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Abstract

Inherited cancer predisposition is presently one of the major indications for preimplantation genetic testing (PGT),
providing an option for couplers at risk to avoid the birth of an offspring with predisposition to cancer. We present here
our experience of 35 of 874 PGT cycles for cancer, in which in addition to BRCA1/2 the couples were at risk to another
genetic conditions as well, for which PGT was performed together with PGT for breast cancer. This resulted in birth of
20 mutation free children with not only unaffected for the tested genetic condition, but also without risk of developing
cancer. This is a part of our overall PGT series of 6,204 PGT cases for monogenic disorders (PGT-M), with 2,517
resulting births, free of genetic disorder. The accumulated experience, demonstrates considerable progress in using
PGT for avoiding the birth of affected children together with avoiding predisposition to cancer.

Key Words: preimplantation genetic testing (PGT)/ PGT for monogenic disorders (PGT-M)/ breast cancer/ BRCA
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Introduction

Preimplantation genetic testing (PGT) was shown to be an attractive
option for couples at risk, allowing to avoid the inheritance of cancer
predisposing genes to their offspring [1-6]. As there is no sufficient
progress in developing effective approaches to prevent the development
of cancer in carries of cancer predisposing mutations, the number of
referrals for PGT of cancer has increased significantly during the last few
years, especially after introduction of an expanding carrier screening,
which also picks up genetic risk for having an affected child caused by
additional monogenic disorders. The most frequent cancer for which such
combined PGT-M was performed were BRCAL and BRCAZ2, currently
representing one of the most frequent PGT-M indications [7].

Thus, this paper will describe our experience of PGT for breast cancer
predisposition, which was performed together with testing for additional
single gene disorders, resulting in avoiding the birth of affected child with
monogenic disorder, as well as without BRCA genes predisposing to
developing breast cancer.

Material and Methods

A series of 36 PGT cycles for 19 couples at risk for producing a progeny
with BRCA 1/2 mutations predisposing to breast cancer and at risk for
additional single gene disorders was performed (list of gene mutations,
for which PGT was performed together with BRCA 1/2 is presented in
Table 1).
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PGT cycles were performed using a standard I\VF protocol, coupled with
micromanipulation procedures of polar bodies (PB) or embryo biopsy,
described in detail elsewhere [8]. Details of PGT guidelines were reported
previously [9-10]. The present standards of the procedure involve whole
genome amplification (WGA) of biopsied PBs or embryos biopsy
samples, followed by multiplex nested PCR analysis of the mutations in
question, together with closely linked genetic markers in a multiplex
heminested system. The majority of cases are currently performed by
blastocyst biopsy followed by WGA [8]. The biopsied blastocyst samples
were tested by the multiplex nested PCR analysis, involving the mutations
in question and linked marker analysis in a multiplex heminested system
(in each family, heterozygous alleles and haplotypes not shared by parents
were selected). This allowed detecting and avoiding misdiagnosis due to
preferential amplification and allele dropout (ADO), and a possible
aneuploidy or uniparental disomy of chromosomes in which the tested
mutations are located, which may affect diagnostic accuracy of PGT. In
PGT cycles, involving an advanced reproductive age of maternal partner,
aneuploidy testing was also performed by next generation technologies
(NGS) (Illumina Inc) for 24-chromosome aneuploidy testing [7, 11].

