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G R A P H I C A L A B S T R A C T
� Preimplantation genetic testing (PGT)
identifies and prevents hereditary cancer
by selecting embryo-free pathogenic
mutations.

� Careful consideration and multidisci-
plinary support and guidelines are
necessary to make PGT an acceptable
option.

� Guidelines should be developed to assist
stakeholders and practitioners in making
decisions surrounding PGT.

� Non-disclosure testing raises ethical and
moral concerns, thus requiring careful
consideration on a case-by-case basis.

� Genetic applications continue to
advance and objections are unlikely to
endure.
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A B S T R A C T

Preimplantation genetic testing (PGT), which was developed as an alternative to prenatal genetic testing, allows
couples to avoid pregnancies with abnormal chromosomes and the subsequent termination of the affected fetus.
Originally used for early onset monogenic conditions, PGT is now used to prevent various types of inherited
cancer conditions based on the development of PGT technology, assisted reproductive techniques (ARTs), and in
vitro fertilization (IVF). This review provides insights into the potential benefits and challenges associated with the
application of PGT for hereditary cancer and provides an overview of the existing literature on this test, with a
particular focus on the current challenges related to laws, ethics, counseling, and technology. Additionally, this
review predicts the future potential applications of this method. Although PGT may be utilized to predict and
prevent hereditary cancer, each case should be comprehensively evaluated. The motives of couples must be
assessed to prevent the misuse of this technique for eugenic purposes, and non-pathogenic phenotypes must be
carefully evaluated. Pathological cases that require this technology should also be carefully considered based on
legal and ethical reasoning. PGT may be the preferred treatment for hereditary cancer cases; however, such cases
require careful case-by-case evaluations. Therefore, this study concludes that multidisciplinary counseling and
Sciences, Naif Arab University for Security Sciences, Riyadh 11452, Saudi Arabia.
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Figure 1. Workflow of the assisted reproductive tec
the following stages (days): pre-preimplantation ge
disorders. ART: Assisted reproductive technique; IV
plantation genetic testing for monogenic disorders.
support for patients and their families are essential to ensure that PGT is a viable option that meets all legal and
ethical concerns.
Introduction

In 1989, Handyside et al.1 were among the pioneers of preimplanta-
tion genetic testing (PGT) and utilized the technique to examine a single
embryo cell at the 6–8 cell stage. This approach aims to prevent the
transmission of X-linked recessive diseases by evaluating female embryos
prior to transfer.1 Since then, significant advances have been made in
genetic screening tools, which has led to the discovery of numerous genes
that are responsible for inherited cancers. These discoveries have facili-
tated the identification of pathogenic variants at early stages, thus
allowing for cancer diagnosis, prevention, and treatment and improving
survival rates.2

Initially, PGT was extensively applied as an alternative to prenatal
amniocentesis testing (PNT) to detect early onset monogenic life-
threatening diseases.3 The identification and selection of unaffected
embryos through PGT help families avoid going through “invasive pro-
cedures like PNT or probably termination of pregnancy of affected em-
bryos.4 Although single-cell genetic testing is challenging and the
procedures involve complex steps, PGT has moved from the experimental
phase and now represents an alternative to prenatal screening.

PGT is an assisted reproductive technique (ART) that combines in
vitro fertilization (IVF) with embryo culture. Essentially, this testing
procedure requires couples to begin IVF so that PGT for monogenic dis-
orders (PGT-M) can be performed to select a non-affected embryo.5 The
first step in PGT is the unequivocal identification of the causative gene
and pathogenic variant within the relevant affected family members.
Subsequently, an appropriate technique is used to examine and identify
embryos that are negative for a given disease.6 These steps and the
approximate time required until completion are summarized in Figure 1.

The PGT technique was initially applied to one cell on the third day
after fertilization in the blastomere stage, and deoxyribonucleic acid
(DNA) was extracted from a single cell to examine the presence of one
specific genetic defect.7 The number of cells in an embryo biopsy varies
from one to six depending on the embryo stage. For example, biopsy of
one to two cells is achievable at the cleavage stage of an embryo, while
biopsy of five to ten cells is possible from the trophectoderm at the
blastocyst stage.8,9

Previously, couples mainly underwent PGT-M for monogenic disor-
ders that cause life-limiting childhood-onset diseases; however, PGT has
been increasingly used for late-onset disorders, such as Huntington's
disease and hereditary cancer.6 Currently, genetic testing is broadly
offered for hereditary cancer susceptibility genes; moreover, the criterion
hnique that includes all stages fro
netic testing for monogenic diso
F: In vitro fertilization; PGT-M: P
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for testing is reproductive age. Therefore, the Human Fertilisation and
Embryology Authority (HFEA) approved PGT for certain genetic cancer
predisposition syndromes.6

