac-
ing the risk of pregnancy termination after tradi-
tional prenatal diagnosis. Without PGD it is likely
that a few of these children would have been born.

Applied first for preexisting Mendelian dis-
eases [4, 5], such as cystic fibrosis (CF) and
X-linked disorders, PGD initially did not seem to
be practical. Only a few babies were born during
the first 3 years of work, and several misdiag-
noses were reported [6, 7]. After the introduction
of fluorescent in situ hybridization (FISH) analy-
sis in 1993-1994 for PGD of chromosomal disor-
ders [8—13] (Chap. 5); however, the number of
PGD cycles began to double annually, yielding
more than 100 unaffected children by the year
1996 [14, 15] (Fig. 2.1).

Application of PGD increased further when
the ability to detect translocations became possi-
ble in 1996, first using locus-specific FISH
probes, then more widely available subtelomeric
probes [16, 17], (Chap. 5), and presently by hap-
lotyping and also by microarray technology [18—
29] (see below). Because many -carriers of

A. Kuliev, Practical Preimplantation Genetic Diagnosis,

balanced translocations have a poor chance of
having an unaffected pregnancy, PGD has a clear
advantage over the traditional prenatal diagnosis
in assisting these couples to establish an unaf-
fected pregnancy and deliver a child free from
unbalanced translocation [1, 30-33]. Of course,
there are differences in the reproductive outcomes
depending on the origin and type of transloca-
tion, with the majority resulting in early fetal loss
and rarely in an affected birth. However, it may
take years until the translocation carriers could be
lucky enough to get at last an unaffected off-
spring, so the current recommendations of PGD
International Society (PGDIS), European Society
of Human Reproduction and Embryology
(ESHRE), and American Society for Reproductive
Medicine (ASRM) Practice Committee include
chromosomal rearrangements as one of the main
indications for PGD [34]. The experience of over
3,000 PGD cycles for translocations accumulated
by the present time demonstrates at least a six
fold reduction of spontaneous abortions in these
couples, compared to their experience before
PGD [32-37] (see Chap. 6).

The natural extension of PGD’s ability to allow
transfer of euploid embryos should have positive
impact on the liveborn pregnancy outcome. This
is especially applicable to poor prognosis in vitro
fertilization (IVF) patients (prior IVF failures,
maternal age over 37, repeated miscarriages).
Introduction of commercially available 5-color
probes in 1998-1999, and currently also 24
chromosome testing by microarray analysis, has
led to the accumulated experience of more than
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1990 1993 1994 1995 1996 1997 1998 1999 2000 2001 2002

Fig. 2.1 Babies born after (PGD): 1990-2002. Bar
graphs showing the number of children born each year
after application of PGD. Application of each novel tech-
nique for PGD is shown above the bar graphs, leading to
the expanding indications, such as chromosomal aneuploi-
dies in 1993-1994 (shown as FISH), translocations in

50,000 clinical cycles worldwide for the aneu-
ploidy testing [2, 35, 37-41] (Chap. 5). This has
resulted in the birth of over 10,000 children,
including a few with misdiagnosis, suggesting the
continued need for the improvement of accuracy
of aneuploidy testing. According to the experi-
ence of the majority of centers, the overall preg-
nancy rate per transfer is higher than that in
non-PGD IVF patients of comparable age group
(average age over 39 years), although this is still
a controversial issue (see Chap. 6). Available data
indicate that the current IVF practice of transfer-
ring embryos based solely on morphological cri-
teria is inefficient and needs a revision, given that
half of these embryos are chromosomally abnor-
mal and would compromise the reproductive out-
come (Sect. 6). The current introduction of 24
chromosome testing combined with polar body
(PB) or blastocyst biopsy shows further improve-
ment of reproductive outcomes in poor prognosis
IVF patients, confirming the need for preselec-
tion of euploid embryos for transfer [18-29].
The application of PGD has further expanded
with its introduction to late-onset diseases with
genetic predisposition [24, 42] (Chap. 3), a novel
indication never previously considered for the
traditional prenatal diagnosis. For the patients
with inherited pathological predisposition PGD
provides a realistic reason for undertaking preg-

1996 (shown by example of translocation t (5; 10), five-
color FISH in 1998, application to late-onset disease with
genetic predisposition in 1999 (shown as an example of
cancer predisposition caused by mutation in p53 gene
mutations), and t application to non-disease testing in 2000
(shown as an example of preimplantation HLA typing)

nancy, with a reasonable chance of having an
unaffected offspring. Prospective parents at such
risk should be aware of this emerging option,
especially when there is no opportunity to diag-
nose the disease until it is fully realized, such as
in cases of inherited cardiac diseases leading to
premature or sudden death (Chap. 3).

Another unique option that can presently be
considered, although involving ethical debate
(Chap. 8), is HLA typing as part of PGD, which
has never been considered in traditional prenatal
diagnosis either [43] (Chap. 4). In this applica-
tion PGD offers not only preventative technology
to avoid affected offspring, but also a new method
for treating (older) siblings with congenital or
acquired bone marrow diseases, for which there
is still no available therapy. This may in future be
applied for any condition that can be treated by
embryonic stem cell transplantation.

Preimplantation HLA typing was first applied
to couples desiring an unaffected (younger) child
free from the genetic disorder in the older sibling.
In addition to diagnosis to assure a genetically
normal embryo, HLA-matched, unaffected
embryos were replaced. At delivery, cord blood
(otherwise to be discarded) was gathered for stem
cell transplantation. As will be described, this
approach has been also used without testing of
the causative gene, with the sole purpose of
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finding a matching HLA progeny for a source of
stem cell transplantation for affected siblings
with congenital or acquired bone marrow disease
or cancer [44] (see Chap. 4).

As will be described in this book, the over
20 years PGD experience demonstrates consider-
able progress. As mentioned, over 100,000 PGD
attempts worldwide have resulted in the birth of
dozens of thousands of apparently unaffected
children, with no detrimental effect on embryo
development, as demonstrated by no significant
differences in the overall congenital malforma-
tion rate after PGD from the population preva-
lence [45-47]. With the highly improved accuracy
of genetic analysis and indications expanding
well beyond those for prenatal diagnosis, thou-
sands of PGD cycles are now performed annually.
As seen in Fig. 2.1, already in the year 2006, only
the annual experience has resulted in the birth of
nearly the same number of children as during the
entire preceding decade since the introduction of
PGD. This is clearly because PGD offers a spe-
cial attraction not possible with traditional prena-
tal diagnosis, such as avoiding clinical pregnancy
termination. This is extremely attractive for trans-
location carriers, couples at risk for producing
offspring with common diseases of autosomal-
dominant or autosomal-recessive etiology, as well
as for couples wishing to have not only an unaf-
fected child but an HLA-compatible cord blood
donor for treatment of an older moribund sibling
with a congenital disorder. Yet the greatest numer-
ical impact of PGD may be expected in standard
assisted reproduction practices (Chap. 6), where
improved IVF efficiency through aneuploidy test-
ing will surely evolve to become standard, despite
the recent controversy, which will be considered
in detail throughout Chaps. 5 and 6.

2.1 Obtaining Biopsy Material

At present, biopsy material for performing preim-

plantation genetic diagnosis (PGD) may be

obtained from three major sources:

1. Matured and fertilized oocytes, from which the
first and second polar bodies (PB1 and PB2)
are removed
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2. Eight-cell cleavage-stage embryo, from which
one or two blastomeres are biopsied

3. Blastocyst-stage embryos, from which up to a
dozen cells may be removed

The biopsied material is tested for single-gene
disorders using PCR analysis, or used for PGD
for chromosomal abnormalities by fluorescent in-
situ hybridization (FISH), or microarray analysis
(see below).

Each of these PGD methods has advantages
and disadvantages, and their choice depends on
circumstances; however, in some cases, a combi-
nation of two or three methods might be required.
Despite a possible embryo cell number reduction,
which might have a potential influence on the
embryo viability, blastomere biopsy allows detect-
ing paternally derived abnormalities. Removal of
PB1 and PB2, on the other hand, should not have
any effect on the embryo viability as they are natu-
rally extruded from oocytes as a result of maturation
and fertilization, but they provide no information
on the paternally derived anomalies, even if this
constitutes less than 5% of chromosomal errors in
preimplantation embryos. Approaches for precon-
ception testing of the paternally derived mutations
are being developed, although are still at a very
initial stage with not yet considerable progress, as
will be described in Sect. 2.1.3.

To perform PGD for chromosomal aneuploi-
dies both PB1 and PB2 are removed simultane-
ously, next day after insemination of the matured
oocytes or ICSI, and analyzed by FISH or
microarray technology, as described in Sect. 2.2.
PB1 is the by-product of the first meiotic division
and normally contains a double signal for each
chroSmosome, each representing a single chro-
matid (see below). Accordingly, in case of meio-
sis I error, instead of a double signal, four different
patterns might be observed, ranging from no or
one signal to three or four signals, suggesting
either chromosomal nondisjunction, evidenced by
no or four signals, or chromatid missegregation,
represented by one or three signals [48]. The gen-
otype of the oocytes will, accordingly, be opposite
to PB1 genotype, that is, missing signals will sug-
gest an extra chromosome material in the corre-
sponding oocyte, while an extra signal (or signals)
will indicate monosomy or nullisomy status of the
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tested chromosome. In contrast to PB1, the normal
FISH pattern of PB2 is represented by one signal
for each chromosome (chromatid), so any devia-
tion from this, such as no or two signals instead of
one, will suggest a meiosis Il error. Microarray
technology also appeared to be extremely reliable
in detecting the chromosomal status of polar bod-
ies, as will be described in Sects. 2.2 and (Chap.
5), distinguishing also between chromosome and
chromatid errors in PB1, not previously detectable
by traditional CGH studies [24-27].

The method of blastomere biopsy was exten-
sively used in PGD, despite its limitation due to the
high mosaicism rate in cleaving embryos (see Chap.
5). The FISH pattern of blastomeres is represented
by two signals for each chromosome tested, so
any deviation from this number will suggest chro-
mosomal abnormality. The same pattern applies
to blastocyst analysis, which has an advantage of
analyzing not one but a group of cells, obviating
the problem of mosaicism at least to some extent.
The aneuploidy testing in blastocyst biopsy was
further improved by the application of microarray
technology, which may pick up mosaicism of 10%
and higher [23, 28, 29]. It is also expected that the
microarray approach may improve the results in
blastomere aneuploidy testing, possibly by avoid-
ing the problems of artifactual loss of chromatid
material during the slides preparation involved in
the procedure of FISH analysis.

Although more data have to be collected to
exclude completely the short-term and long-term
side effects, the data available show no evidence
for any detrimental effect of the PB, blastomere,
or blastocyst biopsy. Overall, these methods were
used now in a total of almost 100,000 clinical
cycles, and resulted in the birth of dozens of
thousands of unaffected children, showing a com-
parable prevalence of congenital abnormalities to
that in the general population, which suggests no
detrimental effect of any of the above biopsy pro-
cedures mentioned [41, 45-47].