Results and Discussion

Table 1 presents the results of PGT-M series of 36 PGT cycles performed
for BRCA1/2 concomitant with other genetic conditions: 24 cycles
involved testing for BRCA1 and 12 for BRCAZ2, resulting in birth of 15
healthy children unaffected for the additional one or two conditions, also
free from predisposition genes to breast cancer (10 free of BRCA1 and 5
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free of BRCA2 mutations). Increasing number of such a combined PGT-
M is not surprising, as breast cancer has become one of the commonest
indications for PGT-M. Figure 1 shows a steady increase of the numbers
of PGT-M for breast cancer since we performed the first PGT case in 1999
[3]. The number of cases is increasing annually, reaching close to 200
cases in the current year. The presented results in Table 1 is a part of our
overall PGT series of 6,204 PGT cases for monogenic disorders, which
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resulted in 2,517 births free of genetic disorder. Overall, this included 874
PGT cycles for cancer, of which 284 PGT were performed for breast
cancer caused by BRCA1l and BRCA2 mutation, resulting in
identification and transfer of 280 embryos free from mutations
predisposing to breast cancer in 199 cycles, yielding 131 pregnancies and
birth of 134 children without risk of developing breast cancer due to
BRCA1 and BRCA2 genes [7].

CONDITIONS " “ # Transfers "
Gene :M‘ el Embryo | Pregna | Birt
nt o
transfer | ney h
red
BREAST-OVARIAN CANCER, FAMILIAL, | BRCAI |7 13 10 10 6 5
SUSCEPTIBILITY TO, 1, BREAST- BRCA?
OVARIAN CANCER, FAMILIAL, -
SUSCEPTIBILITY TO, 2
| BREAST-OVARIAN CANCER, FAMILIAL, | BRC4/ (1 [1 |0 0 o 0
SUSCEPTIBILITY TO, 1, BIOTINIDASE BID
DEFICIENCY
BREAST-OVARIAN CANCER, FAMILIAL, | BRCA4/ |1 1 1 1 1 1
TR »
SUSCEPTIBILITY TO, 1, TORIA
DYSTONIA 1, TORSION, AUTOSOMAL
DOMINANT
BREAST-OVARIAN CANCER, FAMILIAL, | BRCA/ |1 2 1 1 1 1
ey , i
SUSCEPTIBILITY TO, 1; FAR]
FRAGILE X MENTAL RETARDATION
SYNDROME
BREAST-OVARIAN CANCER, FAMILIAL, | BRCA7 |1 2 1 1 0 0
SUSCEPTIBILITY TO, 1; SGSH
MUCOPOLYSACCHARIDOSIS, TYPE IIIA
BREAST-OVARIAN CANCER, FAMILIAL, | BRCA47 |1 1 1 2 1 2
SUSCEPTIBILITY TO, 1;
SMN1
SPINAL MUSCULAR ATROPHY, TYPE 1
BREAST -OVARIAN CANCER, FAMILIAL, | BRCAI |1 4 3 4 2 1
SUSCEPTIBILITY TO, 1; VPS3AR
ARTHROGRYPOSIS, RENAL "
DYSFUNCTION, AND CHOLESTASIS 1
BRCAI+Y SECOND CONDITION SUBT 13 24 17 19 i1 10
OTAL
BREAST-OVARIAN CANCER, FAMILIAL, | BRCA? |1 3 2 2 1 1
SUSCEPTIBILITY TO 2; CHER?
BREAST AND COLORECTAL CANCER,
SUSCEPTIBILITY
BREAST-OVARIAN CANCER, FAMILIAL, | BRCA2 |1 1 1 0 0 0
SUSCE 4 g
USCEPTIBILITY TO 2; HEXA
TAY-SACHS DISEASE
BREAST-OVARIAN CANCER, FAMILIAL, | BRCA2 |2 6 3 5 2 3
SUSCEPTIBILITY TO 2; MULTIPLE MEN]
ENDOCRINE NEOPLASIA, TYPE 1 o
BREAST -OVARIAN CANCER, FAMILIAL, | BRCA2 |1 1 1 2 1 1
1 v »
SUSCEPTIBILITY TO 2 PSEN?
ALZHEIMER DISEASE 4
BREAST-OVARIAN CANCER, FAMILIAL, | BRCA? |1 1 1 0 0 0
SUSCEPTIBILITY TO 2; ys
TRANSLOCATION
BRCA2+ SECOND CONDITION SUBT |6 12 8 9 4 5
OTAL
19 J6 25 28 i5 15
ALL BREST CANCER TYPEVY SECOND | TOTAL
CONDITION