People with inherited precancerous syndromes are at risk of devel-
oping tumors and may require severe and serious procedures and sur-
geries to increase their likelihood of survival. Couples who undergo PGT
testing are seeking to spare their future children from experiencing these
life-threatening diseases.7

As PGT testing for hereditary cancer susceptibility genes is rapidly
developing both scientifically and technically, annual scientific reviews
are required that discuss the associated ethical issues and challenges and
summarize the latest developments in this field. Such a review must
include the efficacy and efficiency of any new technical methods, such as
extended PGT (ePGT) and its ethical limitations, and discussions on
polygenic PGT and its approval. The review presented here provides an
overview of recent advancements in this area and discusses the chal-
lenges and expected benefits of testing hereditary cancer genes using PGT
as an ART. The schema diagram illustrates the hierarchical and relational
nature of each section in this review article, facilitating readers'
comprehension of its scope, objectives, and findings in an organized and
systematic way [Figure 2].

Hereditary cancer predisposition genes and diseases

The HFEA approved the use of PGT testing for certain cancer pre-
disposition genes, such as BRCA1 and BRCA2 for breast and ovarian
cancer, and disorders, such as Lynch syndrome for bowel, endometrial,
and ovarian cancer; familial adenomatous polyposis (FAP) for bowel
polyps with malignant potential; Li-Fraumeni syndrome for breast cancer
and other soft tissue tumors, and neurofibromatosis type 2 for schwan-
nomas.10 In 2006, the HFEA authorized the PGT procedure for patho-
genic variants, such as BRCA1 and BRCA2, and hereditary nonpolyposis
colorectal cancer (HNPCC). These conditions are separate from those
previously authorized in the United Kingdom (UK) because they include
three factors: symptoms that appear at old age, pathogenic variants that
have low penetrance, and the possibility of treatment. Previously, PGT
was only authorized by the HFEA for cases that included one or two
conditions mentioned above, which represented the main criterion for
authorizing the PGT procedure.3,10

These variants (BRCA1, BRCA2, and HNPCC) are pathogenic,
although most do not have complete penetrance, which means that not
all individuals carrying these variants express disease pathogenicity. For
m disease diagnosis to embryo transfer, with the approximate duration of each of
rders, in vitro fertilization, and preimplantation genetic testing for monogenic
reimplantation genetic testing for monogenic disorders; Pre-PGT-M: Pre-preim-
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instance, the incidence of breast cancer (BC) and ovarian cancer (OC)
reaches 80% and 50% for BRCA pathogenic variant carriers, respectively.
In detail, a 60–80% risk of developing BC before the age of 70 is observed
for carriers of the BRCA1 or BRCA2 pathogenic variants, a 30–60% risk of
developing OC is observed for carriers of BRCA1 gene pathogenic vari-
ants, and a 5–20% risk of developing OC before age 70 is observed for
carriers of BRCA2.3

The likelihood of transmission of the genetic pathogenic variant
responsible for cancer from parents to their offspring varies between
diseases. For individuals who carry theMEN2A gene pathogenic variant,
the probability of transmitting the pathogenic rearranged during trans-
fection (RET) variant to their offspring is 50%,11 and the same proba-
bility is observed for individuals who carry germline retinoblastoma 1
(RB1) gene pathogenic variants responsible for the development of he-
reditary RB.7 In RB, 45–50% of patients who develop the disease by the
germline pathogenic variant are capable of transmitting the disease to
their offspring,12 although RB is also caused by non-inherited pathogenic
variants (somatic carcinomas).7

The prevalence of multiple endocrine neoplasia type 1 (MEN1) dis-
ease is 1 in 50,000 individuals and the disease appears between 5 and 80
years of age. Studies have indicated that the clinical manifestations of
MEN1 appear in 80% of patients in their 5th decade of life.13,14

Aggressive carcinomas may be caused by pathogenic germline vari-
ants.15 These cancers are categorized as adult-onset predisposition syn-
dromes, for which treatments are available that reduce their risks.
However, compared to other sporadic malignancies, hereditary cancers
usually appear at a young age and involve a high risk of multiple primary
tumors. These conflicting characteristics of this disease have led to
controversy regarding the relevance of PGT as a reproductive choice for
couples with these pathogenic variants.6

The management of these cancers mostly includes invasive screening
tests and prophylactic surgery, such as colectomy, mastectomy, or
Figure 2. Schema diagram for the content
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oophorectomy, which have negative psychological effects on patients
and their quality of life.