2.1.1 Polar Body Diagnosis

Introduced 22 years ago [2, 5], PB biopsy has
become one of the established approaches for
PGD. The idea of performing PB PGD is based on
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the fact that polar bodies are the by-products of
female meiosis, which allow predicting the result-
ing genotype of the maternal contribution to the
embryos. Neither PB1, which is extruded as a
result of the first meiotic division, nor PB2,
extruded following the second meiotic division,
has any known biological value for pre- and post-
implantation development of the embryo. Initially,
only PB1 was tested, based on the fact that in the
absence of crossing over, PB1 will be homozy-
gous for the allele not contained in the oocyte and
PB2 [49]. However, the PB1 approach was not
applicable for predicting the eventual genotype of
the oocytes, if crossing over occurred, because the
primary oocyte in this case will be heterozygous
for the abnormal gene. As the frequency of cross-
ing over varies with the distance between the locus
and the centromere, approaching as much as 50%
for telomeric genes, the PB1 approach appears to
be of a limited value, unless the oocytes can be
tested further on. So, the analysis of PB2 has been
introduced to detect hemizygous normal oocytes
resulting after the second meiotic division. As will
be described below, this PGD technique presently
involves a two-step oocyte analysis, which requires
a sequential testing of PB1 and PB2 [50].

PB1 and PB2 are removed following stimula-
tion and oocyte retrieval using a standard IVF
protocol. Following extrusion of PB1, the zona
pellucida (ZP) is opened mechanically using a
microneedle, and PB1 aspirated into a blunt
micropipette (see micromanipulation setup and
procedure steps in Figs. 2.2, 2.3, and 2.4). The
oocytes are then inseminated with motile sperm
or by using introcytoplasmic sperm injection
(ICSI), and examined for the presence of pronu-
clei and extrusion of PB2s, which are removed in
the same manner as PB1 (Fig. 2.5). To avoid an
additional invasive procedure, both PB1 and PB2
are removed simultaneously for FISH analysis
(Fig. 2.6), and are fixed and analyzed on the same
slide, while sequential PB1 and PB2 sampling
procedure is used for microarray analysis and
PGD for monogenic disorders. The biopsied
oocytes are then returned to culture, checked for
cleavage, and transferred, depending on the gen-
otype of the corresponding PB1 and PB2 [48].

Although PB1 and PB2 have no any known bio-
logical significance in pre- and postimplantation
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Holding
pipette

Fig. 2.2 Required microtools for first polar body
removal. Image of a metaphase II oocyte along with the
three microtools that are required to perform first polar
body (PB1) removal. A holding pipette is used (leff) to
hold the oocyte in position by gentle suction created
by a hydraulic microsyringe system. On the right, a
microneedle for partial zona dissection (botfom) and a

development, follow-up studies have been carried
out to investigate possible detrimental effect.
Following PGD and ICSI, zygotes with two pro-
nuclei were observed in 1,192 (81.8%) of 1,458
oocytes, compared to 30,972 (77.3%) of 40,092
in a routine non-PGD cycle, which suggested no
difference in fertilization rate observed after PB1
in comparison to nonbiopsied oocytes. Also there
was no difference in blastocyst formation of the
embryos resulting from the biopsied oocytes. We
compared the blastocyst formation of embryos
resulting from biopsied oocytes observed in 1,653
(50.2%) of 3,293 embryos, which was not differ-
ent from 49.8% (9,726 of 19,529 nonbiopsied
embryos) observed in routine IVFE. Similarly, no
detrimental effect was noted after PB2 removal,
which was evident from cleavage rate, blastocyst
formation, and the number of cells in the respec-
tive blastocysts [51]. As will be seen below, there
was no difference either after sequential PB1,
PB2, and blastomere sampling.

The PB approach will have an increasing
impact on those ethnic groups in which PGD may
be done only before fertilization, such as in
Austria, Germany, Switzerland, and Malta. In
these countries, the testing may be limited to PB1,
which, as mentioned above, might not be sufficient
to predict embryo genotype, unless PB2 is tested
before fusion of pronuclei, which may be com-
bined with freezing of the oocytes at the pronu-
clear stage. After the analysis, in a subsequent
menstrual cycle, only the oocytes predicted as

_ Aspirating
micropipette
diameter -
15-16 um

Microneedle
~ for dissection

micropipette (inner diameter 15 pm) for polar body
removal are placed into a double tool holder. The micropi-
pette is also attached to a hydraulic microsyringe (100 pl)
system for fine control during the procedure. The same
tools are required for embryo biopsy with the exception
of the micropipette, which has a larger inner diameter
of 30-35 pum

having the normal maternal allele may be thawed
and cultured to allow fusion of the pronuclei,
embryo development, and the embryo transfer.

In fact, it is presently possible to complete the
testing of PB2 in approximately 9 h after removal,
so there is no need for freezing the oocytes free of
mutation or aneuploidy, which may be cultured
as usual and replaced on day 3 or day 5, while the
abnormal oocytes are frozen at the pronuclear
stage [52]. Since zygotes are not considered to be
embryos until pronuclear fusion, and no abnor-
mal oocytes may be thawed and cultured, obviat-
ing the establishment of the affected embryo, this
technique may be ethically more acceptable to
many couples. Therefore, the technique may
allow creating a new class of genetic diagnosis,
which may be called pre-embryonic genetic diag-
nosis, pushing the frontier of genotyping to
an even earlier stage, as shown in pre-embryonic
diagnosis of sickle cell and Sandhoff disease
(SHD) presented below.

2.1.2 Pre-embryonic Genetic
Diagnosis (PEGD)

2.1.2.1 PEGD with Freezing

at Pronuclear Stage

A 33-year old woman and her spouse at risk for
producing a child with sickle cell disease referred
for PGD to avoid a possible termination of a preg-
nancy following prenatal diagnosis. A standard
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Fig. 2.3 First polar body removal prior to ICSL. (Step 1)
The oocyte is secured by gentle suction from the holding
pipette and the oocyte is rotated so that the PB1 is visual-
ized at 12 o’clock. (Step 2) The oocyte is rotated horizon-
tally, slightly forward, so that it faces the operator. (Step 3)
The microneedle is passed through the zona pellucida at
the 1-2 o’clock position and passed tangentially through
the perivitelline space and out at the 10—11 o’clock posi-
tion. (Step 4) The oocyte is released from the holding
pipette and held by the microneedle. The microneedle is
brought to the bottom of the holding pipette and pressed to
it, pinching a portion of the zona pellucida. By gently rub-
bing against the holding pipette with a sawing motion, the
cut is accomplished and the oocyte is released

Fig.2.4 First polar body removal continued (see Fig. 2.3).
(Step 5) The oocyte is brought to the holding pipette by
moving the microscope stage and is rotated vertically
using the microneedle until the slit opening is visualized at
the 2 o’clock position. (Step 6) Once again it is held in
place by gentle suction from the holding pipette, making
sure the slit opening is at the 2 o’clock position and is in
focus. (Step 7) The micropipette is brought into the same
focal plane as the slit opening and PB1. The micropipette
is passed under the zona pellucida to PB1. (Step 8) Using
gentle suction created by the hydraulic microsyringe sys-
tem, PB1 is aspirated into the micropipette and then
deposited in a separate microdrop of medium. (Step 9) The
oocyte is transferred to another micromanipulation dish
for intracytoplasmic sperm injection (ICSI), which is per-
formed by passing the microtool through the slit opening
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Fig. 2.5 Second polar body removal on day 1 after fertil-
ization assessment. The second polar body (PB2) is
removed following fertilization assessment. The same
microtools are required as with PB1 removal. The zygote
is held in place by gentle suction from the holding pipette
and is rotated using the microneedle. The same slit open-
ing can be used or if PB2 has been extruded away from the
opening, a second intersecting slit (3D-PZD) (see
Fig. 2.12) can be made in order to have easier access to the
second polar body

Fig. 2.6 Simultaneous removal of the first and second
polar bodies. Both PB1 and PB2 are removed following
fertilization assessment, which is used for aneuploidy test-
ing. The same microtools are required as with PB1 removal.
The zygote is held in place by gentle suction from the
holding pipette and is rotated using the microneedle. The
same slit opening can be used as above (see Fig. 2.5),
allowing sufficient opening to remove both PB1 and PB2

IVF protocol was initiated but the patient suffered
from hyperstimulation syndrome, which pre-
cluded transfer of embryos in that cycle. Twenty-
eight mature oocytes were aspirated and placed
in culture medium. Of the 28 aspirated oocytes,
14 extruded PB1 that were removed. The oocytes
were then fertilized by intracytoplasmic sperm
injection. As soon as the PB2s were removed and
prior to the fusion of the male and female pronu-
clei, all embryos were frozen. The PB1 and PB2
were analyzed by multiplex nested PCR to avoid
allele dropout (ADO), which occurs in approxi-

mately 5-10% of PB analyses. This involved
nested, multiplex PCR with primer sets for the
sickle cell mutation and two linked short tandem
repeat (STR) markers: one located at the 5 end of
the beta-globin gene (5 STR) and the other in the
human thyrosin hydroxylase gene (THO-STR),
for both of which the mother was heterozygous.

To detect potential contamination with extra-
neous DNA and identify the embryo thatimplanted
and established pregnancy, three additional non-
linked STRs were amplified, including STR at the
5 untranslated region of human coagulation fac-
tor A subunit gene (HUMF13A01), STR for von
Willebrand disease (vWD), and an STR for chro-
mosome 21 (D21S11). The list of primer
sequences, reaction conditions, and details of the
nested PCR were described earlier [48, 53].

The pronuclear-stage oocytes predicted to be
normal were thawed, cultured to develop into the
cleaving embryos of the 6—8-cell stage, and trans-
ferred back to the patient in the two subsequent
clinical cycles. The oocytes predicted to contain
the mutant maternal gene were not thawed, but
analyzed directly at the pronuclear stage for the
confirmation of PB diagnosis. Of 28 aspirated
oocytes, 14 extruded their PB1 and were studied
for the presence of sickle cell mutation. Following
intracytoplasmic sperm injection PB2s were
extruded from 13 of them and studied. Results of
both PB1 and PB2 were available in 12 of these
13 oocytes. Overall, 6 oocytes were predicted to
contain a normal allele, based on the heterozy-
gous status of PB1 and the hemizygous mutant
status of PB2.

In one of the oocytes, although the sickle cell
analysis of PB1 showed only the normal allele in
agreement with the 5 -STR, it was heterozygous
for the THO-STR, suggesting that this is a case
of ADO. Therefore, without simultaneous
amplification of linked STRs, a misdiagnosis of
the heterozygous oocyte as homozygous due to
ADO would have occurred leading to a misdiag-
nosis of the maternal contribution to the zygote.
In this particular instance, the error would have
caused an unaffected zygote to be misdiagnosed
as affected, but the reverse could also occur.