Table 1 Combined PGT-M for Breast Cancer and other condition
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Of special interest were PGT for BRCA 1/2 combined with PGT for two
additional conditions, each resulting in birth of unaffected child for both
conditions, as well as free from predisposition to breast cancer. Another
case of special interest was PGT-M in a couple with paternal partner
carrying BRCA2 and maternal partner carrying BRCA1 mutations. Of 6
tested blastocysts tested, 2 were carriers of BRCAL, 1 carrier of BRCAZ2,
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2 were free from BRCAL and BRCA2 mutations but had chromosomal
aneuploidy, and only one was euploid and also a non-carrier of BRCAL
and BRCA2 mutations, which was transferred, resulting in a breast cancer
predisposition free child.

Figure Legends
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Figure 1 Steady Increase of PGT-M cycles for cancer predisposition, since the first case performed in 1999 [3], up to 200 cases in the current year
(not shown)

Upper Panel shows the family pedigree with paternal mutation BRCAL
gene, 3100 del GT presented on the left, and maternal fragile X expansion
on the right. As seen from pedigree, the paternal partner inherited the
breast cancer predisposing gene from his mother. As chances to produce
an embryos free of each of these gene is 50%, only 1 in four embryos
could be expected to be free of both genes to be detected in PGT-M. The
couple have already affected boy with FMR1 gene.

Meddle Panel shows the results of testing of 10 embryos following
trophectoderm biopsy, of which only 3 were free of the paternal BRCA1
gene (embryo #3, 7 and 9).
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Lower Panel shows the result of testing these 10 embryos for FMR gene,
7 of which were without fragile X expansion FMR1 gene, including 2 of
3 embryos free of BRCA 1 gene (embryo #3 and 7). So 2 of 10 embryos
were free of both mutations, which is close to the above expected chances
of getting unaffected embryo for transfer.

One of these embryos (embryo #3) was transferred, resulting in
unaffected pregnancy and birth of baby girl free of FMR gene expansion
and with no predisposition to breast cancer.
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Figure 2 Combined PGT-M for paternal mutation BRCA1 gene 3100 del GT, and maternal Fragile-X expansion (FMR1 gene). (see description in
the text below).

Figure 2 presents the case of combined PGT for BRCAL, concomitantly
with testing for another frequent condition, fragile-X mental retardation
(FMR1). The paternal partner in this case was a carrier of BRCAL gene
(3100 del GT), while maternal partner - carrier of fragile X expansion
(FMR1). With dominant mode of inheritance of both of these conditions,
there is a 50% chance for the couple to produce an embryos free of each
of these genes, thus with only one in four embryos expected to be free of
both genes. In fact, of 10 tested embryos tested, only 3 embryos appeared
to be free of the paternal BRCA1 gene (embryo #3, 7 and 9), of which
two of appeared to be also free of fragile X expansion FMR1 gene
(embryo #3 and 7), so actually close to the above expected chances of
getting embryo free of both genes. One of these embryos (embryo #3) was
transferred, resulting in unaffected pregnancy and birth of baby girl free
of FMR gene expansion and also with no predisposition to breast cancer.

With further wider application of ECS (12), inherited predispositions to
breast cancer is becoming the major emerging PGT indication. Overall,
cancers account already for 13.3% of all PGT-M cases in our experience,
despite still remaining controversy, because these diseases may present
beyond early childhood and may not even be expressed in 100% of the
cases [13-14]. Despite the ethical and legal issues involved in PGT for
late-onset disorders with genetic predisposition, such as breast cancer, an
increasing number of patients still consider PGT to be their preferable
option. Thus, oncologic services may consider informing patients at risk
for producing offspring with predisposition to breast cancer that an option
exist for them to avoid such risk through PGT.
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