Preimplantation genetic testing for lower-penetrance cancer pathogenic
variants

Continuous developments in the field of PGT and ART in recent years
have made PGT a clinically accurate, safe, and well-established proced-
ure.16 PGT is an attractive option for couples who carry genetic patho-
genic variants that cause severe, highly pathogenic, or fatal cancers
because in such cases, the pathogenic variants responsible for causing
cancer show complete penetrance. More recently, a trend of applying
PGT-M has been observed for such cases, such as late-onset syndromes
that include cancer predisposition disorders with low penetrance rates.17

Although the use of PGT for susceptible inherited cancer is still
debated,18 PGT represents an option for preventing hereditary cancers, and
the selection of cancer predisposition-free embryos can prevent the risk of
clinical pregnancy termination. Even with the requirement of undergoing
IVF, PGT is still a better option for obtaining unaffected offspring.17

PGT is a safe prediction method and a suitable alternative for in-
dividuals suffering from these pathogenic variants who do not wish to
undergo PNT. However, a number of countries continue to object to the
use of this method for late-onset diseases where the degree of penetration
is incomplete, such as hereditary cancers. Nevertheless, the application of
PGT for hereditary cancers is increasing in the United States (US),19 and
it is a superior option for avoiding the ethical dilemmas associated with
PNT.

The main and most important argument for using PGT in such cases is
to prevent the inheritance of severe diseases. Abstractly, PNT and PGT do
not select a child or embryo carrying a specific disease but rather provide
a cure for the disease. PGT technology is superior to PNT because it
avoids the ethical issues of PNT, whichmight identify a disease that could
. PGT: Preimplantation genetic testing.



M.H. Albujja et al. Cancer Pathogenesis and Therapy 2 (2024) 1–14
lead to the termination of the pregnancy and disposal of the fetus.20

Rechitsky and Kuliev revealed that the largest group of non-traditional
indications was detected via PGT-M for 23 cancer predisposition syn-
dromes, including BRCA1 and BRCA2, and they accounted for more than
one-third of the observed cases. The application of this procedure
resulted in the birth of 271 children free of cancer predisposition genes,
making it the world's largest series.21

For diseases that may be preventable or treatable, a request for PNT is
uncommon because of the low penetrance rate. Realistically, a mutual
unwillingness is observed among professionals and parents to terminate
the pregnancy if the child has a predisposition to pathogenic variants.
Instead, embryo selection using PGT represents an acceptable alternative
to avoid the clinical termination of pregnancy.6 Research by Lee et al.
found that only one in three couples agreed to use invasive PNT with the
possibility of terminating the pregnancy.22 Similarly, a study by
Derks-Smeet et al. showed that the majority of couples with hereditary
breast and ovarian cancer (HBOC) pathogenic variants refused to un-
dergo PNT and even refused to follow natural conception.23

The demand for genetic testing for cancer diseases is increasing, and
the survival rate for young patients exposed to cancer is also increasing.
This situation has led to an increased demand for PGT to prevent such
diseases because PNT has many flaws, such as ethical concerns regarding
the decision to terminate a pregnancy and moral, religious, and social
obstacles that may prevent abortion according to the laws of some
countries.3 Moreover, diseases that arise due to a hereditary predispo-
sition with incomplete penetrance of pathogenic variants cannot be
Table 1
Key characteristics detailed in publications on preimplantation genetic testing for mo

Name Inheritance
cancer
syndrome

Mechanism of cancer Variant

MEN2 Autosomal
dominant

Germline pathogenic
variants of the RET proto-
oncogene

C.1858T > C,
P.C620R germline variant

MEN1 Autosomal
dominant

Associated with germline
and somatic inactivating
mutations in the MEN1
gene

Chromosome 11q13, encode
menin

HBOC Autosomal
dominant

BRCA2; BRCA1 gene
pathogenic variant

C.7436_7805del [GenBank U
variant carrier (5273G[A In

FAP Autosomal
dominant

Truncating germline
pathogenic variants in the
APC gene

APC gene, C.532-8G > A (NG
AGTT deletion pathogenic va
gene

RB1 Autosomal
dominant

Caused by pathogenic
variants in the RB1 gene

Single base pair substitution
(splice site pathogenic varian
(1353 þ 1G→A). Normal GT
following exon 12 is changed
pathogenic variant

LS; also
known
as
HNPCC

Autosomal
dominant

Germline pathogenic
variants in DNA MMR
genes:
MLH1, MSH2, MSH6,
EPCAM, and PMS2 genes