Subsequently, the patient was prepared for a
frozen embryo transfer. In the first frozen cycle,
four zygotes determined to have the maternal
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unaffected allele were thawed and cultured. Three
developed into cleaving embryos of acceptable
quality, and were transferred, resulting in a sin-
gleton pregnancy, which was spontaneously
aborted [53]. In the second frozen cycle, two
unaffected embryos were transferred and resulted
in a singleton pregnancy and birth of an unaf-
fected child, following confirmation of PB diag-
nosis by chorionic villus sampling (CVS). The
results of the application of non-linked markers
allowed not only the exclusion of a possible DNA
contamination but also the identification of the
embryo that was implanted yielding a clinical
pregnancy. All the remaining oocytes predicted
to contain an abnormal gene were not further cul-
tured, but exposed directly to PCR analysis at the
pronuclear stage for confirmation of diagnosis as
frozen sample, and shown to be abnormal as pre-
dicted by PB analysis.

2.1.2.2 PEGD Without Pronuclear-Stage
Freezing

A 32-year old woman and her spouse at risk for
producing a child with SHD requested PGD to be
performed without any possible discard of
embryos even if affected [52]. As seen from the
pedigree shown in Fig. 2.7, the couple had one
affected son with classical features of SHD, who
died at the age of 1 year and 3 months despite
bone marrow transplantation.

SHD results from the defect in the beta chain
of the hexaminidase B gene (HEXB) on chromo-
some 5, which consists of 14 exons distributed
over 40 Kb of DNA (MIM 268800; 606873).
Mutation in this gene causes beta-hexaminidase
deficiency, resulting in the lysosomal storage dis-
ease GM2-gangliosidosis. The same condition is
caused also by Tay—Sachs disease resulting from
the defect of the hexaminidase A gene (HEXA).

The child inherited two different muta-
tions from his parents: the paternally derived I
270 V mutation in exon 5 of HEXB gene, result-
ing from ATT to GTT substitution, and a large
maternal 16Kb deletion (16Kb Del), involv-
ing as many as 5 exons, from exon 1 to exon 5
(Fig. 2.8). The paternal mutation was identified
by the Hinf I restriction digestion, which cuts
the normal allele into two fragments of 32 and
25 bp, leaving the mutant allele uncut, and the
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maternal 16 Kb Del detected by a fragment size
analysis. Five closely linked polymorphic mark-
ers, D551982, D5S1988, D5S52003, D5S349,
and D5S1404, were tested simultaneously with
the HEXB gene in a multiplex heminested PCR
system. The maternal and paternal haplotypes,
established by family studies and PB analysis,
are presented in Fig. 2.7, while primer sequences
are listed in Table 2.1.

A single PGD cycle was initiated, which was
performed according to the following modification
of the timetable of the applied procedures of
sequential PB1 and PB2 analysis described
above. PB1 was removed as usual 3.5 h after
aspiration, followed by ICSI. PB2 was removed
soon after it was extruded, approximately within
6.5 h after ICSI, to allow sufficient time for com-
pletion of the DNA analysis before pronuclei
fusion (see Fig. 2.9). DNA analysis is currently
done in less than 9 h overall (see procedure
description below), making it realistic to freeze
the oocytes predicted to contain the deleted
HEXB allele before syngamy (within 24 h after
aspiration or 12 h after PB2 removal), and culture
the HEXB deletion-free oocytes to blastocyst and
transfer at day 5, following confirmation of the
maternal mutation-free status of the embryos by
the day 3 blastomere biopsy.

Of 18 oocytes available for testing in a single
PGD cycle, 16 were with conclusive PB1 and
PB2 results, of which 8 contained the maternal
16Kb deletion and were frozen at the pronuclear
stage (Fig. 2.7). Four of these oocytes contained
heterozygous PB1 and normal PB2 (oocytes #3,
#9, #11, and #14), and four homozygous normal
PB1 and mutant PB2 (Fig. 2.7b).

The remaining eight oocytes were free of the
deletion, two originating from the oocytes with
heterozygous PB1 and mutant PB2 (oocytes #1
and #5) and the others from the oocytes with
homozygous mutant PB1 and normal PB2. As the
predicted genotypes in these oocytes may errone-
ously appear opposite, due to a possible unde-
tected ADO of one of the alleles in the actually
heterozygous PB1, similar to the 4 mutant oocytes
predicted on the basis of homozygous normal PB1
and mutant PB2, the testing for five closely linked
polymorphic markers was essential, confirming
all the predicted oocyte genotypes mentioned.
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a
Markers order:
D551982 117 415 115 117
D5S1988 206 194 ° ° 203 201
HEXB 16Kb Del 1207V N 16 Kb Del N
HEXB 1207V 130 116 132 128
D5S2003 02 104 1.1 2.1 98 98
5 193 P 185
D551404 165 32y.o0. 185
2.1 2.2
PGD
117 115 (ongomg)
206 203
1207V 16 Kb Del
130 132
102 98
165 185
b Sequential polar bodies analysis
Oocyte # 1 3 4 5 6 7 8 9 10 11 13 14 15 16 17 18
117 115 117 117 117 115 117 115 117 115 115 115 115 117 115 117
201 203 201 201 201 203 201 203 201 203 203 203 203 201 203 201
N Del N N N Del N Del N Del Del Del Del N Del N
128 132 128 128 128 132 128 132 128 132 132 132 132 128 132 128
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Fig. 2.7 Pre-embryonic diagnosis of Sandhoff disease.
(a) Family pedigree with mutation and haplotype analysis
based on parental (1.1 and 1.2) and affected child’s (2.1)
genomic DNA testing. The markers’ order is presented on
the upper left for the father and upper right for the mother.
Maternal and paternal mutations and the linked markers
are shown in non-bold, while normal alleles and their
linked markers are shown in bold. (b) Results of sequen-
tial first and second polar body analysis of 16 oocytes,

A follow-up blastomere analysis of the embryos
deriving from the oocytes predicted to be free of
maternal deletion showed the complete correspon-

showing 8 normal (bold) and 8 mutant oocytes (non-bold)
which were frozen prior to syngamy. (¢) Blastomere anal-
ysis of embryos, resulting from the mutation-free oocytes,
which confirms the polar body diagnosis. Two of these
embryos, #1 and #10, free of both maternal and paternal
mutations, were transferred, resulting in the birth of an
unaffected child. The remaining 6 embryos, two of which
were heterozygous, were frozen for future use by the
couple

dence to the PB diagnosis. Six of these embryos
appeared to contain also a normal paternal allele
(embryos 1, 4, 5, 6, 8, and 10), while only 2
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Fig.2.8 Map of human HEXB gene and results of mater-
nal and paternal mutation testing in polar bodies and blas-
tomeres. (a) Schematic presentation of maternal and
paternal mutations and linked polymorphic markers. (b)
Polar body analysis of the maternal 16 kb deletion

(embryos 16 and 18) inherited the paternally
derived mutant allele, confirmed by all five linked
polymorphic markers tested (Figs. 2.7 and 2.8).

Two of these embryos (embryos #1 and #10),
with both maternal and paternal normal alleles,
were transferred, resulting in a singleton preg-
nancy and the birth of an unaffected child. The
remaining six unaffected embryos were frozen to
be available for the couple in the future, while
eight mutant oocytes were frozen at the pronu-
clear stage.

The presented results show that PEGD is a
realistic option for those couples that cannot
accept traditional PGD, because of their objec-
tion to any micromanipulation and potential dis-
card of the tested embryos. In contrast to the
previous PEGD described above, involving the
freezing of all the tested oocytes at the pronuclear
stage immediately after ICSI and extrusion of
PB2, the presented case is realized without freez-
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Imeriant
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(ST bp)

(N normal, D deletion). (c) Restriction map: Hhal enzyme
created two fragments in normal gene, leaving the pater-
nal mutation I 207 V uncut. (d) Blastomere analysis for
maternal deletion and paternal mutation, confirming the
PB diagnosis

ing the mutation-free oocytes, which were
detected well before the pronuclei fusion, after
which the embryo discard could not be avoided.
Although all the oocytes could have been frozen
irrespective of the DNA diagnosis, as described
in the previous case, not all frozen pronuclear-
stage oocytes could potentially be successfully
recovered, which may incidentally include also a
few preselected unaffected embryos for transfer
and could have affected the PEGD outcome. The
realization of PEGD in the same clinical cycle is
clearly an important practical step, which has
become realistic because of DNA analysis being
completed within less than 9 h.

This approach may currently be applied to
autosomal-recessive, X-linked, and maternally
derived dominant and chromosomal mutations,
detectable by sequential PB1 and PB2 analysis.
To perform PEGD for paternally derived domi-
nant and chromosomal mutations, a technique for
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hCG - 8p.m.
35h {
) Aspiration — 7 a.m. (on the second day)
35h { PB1 removal - 11.30a.m.
( ICSI - 12pm.
65 h
PB2 removal - 6.30 p.m.
24 h <
18 h < DNA testing - 7p.m—-4am.
9h Fertilization control - 12.30 a.m. & 6 a.m.
L - Freezing - 6.30a.m.
(of mutant oocytes
at pronuclear stage)
Blastomere biopsy — day3
(of embryosfree of
maternal mutation)
Transfer - day5

of unaffected embryos

Fig. 2.9 Timeframe for preembryonic diagnosis of Sandhoff disease (see explanation in the figure)

sperm duplication prior to genetic analysis may
be required, shown below to be feasible through
sperm nuclear transfer into anucleated metaphase
II oocytes. The technique will allow genetic anal-
ysis of one of the sperm duplicates, using the
other one for fertilization and transfer of the
resulting embryos if the corresponding duplicate
shows normal genotype. In this way, the estab-
lishment and discard of any embryo containing a
paternal mutation may be avoided. However,
more data might be necessary to work out special
conditions supporting the faithful replication of
human sperm genome, to ensure that the haploid
cell pairs obtained from sperm duplication are
identical.

As mentioned, PEGD may be applied for aneu-
ploidy testing, as the majority of chromosomal dis-
orders deriving from the female meiosis can be
tested by PB analysis. Available experience is pres-
ently limited to translocation or aneuploidy testing
by PB1 analysis, which, as mentioned, leaves mei-
osis II errors undetected. As seen from the pre-
sented results, the detection of the second meiosis
errors is currently feasible within the time avail-
able prior to pronuclei fusion, so PEGD for chro-
mosomal disorders may in future be also applied in
those countries where PGD is still not acceptable
because of the potential discard of the affected
embryos with the currently used methods.

With the addition of the PEGD approach, the
presently available techniques allow offering a
greater variety of methods for predicting and avoid-
ing not only the birth, but also conception or implan-
tation, of the affected embryos. This provides the
at-risk couples with any possible option for avoid-
ing the offspring with genetic and chromosomal
disorders, independent of their attitudes to oocyte
or embryo micromanipulation and testing.

Presented data demonstrate feasibility of per-
forming PEGD for single-gene disorders, which
resulted in obtaining unaffected pregnancies and
birth of healthy children. Of course PGD for single-
gene disorders may be performed by the use of
PB1 analysis alone, as described in the first case
of PGD by PB1 [5]. Although this allowed prese-
lection of a few mutation-free oocytes inferred
from the homozygous abnormal status of PB1, the
majority of oocytes were heterozygous after the
first meiotic division, so the genotype of the result-
ing embryos could not be predicted, thus limiting
the number of normal embryos for transfer.

The data also show that to avoid discard of
the preimplantation embryos reaching the cleav-
age stage by the time the PB genotyping results
were obtained, freezing of oocytes may be used
immediately after fertilization and extrusion of
PB2 and prior to fusion of the male and female
pronuclei — the actual point which is considered
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to be the beginning of the embryonic period of
development [54]. In fact, freezing presently
may be omitted entirely, as the recent develop-
ments in PCR analysis allow completing the
genetic diagnosis before pronuclei fusion. This
opens a possibility for the application of PGD
for couples unable to accept any intervention
and discard of the human embryos.

2.1.3 Preconception Testing for
Paternally Derived Mutations
by Sperm Duplication

As seen above, the genetic composition of oocytes
may reliably be tested through removal and testing
of PB1 and PB2. On the other hand, no method
has yet been available for testing the outcome of
male meiosis, as genetic analysis destroys the
sperm, making it useless for fertilization. To over-
come this problem, a new technique has been
introduced, allowing duplicating a sperm before
genetic analysis, so one of the duplicated sperms
can be used for testing and the other for fertiliza-
tion and consequent transfer of the resulting
embryos, provided that the genetic analysis of the
corresponding duplicate shows normal genotype
[55]. To demonstrate the reliability of the tech-
nique, over 100 human sperms from chromoso-
mally normal donors, as well as from translocation
carriers, were injected into the enucleated mouse
oocytes, and the duplicated cells resulting from an
overnight culture were tested by FISH to compare
the chromosomal status of both daughter cells. All
but 3% of the haploid cell pairs derived from the
normal donors were identical for the chromosomes
tested, while, as expected, a high proportion of the
paired nuclei derived from sperm of translocation
carriers were chromosomally unbalanced, sug-
gesting that ooplasm from mature mouse eggs can
support the faithful replication of any human
sperm genome, irrespective of the genotype.

A similar technique was developed to duplicate
human sperm using human oocytes (Fig. 2.10),
however, showing that the duplication of sperm
may be done faithfully in only half of the cases, in
contrast to the use of murine oocytes, so the tech-
nique has still to be tested further before applying
clinically, with the expected important practical
implications for PGD of paternally derived

0@

®<_

Fig. 2.10 Flowchart of sperm duplication in human MII
cytoplast: (Stepl) enucleation of human metaphase II
oocyte; (Step 2) injection of single human sperm into the
cytoplast; (Step 3) reconstructed androgenic embryo with
one pronucleus; (Step 4) development of this pronucleus
into 2-cell embryos; (Step 5) testing of one of the cells,
with the other one available for further zygote construc-
tion of known male contribution



24

Fig. 2.11 Flowchart of haploidization
procedure for obtaining gametes from
somatic cells: (a) in vitro matured MII
oocyte with extruded first polar body
(PB1); (b) both PB1 and metaphase 11
chromosomes are removed (shown in
pipette), to prepare a recipient enucleated
ooplast; (¢) single diploid cumulus cells
were prepared as a nuclei donor, from
which a nucleus was mechanically
isolated, for the introduction into ooplast;
(d) reconstructed oocyte converts
somatic cell nucleus into metaphase
chromosomes; (e) two pronuclei; or (f)
pronucleus and PB1 obtained after
electrostimulation using electrofusion
device RGI-4 (Chicago, IL); (g)
fluorescent in situ hybridization analysis;
or (h) PCR-based chromosomal analysis,
confirming the formation of two haploid
sets of chromosomes in both (e) and (f)
scenarios

conditions, such as translocations, known to pro-
duce as much as 70% of abnormal sperm on an
average.

The technique has also potential for research
purposes, as shown in preliminary work devoted
to the study of mosaicism nature [56]. Following
duplication of human sperm in cow oocytes, a
series of 31 resulting embryos were cultured up
to the 8-cell stage, and tested by probes specific
to chromosomes 13, 16, 18, 21, and 22. As many
as 16% of the resulting sperm duplicates appeared
to be not identical, which may further be related
to the genetic differences between the donors
involved. In fact, one of the three sperm donors
for the above experiment produced mostly mosaic
embryos in two PGD cycles. However, the rate of
mosaicism in sperm duplicates of the three donors
involved in this small series was similar, indicat-
ing that the generation of mosaic embryos, at
least in the patients previously tested by PGD,
may not be related to the sperm genotype, but to
the sperm centrosome [56].

The genotype of the sperm may also be tested
following the testicular biopsy culture and pro-
motion of the developmental progression of sper-
matocytes through meiosis in vitro, providing the
possibility of meiosis outcome analysis to infer
the genotype of the resulting sperm to be used for

2 Approaches to Preimplantation Diagnosis
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fertilization. However, this is still a theoretical
possibility, which has not been realized.

Preconception diagnosis may be realized also
in the future by the development of human gam-
etes, using the techniques of haploidization, which
is described below.

2.1.4 Development of Artificial
Human Gametes In Vitro

Attempts were undertaken for creating both female
and male gametes, both demonstrating a strong
morphological evidence for haploidization [57,
58]. The technique is based on inducing nuclei of
mitotic somatic cells to skip the S-phase of the cell
cycle and undergo haploidization when introduced
into oocytes, which allows obtaining artificial
gametes from somatic cells through the process of
haploidization. We showed that the efficiency of
haploidization of donor cumulus cell nuclei differs
depending on the stage of development of the enu-
cleated recipient oocyte [59, 60]. This may be
tested using the extruded PBs, or generated pronu-
clei, which also allow investigating the correctness
of chromosomal segregation. As seen from the
flowchart in Fig. 2.11, the first step involves enu-
cleation of in vitro matured MII oocytes under the
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control of UV luminescence, which is important to
ensure the accuracy of chromosome analysis of the
resulting haploid nuclei. Then the cumulus cell
nuclei, which are at the GO of the cell cycle, are
introduced into ooplasts by injection and the oocytes
are activated by electrostimulation delivered by the
electrofusion device (XRONOS, RGI-4 (Chicago,
IL)). Following the oocyte activation, the chromo-
somes of the transferred nuclei segregate with the
extrusion of polar bodies, or form two pronuclei
both evidencing the formation of artificial gametes
through somatic cell haploidization [59, 60]. The
FISH analysis and DNA fingerprinting of PB1 and
pronuclei resulting from the haploidization proce-
dure showed the haploid chromosomal set, with the
resulting DNA originating from the donor nuclei,
so the extruded PB1 may be used to investigate the
genetic contents of the corresponding pronucleus.
However, preliminary data showed that as many as
90% of these haploid nuclei appeared to be with
chromosomal aneuploidies. This suggests that the
use of the resulting haploid nuclei in the gamete
reconstruction procedure may not be acceptable at
the present time.

To determine if an incubation time of nuclei in
ooplast improves chromosomal segregation, two
groups of a total of 122 reconstructed MII oocytes
were studied, one activated 5-7 h after the nuclear
transfer, and the other after 12-21 h. However, an
aneuploidy rate as high as approximately 90%
was observed irrespective of incubation time, with
the majority being of a complex nature, suggest-
ing no improvement of the accuracy of chromo-
somal segregation with the prolonged incubation
time [59, 60]. So, although haploidization of
somatic cells may be achieved using MII oocyte
cytoplasm, the aneuploidy rate is much higher
than in normal meiosis, which currently makes the
techniques not acceptable for clinical practice.

2.1.5 Embryo Biopsy

Embryo biopsy is performed as soon as the
embryo reaches a minimum of six cells or more
S0 as not to cause a considerable decrease in cell
number at the later stages of development. A
mechanical opening of zona pellucida has been
developed, called 3D-PZD, allowing the creation
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Fig. 2.12 Three-dimensional partial zona dissection
(3D-PZD) for embryo biopsy. (Step 1) The embryo is held
in position by gentle suction from the holding pipette. The
embryo is rotated using the microneedle so that a blastom-
ere with a well-visualized nucleus is present at 12 o’clock.
The embryo is then rotated horizontally so that the blasto-
mere of choice is facing the operator. The microneedle is
passed tangentially under the zona pellucida through the
perivitelline space moving from the 1-2 o’clock position
to the 10-11 o’clock position. A first slit is created as
described in Fig. 2.3. (Step 2) The embryo is rotated so that
the slit opening is at the 1-2 o’clock position and a second
intersecting slit is made by passing the microneedle
through the first slit opening and out at the 10-11 o’clock
position. The cut is accomplished as with all partial zona
dissection previously described in Fig. 2.3. This second
intersecting slit creates a larger flap-type opening for the
purpose of accessing PB2 as mentioned in Fig. 2.5 or to
utilize the required larger micropipette for embryo biopsy

of a V-shaped triangular flap or square flap open-
ing, sufficient in size for a micropipette to pass
through in order to remove a blastomere(s) [48].
Micromanipulation dishes are prepared the same
way as for PB1 removal, except for sucrose use,
which is eliminated. The micromanipulation
setup is the same as for PB1 removal with one
exception — the micropipette has a larger diame-
ter of 25-30 um. The embryo biopsy procedure is
shown and described in Fig. 2.12.

With the current tendency for blastocyst trans-
fer, there has been a renewed interest in the devel-
opment of methods for blastocyst biopsy, which
has resulted in successful PGD cycles performed
by blastocyst biopsy for genetic and chromosomal
disorders, yielding unaffected clinical pregnancies
and births of healthy children [61]. Blastocyst
biopsy may be performed by mechanical methods,
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as the trophectoderm is beginning to herniate
through the zona pellucida [48]. Several trophec-
toderm cells are removed at this stage by smooth
aspiration with a biopsy pipette with an internal
diameter of 30 um. However, most centers are
currently using a microlaser procedure, which is
applied to break down the tight junctions between
throphectoderm cells, followed by the aspiration
of 5-6 throphectoderm cells.

Gradually, blastocyst biopsy is becoming a
method of choice in many centers, and has cur-
rently a growing potential with the improvement
of freezing techniques, and particularly vitrifica-
tion. It has also special implication with the intro-
duction of microarray technology, which has much
more accurate and reliable results when performed
on blastocyst biopsy [23, 28, 29]. In addition to
using blastocyst biopsy as the method of choice, it
is also used as additional testing required for
confirming PB or blastomere diagnosis.