Hmsh2 (homolog of the prok
muts) And Hmlhl, Hpmsl, an
the prokaryotic DNA MMR g
variants in each of the four g
germline cells of HNPCC fam

LFS Autosomal
dominant

Heterozygous pathogenic
variants in the P53 gene

Germline pathogenic variant
chromosome 17p13.1

NF2 Autosomal
dominant

Pathogenic variants in the
NF2 gene

Single base pair substitution
substitution at nucleotide 82
NF2 gene on chromosome 22

NF1 Autosomal
dominant

Nonsense pathogenic
variant in the NF1 gene
that changes the codon to a
STOP codon

NF1 gene is located on chrom
NF1c.4495C > T (NM_00026

APC: Adenomatous polyposis coli; CNS: Central nervous system; CRC: Colorectal can
cancer; HNPCC: Hereditary nonpolyposis colorectal cancer; LFS: Li-Fraumeni syndr
Multiple endocrine neoplasia type 2; MMR: Mismatch repair; MTC: Medullary thyro
Retinoblastoma; RET: Rearranged during transfection.
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considered a reason for prenatal screening because termination of
pregnancy in these cases is based on exposure to the disease for geneti-
cally based reasons only. In such cases, we cannot be sure that the child
tested would develop the disease.17

Most frequent hereditary cancer predisposition disease requests for
preimplantation genetic testing

The most requests for PGT-M in terms of late-onset inherited condi-
tions are for cancer predisposition syndrome. Cases of these cancers are
shown in Table 1.

In 1998, Ao et al. led the efforts to use PGT-M for cancer predispo-
sition syndromes by performing the test for individuals with familial
polyposis coli, and they performed the first whole-genome amplification
(WGA) in addition to PGT-M, where pathogenic variants were detected
by direct and indirect methods using linked informative markers to
screen pathogenic variants of the APC gene. This strategy increased the
accuracy of PGT-M screening for dominant disorders.24

The requests for PGT for cancer predisposition screening by couples
with a genetic predisposition to late-onset disorders steadily increased
after Verlinsky et al. first described PGT for cancer in 1999.17 Verlinsky
et al. applied PGT for inherited predisposition for the first time in late
1999 for couples carrying p53 tumor suppressor gene variants,25 which
opened the door to examining a variety of indicators of a genetic pre-
disposition to cancer syndromes through PGT, mainly for common dis-
eases that were never considered suitable for PNT.17
nogenic disorders for hereditary predisposition to cancer diseases.

Name of the disease Reference

MTC, parathyroid tumors, and
pheochromocytoma and
Hirschsprung's disease

Würgler et al.11

s the 610 amino acid protein Tumors in multiple endocrine
tissues

Lima et al.13

43746]); BRCA1 pathogenic
exon 19)

Breast cancer, ovarian cancer,
pancreatic cancer, and prostate
cancer

Lee et al.22 and
Ram�on et al.27

_008481:G93262g > A); an
riant in exon 15 of the APC

FAP is hundreds or even thousands
of polyps growing in the
gastrointestinal tract, primarily in
the colon

Lee et al.22 and
Davis et al.28

at the 50 end of intron 12
t) of the RB gene
splice consensus sequence
by this G→A transition

Retinoblastoma: malignant tumor
of the retina

Xu et al.7

aryotic DNA MMR gene
d Hpms2 (all homologs of
ene mutl). Pathogenic
enes have been found in the
ilies

CRC Marra et al.29

and Dewanwala
et al.30

s in the P53 gene on Osteosarcoma, breast cancer, brain
neoplasm, leukemia, and adrenal
tumors. inheritance

Ilic et al.31

in the NF2 gene. G/C
40.
q12.2

Development of histologically
benign tumors in the CNS. These
include unilateral vestibular
schwannoma

Abou-Sleiman
et al.32

osome 17q11.2.
7)

Young patient with typical
neurofibromatosis type 1 diagnosed
with a unilateral vestibular
schwannoma

Lee et al.22 and
Huq et al.33

cer; FAP: Familial adenomatous polyposis; HBOC: Hereditary breast and ovarian
ome; LS: Lynch syndrome; MEN1: Multiple endocrine neoplasia type 1; MEN2:
id cancer; NF1: Neurofibromatosis type 1; NF2: Neurofibromatosis type 2; RB1:
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According to Harper et al., the most frequent requests for PGT-M are
inherited cancer predisposition syndromes such as RB, Li-Fraumeni
syndrome, neurofibromatosis I and II, and familial adenomatous polyp-
osis coli.26