The follow-up studies of embryos after blasto-
mere biopsy did not show any detrimental effect.
No increase in congenital malformation has been
reported among thousands children born follow-
ing PB or blastomere biopsy, although further
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systematic study will be needed to monitor the
clinical outcomes of PGD using PB1 and PB2
sampling or embryo biopsy and to collect further
data on the safety of the procedures used in PGD
for single-gene and chromosomal disorders.
However, according to the data presented in
Fig. 2.13, there seems to be no difference in the
developmental potential of embryos following
single, double, or triple biopsy procedures, com-
pared to the rate of blastocyst formation follow-
ing ICSI (control group). As can be seen from
Fig. 2.13, no significant differences were observed
in blastocyst formation between the embryos with
the embryo biopsy procedure of a single blastom-
ere biopsy and the embryos with two biopsy pro-
cedures, including simultaneous PB1 and PB2
removal on day 1, followed by the removal of a
single blastomere on day 3. There was no decrease,
but even an increase in the rate of blastocyst for-
mation when compared to the control group, for
the group of embryos in which three biopsy pro-
cedures were performed, including PB1 removal
prior to ICSI, PB2 removal at the time of fertiliza-
tion assessment, and a single blastomere removal
on day 3. This is in agreement with the pregnancy

Mean age

2003-2004
70
60 -
50
40
30
20 A n=12,022GEI Il n=2,341
10
o 34.3 +4.6 37.8 +3.8
Blastocyst rate
aicsl
M ICSI/embryo biopsy
[11CSI/PB1 & PB2, embryo biopsy
B ICSI/PB1, PB2, embryo biopsy

Fig. 2.13 Effect of micromanipulations on embryo
development. Bar graph demonstrating nondetrimental
effect of biopsy procedures on the rate of blastocyst for-
mation following intracytoplasmic sperm injection (con-
trol group). No significant difference was seen between
embryos after (1) embryo biopsy procedure of a single
blastomere and also embryos in which (2) biopsy proce-
dures were performed in which the first and second polar
bodies were removed simultaneously on day 1 (pronu-

clear stage) followed by the removal of a single blastom-
ere on day 3, when compared to the control group. There
was no decrease, but a significant increase in the rate of
blastocyst formation when compared to the control group,
for the group of embryos in which three biopsy proce-
dures were performed. The first polar body was removed
prior to ICSI, the second polar body was removed at the
time of fertilization assessment, and a single blastomere
was removed on day 3
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outcome data, which will be presented in (Chap.
3), showing a 40% pregnancy rate in approxi-
mately 1,000 PGD cycles performed for single-
gene disorders by sequential PB1 and PB2
analysis, followed by blastomere biopsy.

Therefore, accumulated experience allows con-
cluding that the biopsy procedures involved in
PGD do not seem to have significant detrimental
effect on embryo viability, although further ran-
domized control studies are needed to obtain more
detailed information. At present, preliminary data
of available randomized control studies are contro-
versial. In one of them, the effect was so significant
that it was probably caused by the lack of sufficient
experience in biopsy procedures [62].

2.2  Single-Cell Genetic Analysis
Single-cell genetic analysis includes single-cell
DNA and FISH analysis, which have become
important tools for the application of PGD in
assisted reproduction and genetic services, pro-
viding an important option for couples at genetic
risk to avoid the birth of an affected offspring and
have a healthy child of their own.

2.2.1 DNA Analysis
Because PGD for single-gene disorders is based
on single-cell genetic analysis, its accuracy
depends largely on the limitations of single-cell
DNA analysis, which may potentially cause misdi-
agnosis. One of the key contributors to misdiagno-
sis is the phenomenon of preferential amplification,
also known as allele-specific amplification failure
(allele drop out, ADO), requiring the application
of special protocols to ensure the highest ADO
detection rate [48, 63, 64]. A few previously
reported misdiagnoses, involving PGD for beta-
thalassemia, myotonic dystrophy (DM), fragile-X
syndrome (XMR1), and cystic fibrosis (CF), might
have been due to this phenomenon, which has not
initially been fully realized [39-41, 46, 65].

It has been demonstrated that ADO rates in
single cells might be different for different types
of heterozygous cells [66]. The ADO rate may
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exceed 20% in blastomeres compared to the ADO
rate in single fibroblasts and PB1, which was
shown to be under10%. A high rate of ADO in
blastomeres may lead to an obvious misdiagnosis,
especially in compound heterozygous embryos.
As mentioned, most misdiagnoses, especially
those at the initial stage of application of PGD for
single-gene disorders, were in the cases of blasto-
mere biopsy from apparently compound heterozy-
gous embryos.

The reliability of PGD depends on the control-
ling ADO. We have previously demonstrated that
ADO rates in single-cell PCR may vary with dif-
ferent lysis procedures, cell types, and loci ana-
lyzed [48, 63, 67]. Therefore, reliable methods are
needed to detect potential ADO, avoiding misdi-
agnosis in PGD for single-gene disorders. Our
experience demonstrated feasibility of detection
of ADO by a sequential analysis of oocytes, using
PB1 and PB2, and by simultaneous amplification
of mutant genes with linked polymorphic markers
[48, 64, 67], which is described in brief below.

The biopsied single cells are placed directly
into a lysis solution, consisting of 0.5 mcl 10x PCR
buffer, 0.5 mcl 1% Tween 20, 0.5mcl 1%
Tritonx 100, 3.5 mcl H20, and 0.05 mcl Proteinase
K (20 mg/ml in a 0.5 ml PCR tube). After spinning
down at a low speed in a microfuge for a few sec-
onds, the samples are covered with one drop of
mineral oil and incubated at 45°C for 15 min in a
thermal cycler. Proteinase K was then inactivated
at 96°C for 20 min, which is also the beginning of
the hot start of the first-round PCR. Lower strin-
gency and longer annealing time are used in the
first-round PCR, with the introduction of the mix-
ture of all outside primers for both mutant genes
and polymorphic markers. Following the first-
round PCR, separate aliquots are amplified in the
second-round PCR with specific inside primers for
each site, using a higher stringency. Such a dual or
multiple amplification reaction allows detection of
most of the ADO cases. If there are pseudogenes,
to eliminate false priming, the first-round primers
are designed to anneal to the regions of noniden-
tity with pseudogenes [48]. In addition to short
tandem repeats (STR) linked to the genes studied,
STRs located on other chromosomes are also stud-
ied for testing of a possible contamination by
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extraneous DNA, and identification of the origin
of individual embryos in the established pregnan-
cies. A list of STRs, their sequences, and PCR
reaction conditions for their analysis are presented
in each respective section.

Fluorescent PCR (F-PCR) is used for a direct
fragment-size analysis of a PCR product [68].
F-PCR is useful also for a direct sequencing of the
PCR product in the detection of point mutations
and for distinguishing preferential amplification
from ADO. A considerable proportion of ADO is
detected by sequential analysis of PB1 and PB2,
which may be demonstrated by data on sequential
PCR analysis of 26 alleles in PB1 and PB2 obtained
from 1,047 oocytes, which showed that 32 of 53 of
all ADOs in mutation analysis are detectable sim-
ply by sequential analysis of PB1 and PB2, avoid-
ing misdiagnosis due to ADO when no informative
polymorphic markers are available. As mentioned,
a high rate of ADO is observed especially in blas-
tomeres, leading to an obvious misdiagnosis in
compound heterozygous embryos, which was the
case at the initial stage of application of PGD for
single-gene disorders based on blastomere biopsy
obtained from apparently compound heterozygous
embryos [39, 46]. This is now avoided by testing
two or more linked polymorphic markers if avail-
able, making DNA testing in PB or single blasto-
meres a highly reliable procedure. Contrary to
expectation, the application of F-PCR does not
sufficiently improve detection of potential misdi-
agnoses in PGD of single-gene disorders. Testing
of 148 single fibroblasts by both conventional and
F-PCR provided minor contribution to ADO detec-
tion rates. Based on this observation, it was postu-
lated that simultaneous amplification of single
cells for any causative gene, together with one
linked polymorphic marker, reduces the ADO rate
by more than half, irrespective of the use of con-
ventional or F-PCR. With the additional second
marker in multiplex PCR, the ADO rate may fur-
ther be reduced by half, being completely absent if
three or more linked markers are simultaneously
amplified, as shown above.

We previously reported the results of 114 PGD
cycles for couples at high risk for having children
with single-gene disorders, resulting in preselec-
tion and transfer of a sufficient number of muta-
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tion-free oocytes in almost all cycles. Of 1,047
oocytes with DNA results, 672 (64.1%) had
heterozygous PB1, that is, with both normal and
mutant genes amplified, which is therefore ideal
for further testing, although their potential trans-
fer depended entirely on the identification of
mutant genes in the sequential analysis of PB2.
Thus, priority in preselection of embryos for
transfer was given to the embryos resulting from
the oocytes with heterozygous PB1 because in the
absence of DNA contamination this indicates the
absence of ADO of either the normal or mutant
allele. Although most of the transferred embryos
were preselected using this particular strategy,
some preselected embryos still originated from
homozygous normal oocytes, inferred from the
homozygous mutant status of PB1 and hemizy-
gous normal status of PB2. These embryos were
accepted for transfer only if ADO could have been
excluded using linked polymorphic marker analy-
sis. Otherwise, such embryos were excluded from
transfer and exposed to follow-up confirmation
analysis of the resulting embryos.

The follow-up analysis of the embryos excluded
from transfer either because they were affected or
because there was insufficient information to pre-
select them for transfer provided the data for eval-
uating the proportion of undetected ADO. Overall,
82 (7.8%) ADOs were observed, which included
75 detected and 7 undetected ones, suggesting that
not 970 but actually 1,052 oocytes were heterozy-
gous. The genotype of six embryos appeared to be
different from that predicted by mutation analysis,
and one by STR, due to ADO in PB1, which were
diagnosed as homozygous instead of their actual
heterozygous status. The data indicated to 98%
accuracy, which is quite acceptable for clinical use
of PGD for single-gene disorders.

As can be seen from these data, to avoid a mis-
diagnosis due to preferential amplification, a
simultaneous detection of the mutant gene
together with up to three or more highly polymor-
phic markers, closely linked to the gene tested,
may be required [48, 63]. Each additional linked
marker may reduce the misdiagnosis rate by half,
so with one linked marker amplified together with
mutation, a misdiagnosis risk in blastomere anal-
ysis may be reduced from 20% to 10%, with two
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from 10% to 5%, and with three from 5% to prac-
tically zero. So a multiplex nested PCR analysis is
performed, with the initial PCR reaction contain-
ing all the pairs of outside primers, so that follow-
ing the first-round PCR, separate aliquots of the
resulting PCR product may be amplified using the
inside primers specific for each site. Only when
the polymorphic sites and the mutation agree are
embryos transferred. So multiplex amplification
allows detecting ADO and prevents the transfer of
misdiagnosed affected embryos.

Our data show that one of the most efficient
approaches for avoiding misdiagnosis is a sequen-
tial genetic analysis of the PB1 and PB2 in PGD
for maternally derived mutations. Detection of
both mutant and normal alleles in the heterozy-
gous PB1, together with the mutant allele in the
corresponding PB2, leaves no doubt that the
resulting maternal contribution to the embryo is
normal, even without testing for the linked mark-
ers as a control. However, it will be ideal to test
simultaneously at least for one linked marker to
confirm the diagnosis. Alternatively, the mutation-
free oocytes is also predicted when the corre-
sponding PB1 is a homozygous mutant, in which
scenario the corresponding PB2 should be a hem-
izygous normal, similar to the resulting maternal
pronucleus. However, the genotype of the result-
ing maternal contribution may be quite opposite,
that is, mutant, if the corresponding PB1 is in fact
heterozygous, but erroneously diagnosed as
homozygous normal because of ADO of the nor-
mal allele. In the above scenario, the extrusion of
the normal allele with PB2 would lead to the
mutant allele left in the resulting oocyte. Therefore,
the embryos resulting from the oocytes with
homozygous mutant PB1 cannot be acceptable for
transfer, unless the heterozygous status of PB1 is
excluded by the use of linked markers as described.
The example of misdiagnosis, due to ADO of the
normal allele in PB1, has been described earlier in
a PGD cycle performed for FMR1 [65]. To com-
pletely avoid misdiagnosis, a sequential PB1 and
PB2 may be required to combine with multiplex
PCR to exclude the possibility of an undetected
ADO in heterozygous PB1. As described above,
the analysis of more than 1,000 oocytes tested by
sequential PB1 and PB2 analysis showed that
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more than half of the ADOs were detected by
sequential analysis of PB1 and PB2, with the
remaining cases detected by multiplex PCR. The
accuracy of this approach may be demonstrated
by the reports of PGD for thalassemia and familial
dysautonomia (FD) (see below), resulting in the
transfer of three unaffected embryos in each case,
which were confirmed by the birth of two sets of
triplets free from thalassemia and FD [69, 70].

The other method with the proved potential
for detecting and avoiding misdiagnosis due to
preferential amplification is fluorescence PCR
(F-PCR), which may allow detection of some of
the heterozygous PB1 or blastomeres misdiag-
nosed as homozygous in conventional PCR, and
therefore having the potential of reducing the
ADO rates at least to some extent [64]. In addi-
tion, the method also allows a simultaneous gen-
der determination, DNA fingerprinting, and
detection of common aneuploidies. F-PCR com-
bined with a multiplex system and sequential
PB1 and PB2 analysis in cases of maternally
derived mutations allows excluding almost com-
pletely the risk for misdiagnosis due to preferen-
tial amplification.

The accuracy of PGD has been further improved
with the application of fluorescent PCR with the
expand long template (ELT) kit, which enabled
reducing the ADO rate from as high as 30-35% in
both conventional and fluorescent PCR to as low
as 5% in testing for DM [71]. Another develop-
ment in improving the accuracy of single-cell
PCR analysis involves the application of real-time
PCR, which was found to reduce the ADO rate
almost by half, compared to conventional or
fluorescent PCR (Fig. 2.14). The application of
these approaches together with simultaneous test-
ing for the causative mutation along with at least
one or two linked markers allows avoiding reli-
ably the risk for misdiagnosis.

Finally, because of the high rate of mosaicism
at the cleavage stage, testing for the chromosome,
in which the gene in question is mapped, is of an
obvious value, to exclude the lack of mutant allele
due to monosomy of this chromosome in the biop-
sied blastomere. As mentioned, aneuploidy testing
is technically feasible and is done by adding prim-
ers for chromosome-specific microsatellite
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Fig. 2.14 Reduction of allele dropout (ADO) rates by
real time PCR. ADO rates are shown for nested conven-
tional PCR (left bar), nested combined PCR (first-round
conventional, second-round fluorescent: middle—left bar),
one-round fluorescent PCR (middle right bar), and one-
round real-time PCR (right bar) with single human
fibroblasts heterozygous for deltaF508 mutation in the
CFTR gene. Comparable ADO rates are seen in the first
three types of PCR, while application of one round of
real-time PCR reduces ADO in single fibroblasts almost
by half, demonstrating that real-time PCR is the most sen-
sitive for detection of ADO, although it cannot completely
prevent misdiagnosis

markers to the multiplex PCR protocols worked
out for specific genetic disorder [72]. The develop-
ment of multiplex nested PCR systems also allows
performing PGD for different conditions simulta-
neously, as attempted with PGD for CFTR muta-
tion together with XMR1 or gender determination
[73, 74], and will be also described in Sect. 4. The
PCR-based strategy for aneuploidy testing is
shown in Fig. 2.15, listing polymorphic markers
used for identification of the copy number of chro-
mosomes 13, 15, 16, 17, 18, 21, 22, and X. Y.
However, this may currently be performed by
microarray analysis in the same whole-genome
amplification product, combining testing for muta-
tions and polymorphic markers with 24 chromo-
some aneuploidy testing [18-29].

Due to the need for the development of a cus-
tom-made PGD design for each mutation and each
couple, preparatory work has become an integral
part of PGD for single-gene disorders to ensure
avoiding potential misdiagnosis. For example, in
some cases, a particular set of outside primers has
to be designed to eliminate false priming to the
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pseudogene, as described in PGD for long-chain
3-hydroxyacyl-Coa dehydrogenase deficiency
[75]. Also, the preparatory work may frequently
involve a single sperm typing needed for establish-
ing paternal haplotypes, so that linked marker anal-
ysis could be performed in addition to mutation
testing, especially in cases of paternally derived
dominant conditions or PGD combined with pre-
implantation HLA matching (see below). The use
of haplotyping for PGD without direct mutation
testing is presently used as a more universal proce-
dure, called preimplantation genetic haplotyping
(PGH) [76]. This also improves the accuracy of
PGD, as the availability of the parental haplotypes,
irrespective of whether the mother or the father is a
carrier, allows not only confirming the absence of
the mutant gene but also the presence of both
maternal and paternal wild alleles in PGD by blas-
tomere analysis, especially when only one infor-
mative marker is available (Chap. 3).

2.2.2 FISH Analysis

PGD for the age-related aneuploidies is currently
done by FISH analysis, using commercially avail-
able chromosome-specific  probes (Vysis,
Downers Groves, IL, USA). It was first applied in
1991 for gender determination using DNA probes
specific either for the X or Y chromosome [8].
Since testing for only one of the sex chromosomes
could lead to misdiagnosis of gender due to a pos-
sible failure of hybridization, a dual FISH was
introduced, involving the simultaneous detection
of X and Y, each in a different color [9]. Further,
the dual FISH analysis was combined with a
ploidy assessment to improve the accuracy, by
adding a centromeric probe specific for chromo-
some-18 [10, 11]. Testing was then extended up
to five autosomes, including chromosomes 13,
16,21, and 22 [48, 77, 78], although it is currently
possible to analyze up to a dozen chromosomes,
using additional rounds of re-hybridization.

As mentioned, the overall experience of pre-
implantation FISH analysis currently involves
more than 50,000 clinical cycles, resulting in
an improved pregnancy rate in poor-prognosis
IVF patients [2, 3, 79-82], despite the present
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controversy on this issue. The majority of these
cycles were performed by FISH analysis of blas-
tomeres, while approximately one-fifth was done
by FISH analysis of PB1 and PB2, resulting in
thousands of unaffected pregnancies and healthy
children born at the present time. The follow-up
confirmation studies of the preselected abnormal
embryos, and the babies born following the pro-
cedure, demonstrated an acceptable accuracy of
the FISH analysis, which is described below.
The reliability of the FISH technique for aneu-
ploidy detection in blastomeres has been exten-
sively studied [1, 13,31, 35, 83, 84]. By comparing
the FISH results in the cleaving embryos to mor-
phological abnormalities and maternal age, it was
established that the observed chromosomal abnor-
malities were indeed not related to the limitations
of the FISH technique, but were due to the embryo
variables [13, 83]. However, a high rate of mosa-
icism was observed at the cleavage stage [12, 13,
83, 84], which was particularly high in slow
embryos, exhibiting an arrested development.
Initially, an overall 12% mosaicism rate was sug-
gested in cleaving embryos [15], but it has now
been shown to occur in as many as half of preim-
plantation embryos, representing one of the major

Fig.2.16 Normal pattern of FISH images of PB1 and PB2
and blastomeres after a 3-h hybridization with MultiVysion
PB panel probe for autosomes 13 (red), 16 (aqua), 18 (vio-
let blue), 21 (green), and 22 (gold). PB1 and PB2 were
removed simultaneously on day 1 at the pronuclear stage of
development following fertilization assessment. (Middle
panel) PB1 chromosomes showing a normal number of
single dot signals (two per chromosome, representing each
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limitations of the FISH analysis for aneuploidies,
performed at this stage [1, 35]. Clearly mosaicism
will affect the accuracy of the diagnosis, except
for those cases when PGD detects the abnormal
cell from a mosaic embryo, which will not be
transferred. It was also shown that mosaicism may
present diagnostic problems at the blastocyst stage
[85], despite the initial prediction that the abnor-
mal cells are deviated mainly to trophectoderm.
The first attempt to use FISH analysis for test-
ing PB1 was undertaken in 1994. In this work, 130
unfertilized MII oocytes were tested simultane-
ously with their PB1, using X-chromosome and
chromosome 18 specific probes. It was demon-
strated that PB1 FISH data allow an exact predic-
tion of the chromosome set in the corresponding
oocytes [86, 87]. Each chromosome in PB1 was
represented by double dots (signals), corresponding
to two chromatids in each univalent (Fig. 2.16). The
data suggested that the number of signals (chroma-
tids) in PB1 reliably predicts the corresponding
number of signals (chromatids) in the MII oocytes,
therefore, providing an excellent tool for the genetic
preselection of oocytes. It was also of interest that,
in addition to a normal distribution of signals in
PB1 and the corresponding MII oocytes, meiotic

chromatid). (Lower left) A normal number of signals (one
per chromosome (chromatid)) are present in the PB2 inter-
phase nucleus inferring a normal chromosome complement
in the oocyte and resulting embryo. (Right panel) Normal
FISH images of interphase nuclei isolated from blastom-
eres, resulting from the oocytes shown on the left, after
embryo biopsy on day 3 of embryo development (two sig-
nals for each of the autosomes tested)
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errors were also detected, confirming the accuracy
of PB1 diagnosis for predicting the genotype of the
corresponding oocyte. For example, in one PB1
four signals for chromosome 18 were detected,
perfectly in accordance with the lack of the chro-
mosome 18 signals in the corresponding MII
oocyte (chromosome 18 non-disjunction). This
suggested that the chromosomal complements of
the oocyte could be inferred from the testing of
PB1, which can be removed following its extrusion
from the mature oocyte, with no potential influence
on the embryo viability. Another interesting phe-
nomenon was the observation of chromatid mal-
segregation as a possible cause of chromosomal
aneuploidy in the resulting mature oocytes. In four
oocytes, instead of the expected two signals, three
were found in the MII oocytes, which perfectly
corresponded to a single signal in the correspond-
ing PB1. Similar results were reported by another
group, confirming diagnostic significance of the
PB1 FISH analysis for predicting the genotype of
the preimplantation embryo [88].

PBI1 testing was one of the first approaches used
for PGD of translocations (16), based on the fact
that PB1 never forms an interphase nucleus and
consists of metaphase chromosomes. It is known
that PB1 chromosomes are recognizable when
isolated 2-3 h after in vitro culture, with degen-
eration beginning 67 h after extrusion. Therefore,
whole-chromosome painting or the chromosome
segment-specific probes could be applied for test-
ing of maternally derived chromosomal transloca-
tions in PB1. Although the method resulted in a
significant reduction of spontaneous abortions in
the patients carrying translocations, yielding unaf-
fected pregnancies and births of healthy children,
it has shown to be sensitive to malsegregation and/
or recombination between chromatids, requiring a
further follow-up analysis of PB2, in order to
accurately predict the meiotic outcome following
the second meiotic division (Chap. 5).

In contrast to PB1, PB2 is the by-product of
the second meiotic division, extruded following
fertilization of an oocyte. The need for FISH anal-
ysis of PB2 for PGD of aneuploidies was first pro-
posed in 1995, when it was demonstrated that
PB1 testing alone does not allow predicting the
resulting genotype of the oocyte [89]. It was
shown that in contrast to the paired dots in PB1,
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each chromosome in PB2 was represented by a
single dot (see normal pattern of FISH signals in
Fig. 2.16), so the lack of or addition of a signal for
a particular chromosome provided evidence of a
second meiotic division error. Although only 19
of 55 oocytes in this first study were tested by
both PB1 and PB2, evidence for errors was
observed not only in meiosis I, detected by PB1
analysis, but also in meiosis II, which may be
detected by PB2 testing. These data suggested
that some oocytes selected as normal, based on
the PB1 FISH analysis, still could have been
abnormal following nondisjunction in the second
meiotic division. Therefore, FISH analysis for
both PB1 and PB2 has become the basic require-
ment for PGD of aneuploidies, which allows
detecting errors in both the first and second mei-
otic divisions. Currently, more than 25,000
oocytes have been analyzed by FISH analysis,
showing the accuracy and reliability of PB1 and
PB2 testing for predicting the karyotype of the
embryo, resulting from the corresponding oocyte
[24]. As will be described below, more than 50%
of oocytes from IVF patients of advanced repro-
ductive age are abnormal, resulting from the errors
in both the first and second meiotic divisions, in
contrast to the previously believed concept that
aneuploidies mainly originate from meiosis 1.

As mentioned, PB2 testing is also an impor-
tant component of PGD for maternally derived
translocations. However, this is still done on
interphase as, despite the progress in transform-
ing PB2 into metaphase chromosomes via elec-
trofusion of PB2 nucleus with foreign one-cell
human embryo, the proportion of metaphase
plates obtained was not sufficient to be useful in
clinical practice [90]. Much higher efficiency was
observed in conversion of interphase nuclei of
blastomeres, which is described below.

Visualization of chromosomes of individual
blastomere nuclei requires the application of
nuclear transfer technique, which was initially
attempted for the conversion of interphase nuclei
of PB2 into metaphase [91]. The original design
was to fuse individual blastomeres with enucle-
ated human oocytes. Although metaphases were
obtained from two-thirds of blastomeres treated by
this method, its efficiency was not high enough to
be applicable to PGD. This was due to the inability
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of a replicating nucleus to form metaphase chro-
mosomes after the induction of premature chro-
mosome condensation (PCC). However, because
biopsied blastomeres may be at any stage of the
cell cycle at the time of biopsy, there was a need to
control the timing of mitosis of blastomere nuclei,
which can be achieved by the introduction of a
blastomere into the cytoplasm of a cell at a known
cell cycle [92]. To achieve such reprogramming,
the individual blastomeres were fused with intact
or enucleated mouse zygotes at pronuclear stage,
known to be at the S-phase of the cell cycle.

So the method involves the use of frozen
mouse zygotes, which can be purchased from
Charles River Laboratories (Wilmington, MA) as
recipient cytoplast to induce the conversion of
blastomere nucleus into metaphase. Also there is
no need for enucleation of mouse oocytes, as
mouse and human chromosomes may be clearly
distinguished. Blastomere biopsy is performed in
the same way as described above, except for
choosing only intact blastomeres with clearly
visible nuclei. Several precautions have also to be
taken to ensure the integrity of the blastomere
plasma membrane during biopsy procedure.
Although intact blastomeres may be inserted
microsurgically into perivitelline space, this
appeared to be traumatic and was replaced by
blastomere—zygote agglutination with phytohe-
magglutinin (Irvine Scientific, Santa Ana, CA).
Before the procedure, the thawed mouse zygotes
are freed of zonae pellucidae with acidic Tyrode’s
solution and pipetted through the flame-polished
Pasteur pipettes with an internal diameter of
80 wm. Then, using the flame-polished Pasteur
pipettes with an internal diameter of 100 pm,
blastomere—zygote pairs are brought together and
agglutinated in 300 pg/ml of phytogemagglutinin
in protein-free human tubal fluid buffered with
20 mM of HEPES in a four-well plastic dish
(Nunc).

Electrofusion is induced in the same way as
mentioned in the above section, except for substi-
tution of 0.5% polyvinylpirrolidone in the electro-
fusion medium by 0.1% with molecular weight
360.000 (kd). Blastomere—zygote pairs are ori-
ented between electrodes by hand, with the final
orientation achieved with alternating current
(500kHz; 0.2 kV/cm for 2 s). Cell fusion is induced
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with a single direct current pulse (1 kV/cm for
500 s), and the results are assessed in 20 min.

When human blastomeres are fused with intact
mouse zygotes, the heterokaryons entering mito-
sis are identified under a dissecting microscope.
Because of the transparency of mouse cytoplasm,
the disappearance of pronuclei and the formation
of the joint metaphase plate are clearly visible.
The heterokaryons with persisting pronuclei are
exposed for 1 h to 5 uM of OA in phosphate-
buffered saline containing 3 mg/nL of bovine
serum albumin and 0.5 pg/nL of cytochalasin D.
After 10-15 min incubation in a hypotonic solu-
tion (0.1% sodium-citrate and 0.6% bovine serum
albumin), the resulting mitotic heterokaryons are
fixed in a cold 3:1 solution of methanol and ace-
tic acid in a four-well plastic dish. When the cyto-
plasm clears, heterokaryons are transferred onto
slides and air-dried. Chromosome plates are
assessed by phase contrast and then used for stan-
dard chromosome analysis. For FISH analysis
the slides are pretreated with formaldehyde and
pepsin (Abbott Inc., Downers Grove, IL).

Overall success rate of the procedure is as
high as 83%, with its efficiency improved with
experience [36, 48]. Similar results were obtained
by using bovine ooplasts for fusion with human
blastomeres [92]. The data showed that some of
the failures are simply due to the absence of the
nucleus in biopsied blastomeres, or because the
heterokaryons were fixed after they had already
cleaved. It is also useful to perform blastomere
biopsy not earlier than day 3 or day 4, to avoid
biopsy of 2- and 4-cell embryos, leading to the
accelerated heterokaryon cleavage. However, the
success rate did not depend at all on whether
mouse zygotes were enucleated before fusion
with blastomeres. This allows simplifying the
procedure by using intact mouse zygotes.

So, the procedure is quite simple and includes
the following components. Mouse zygotes are
thawed free of zonae pellucidae and PB2 1-2 h
before electrofusion with human blastomeres.
Four hours after fusion, heterokaryons are moni-
tored for signs of the disappearance of pronuclei,
and fixed at mitosis following hypotonic treat-
ment. To avoid monitoring and a possible miss of
mitosis the heterokaryons may be cultured in the
presence of microtubuli inhibitors, vinblastine, or



2.2 Single-Cell Genetic Analysis

Normal 9
¥

Normal16

Fig. 2.17 Blastomere nuclear conversion to metaphase
for PGD of a maternally derived reciprocal translocation
[46,XX, t(9;16)(q34.3;p13.1)]. (a) FISH analysis of meta-
phase chromosomes of a peripheral blood lymphocyte
from the carrier. Chromosome 9 is identified with WCP in
orange (seen through a red single bandpass filter) in con-
junction with Tel 9q in red. Chromosome 16 is identified
with WCP in green in conjunction with Tel 16p in green.
Sub-telomeric probes were added to this probe cocktail
since the translocated portion of each chromosome is
small. Derivatives are seen with both red and green
fluorescence. (b) WCP in orange for chromosome 9 in
conjunction with CEP 9 in aqua and Tel 9q in red along
with WCP 16 (green) in conjunction with Tel 16p (green)
on karyotypically normal, peripheral blood. (¢) Analysis
by embryo biopsy and blastomere nucleus conversion to

podophyllotoxin. All the embryos, left in the cul-
ture by the ninth hour after fusion, are fixed fol-
lowing 1 h pretreatment with OA. The example
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metaphase chromosomes. Unbalanced chromosome com-
plement [9,der (9),16,16] in which derivative (9) is pres-
ent, evident by the presence of red and green fluorescence
from Tel 16p (yellow arrow). This embryo was omitted
from transfer. (d) Analysis by embryo biopsy and blasto-
mere nucleus conversion to metaphase chromosomes.
FISH analysis utilizing locus-specific and sub-telomeric
probes revealed a balanced chromosome complement by
the presence of both derivatives. Derivative 9 is distin-
guished from the normal chromosome 9 by the presence of
a CEP signal in aqua in conjunction with a Tel 16p signal
in green (green arrow) and derivative 16 is distinguished
from normal chromosome 16 by a Tel 9 q signal (only) in
red with the absence of a CEP 9 aqua signal (yellow
arrow). This corresponding embryo was suitable for trans-
fer barring any developmental problems

of blastomere nucleus conversion applied for
PGD of reciprocal translocation 46,XX, t(9;16)
(q34.3;p13.1) is shown in Fig. 2.17.
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Fig. 2.18 Karyotype of blastomere obtained without con-
version technique. Embryo follow-up analysis after polar
body analysis revealed second meiotic division error for
chromosome 22 indicating a trisomy 22 embryo. (a)
Testing was performed by embryo biopsy and “nonconver-
sion” techniques used to obtain metaphase chromosomes
from a single blastomere nucleus. Afterward, FISH was
performed on the metaphase spread utilizing Metasystems’
XCyte mFISH probe, which uses five fluorescent dyes to
detect different painting probes at the same time, allowing
for identification of all 24 different chromosomes with a

single hybridization. Each chromosome is distinguished by a
separate or combination of different fluorophores that are
separated by appropriate filter sets. Based on the specific
fluorochrome combination the chromosomes are given a
pseudo-color according to the 24X Cyte labeling scheme.
This allows for the analysis of complex numerical aberra-
tions even when there is slight chromosome overlap present
as seen in this metaphase spread. (b) Karyotype established
by utilization of the Isis program revealing complex
numerical aberrations consisting of trisomies 17, 20, and
22 and monosomy15
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The method has been applied for PGD of pater-
nally derived reciprocal translocations and for
confirmation of PGD of chromosomal abnormali-
ties performed by PB1 and PB2 FISH analysis.
With the current success rate of blastomere nucleus
conversion into metaphase it was applied for clini-
cal cases, which will be described in Sect. 5.

It has recently been reported that the blastom-
ere metaphase can be also obtained without the
application of a specific conversion method [93].
To obtain analyzable chromosomes, the embryos
were monitored closely the second day after ICSI,
to identify the blastomere with nuclear break-
down, which was biopsied and fixed within 1 h.
This method was currently modified by 1-h cul-
ture of the biopsied blastomere in medium with
vinblastine, which resulted in harvest of meta-
phase chromosomes of good quality (Fig. 2.18).

To get more reproducible results this method
was further improved by using chemical agents,
which involves morphological selection for
biopsy of the largest blastomere with 1-2 large
nucleoli within the cell nucleus. Upon embryo
biopsy, each blastomere is contained in
microdrops of Global culture medium (LifeGlobal,
USA) supplemented with Plasmanate (Bayer
Biological, USA) 10% vol:vol., containing caf-
feine (Sigma) (1 mmol/l) and a low dose of colce-
mid (Sigma) (<0.1 pwg/ml) under mineral oil [33,
94]. Blastomeres are incubated at 37°C in an
atmosphere of 6% CO, and air for approximately
2-3 h or until nuclear membrane breakdown is
observed. Afterward, the blastomeres are treated
in a hypotonic solution followed by fixation using
a cold solution of methanol and glacial acetic
acid, 3:1. Careful attention is paid so as not to
overspread the chromosomes in order to avoid
chromosome loss during fixation. Consequently,
not all metaphases are suitable for cytogenetic
investigation by G-banding; however, they are
suitable for FISH analysis to identify structural
rearrangements (Fig. 2.19).

2.2.3 Microarray Analysis

A major recent breakthrough has been in the devel-
opment and application of microarray technology
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for PGD of chromosomal disorders, allowing for a
highly improved detection of chromosomally
abnormal oocytes and embryos [18-29]. Although
there are different platforms for 24-chromosome
testing, the most adequate for the purpose of PGD
at this time is 24sure technology, developed by
BlueGnome Ltd, Cambridge, UK, because it can
be applied to all the biopsy materials, including
PB1, PB2, blastomeres, and blastocyst, allowing
completion of the test within 12 h, and providing
accurate results in over 90% samples. The proto-
col consists of at least 6 steps, including
amplification (2 h), labeling (2.5 h), hybridization
(3.5 h), washing (30 min), scanning (30 min), and
data analysis (1 h). The technique tests for all 24
chromosomes for any gain or loss with the bacte-
rial artificial chromosome (BAC) pooling strat-
egy, which, coupled with the uniquely designed
software, enables obtaining straightforward
results on aneuploidy in a single cell. Currently,
two 24sure array formats are used for two appli-
cations. BACs spotted on the 24sure array are
selected on the basis of having little variations in
over 5,000 hybridizations, to deliver the highest
level of reproducibility and sensitivity in aneu-
ploidy testing.

To apply the technique for additional analysis
for chromosomal rearrangements, 24sure + array
format is used, with greater coverage of genome,
including subtelomeric and pericentromeric
regions, enabling accurate characterization of
arm-level aneuploidy and other large-scale struc-
tural abnormalities. Both the formats are used
with Sure Ref reference DNA, providing a
hybridization reference, well matched for quality,
to an amplified single cell. Also a sex-mismatched
design is used to provide useful reference in
interpreting the results, such as the use of male
reference in the hybridization, mismatching with
X chromosome in the analysis of polar bodies.

One of the critical steps of the procedure is
whole-genome amplification with the Super Plex
Single-Cell Whole-Genome Amplification Kit
(BlueGnome Ltd), which is performed according
to the manufacturer’s instructions. Specific qual-
ity control criteria for sample quality and quantity
are used to ensure that only specific amplifications
are labeled. The fluorescent labeling system
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Fig. 2.19 Preimplantation diagnosis for maternally
derived rearrangement 46,XX,ins(11;5)(q22.2;q31.1q34)
by chemical conversion distinguishing normal from unbal-
anced embryos. Fluorescent in situ hybridization (FISH)
was performed for chromosome 11 using whole chromo-
some paint 11 (WCP 11) in green and the centromeric
enumeration probe for chromosome 11 (CEP 11) in aqua.
Chromosome 5 is identified by a dual probe which targets
a region of the p arm LSI D5S23, D5S721 (5p15.2) in
green and the q arm LSI EGRI1 (5q31) in orange. The
remaining chromosomes are seen in blue after the applica-
tion of DAPI counterstain. (a) FISH image of a metaphase
from a peripheral blood lymphocyte from the female car-
rier. Normal chromosome 11 is seen with WCP 11 in
green and CEP 11 in aqua. Derivative 11 is identified by a
combination of WCP 11 green, CEP 11 aqua, and 5q31 in

orange identifying the inserted segment of chromosome 5
into derivative 11. Normal chromosome 5 is identified by
the presence of both 5p15.2 in green and 5q31 in orange.
Derivative 5 is identified by 5p15.2 in green only since it
lacks the 5q31 region, which has been inserted into the q
arm of chromosome 11. (b) FISH image of condensed
chromosomes isolated from a blastomere from a normal
8-cell embryo showing two normal chromosomes 5 and
11. (c¢) FISH image of condensed chromosomes in close
proximity to one another indicating an unbalanced chro-
mosome complement. Two normal chromosomes 5 (top)
and one normal chromosome 11 (middle), and a derivative
chromosome 11 (bottom) are present. (d) FISH image of
condensed chromosomes from an unbalanced 8-cell
embryo, which shows two normal chromosomes 5 (top left
and right) and one normal chromosome 11 (lower right)
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Fig. 2.20 Results from a PB1 carrying a loss of chromatid 16, obtained by array-CGH analysis

(BlueGnome Ltd) is used for the labeling of the
amplified samples of biopsy materials, as well as
labeling of a commercially available reference
DNA. Test and reference DNA co-precipitation,
their denaturation, array hybridization, and the
post-hybridization washes are done according to
protocol provided by the manufacturer.

A laser scanner is used to excite the hybridized
fluorophores, and to read and store the resulting
images of hybridization, using the special soft-
ware provided by Bluegnome. Chromosome
profiles are examined for gain or loss, or for struc-
tural rearrangement. Figure 2.20 shows the results
of PB1 analysis, demonstrating trisomy 16.

Preliminary data on array-CGH (24sure by
BlueGnome) testing of the first and second polar
bodies, and the resulting oocytes, were consistent
with FISH results, suggesting that array-CGH
may be the method of choice for PGD of aneu-
ploidies [24-27]. An ESHRE Task Force pilot
study demonstrated an accurate identification of
chromosomal status in 89% of oocytes tested,
based on microarray analysis of PB1 and PB2
[26, 27]. When combined with embryo biopsy to
detect paternally derived aneuploidies and those
originating from mitotic errors, this could pro-
vide an improved detection and avoidance of
aneuploid embryos from transfer. However, as

evidenced from inconsistencies between the pre-
dicted and observed types of errors in cleaving
embryos [24] and by the high prevalence of mosa-
icism at this stage, blastocyst biopsy may appear
a better choice, taking also into consideration the
recent reports on a higher accuracy and improved
clinical outcome following the application of
24-chromosome testing coupled with blastocyst
biopsy [23, 28, 29].

This approach has opened the possibility of
combining aneuploidy testing for 24 chromo-
somes, with PGD for single-gene disorders,
which was first performed for G, gangliosido-
sis, which is an autosomal-recessive lysosomal
storage disorder [95]. Of 10 embryos tested by
SNP Microarray on blastocyst biopsy, 7 were
euploid and 3 aneuploid, while 2 embryos were
determined as affected with G,;, gangliosidosis, 5
embryos were mutation carriers, and 3 were nor-
mal. By combining the results of these tests, 5
embryos were found to be suitable for transfer.
This novel approach was then extended to a vari-
ety of genetic conditions, and also applied
together with preimplantation HLA typing, to
investigate feasibility of a combined test for
24-chromosome aneuploidy, with PGD for sin-
gle-gene disorders and preimplantation HLA typ-
ing. The list included gangliosidosis GMI,
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isolated hypertrophic cardiomyopathy, cystic
fibrosis, Fragile —X, neurofibromatosis type 1,
Nieman Pick disease, and congenital gangliosi-
dosis. A total of 77 embryos were tested, includ-
ing 43 by blastocyst biopsy in 6 and 34 by
blastomere biopsy in 4 cycles. Of 77 embryos
tested, 30 (39%) were predicted to be aneuploidy-
free and also unaffected. Overall, such embryos
were available for transfer in all but one cycle,
and transferred without freezing in the majority
of cycles performed by blastomere biopsy
(unpublished data).

At the present time, this combined approach is
applied in approximately 100 cycles, including
aneuploidy testing together with Mendelian dis-
orders and HLA typing, as described above, and
also together with PGD for translocations [96],
demonstrating the possibility of testing for mul-
tiple indications in a single comprehensive test,
avoiding additional biopsy procedures. This also
improves the efficiency of PGD, as the transfer of
aneuploid embryos is excluded in cycles from
patients of advanced reproductive age.

So, presented data show that the PB approach,
based on PB1 and PB2 analysis, as well as genetic
analysis of single blastomeres or blastocyst cells,
may presently be applied for PGD of single-gene
disorders, aneuploidies, and translocations. Based
on this analysis, the embryos resulting from unaf-
fected oocytes are transferred back to patients
within the implantation window, while those pre-
dicted as affected are followed up by PCR or FISH
analysis to confirm the PB or blastomere diagno-
sis. The results of genetic analysis using both
sources of biopsy material will be presented below,
showing the accuracy and reliability of PGD for
single-gene and chromosomal disorders.
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