BC caused by BRCA1 and BRCA2 gene pathogenic variants are the
most frequent genetic predisposition cancer condition assessed via PGT-
M.34–37 Kuliev et al. reported that 30% of cases (59 of 175) were tested,
and the pathogenic variants in BRCA1 and BRCA2were from the paternal
side.17

BC and colon cancer are the most common cancer syndromes.3 The
BC pathogenic variants BRCA1 and BRCA2 can either have no effect
(non-penetrance) or result in BC or OC with variable risks.38

BRCA1 and BRCA2 were reported as the most frequently screened
genes for PGT-M (271 of 792 cycles), and requests are also common for
cancers such as neurofibromatosis, FAP 1, Fanconi anemia, HNPCC, and
tuberous sclerosis.5

According to Kuliev et al.,17 634 of 966 embryos free of inherited
cancer gene pathogenic variants were identified via PGT and trans-
planted at a rate of 1.52 embryos per transfer case, which resulted in 387
clinical pregnancies (61% success rate). These cases resulted in the birth
of healthy children who were primarily free of the hereditary cancer
susceptibility pathogenic variant examined. Kuliev et al. stated that with
the exception of BC, most abnormalities are considered rather rare and
inherited in an autosomal dominant form, as shown in Table 1, with a
prevalence ratio of 1 in 5000 for FAP and 1 in 15,000 for RB disease in
the US. These ratios increased to 1 in 36,000 for von Hippel-Lindau and
were much greater than for other diseases.17

A steady rise has been observed in PGT applications for hereditary
cancer predisposition syndromes since the first case was described in
1999, for a total of 429 patients, 792 cycles, and 46 genes in 2020.17,24,25

New technical methods for fast and comprehensive detection of
pathogenic variants

In 1992, comparative genomic hybridization (CGH) was developed
by a group of scientists for the comprehensive analysis of embryos to
detect somatic pathogenic variants in cancer cells, and it represented the
first technique in the field of molecular cytogenetics.39 The major ad-
vances in this area have been attributed to the shift from old and less
effective technologies, such as fluorescence in situ hybridization (FISH),
to new technical methods, such as next-generation sequencing (NGS),
which is used for whole-exome sequencing (WES) or whole-genome
sequencing (WGS) and DNA microarray.40

Several advances have been made in PGT-M from a practical
perspective, such as the substitution of singleplex polymerase chain re-
action (PCR) by multiplex PCR for single cells. This method represents
the main option for detecting monogenic disorders; however, genome-
wide haplotyping and sequencing technologies have been used to
replace regular PCR methods over the past 10 years.41,42

One of the advantages of NGS is its ability to simultaneously perform
genotyping and chromosome copy number determination with high ac-
curacy and reliability. This technology facilitates the creation of a global
platform for assessing monogenic disorders (including the detection of de
novo pathogenic variants). Although NGS technology is promising, more
comprehensive evaluations and verification are required to incorporate it
into clinical practice for PGT. Because of the continuous improvements
that are being made to reduce its costs and increase its productivity and
suitability for cancer cases and polygenic diseases, time is required to
adapt workflows, computational pipelines, and tools to realize the flex-
ibility of PGT services.43

The remarkable and sharp reduction in the cost of DNA sequencing
has made the PGT techniquemove toward a sequencing-based solution in
which multiple assays (for PGT-M, preimplantation genetic testing for
aneuploidy [PGT-A], and preimplantation genetic testing for chromo-
some structural rearrangements [PGT-SR]) can be performed in a single
run. The effective development of human genome sequencing analysis
5

tools and the application of machine learning to biobank data on a global
level has led to the expansion and evolution of PGT to include the most
common genetic diseases of polygenic nature.42,44

Among the other major improvements in this area is the use of WGA
based on the multiple displacement amplification (MDA) method. This is
the preferred method for PCR-based or single nucleotide polymorphism
(SNP)-based applications in monogenic disorder screening because it
more effectively covers the genome and has lower error rates. The inte-
gration of MDA and PCR is the latest application based on WGA opera-
tions. Therefore, many genome-wide platforms are now available to
implement PGT, such as array CGH, SNP arrays, and NGS, which require
the use of WGA technology. However, the possibility of bias and artifacts
during the WGA process must be considered.16

Another fast-growing technology is DNA amplification via quanti-
tative PCR (qPCR) to directly detect pathogenic variants by amplifying
one or more closely related polymorphic markers. This method per-
forms direct and indirect genotyping assessments to reduce the risks
related to allelic dropout (ADO) and increase the accuracy and ability to
detect contamination in examined samples. Studies have demonstrated
the accuracy and validity of the results of this method to be more than
98%.45

One of the recent new approaches to PGT technique is the Variant
haplophasing around the target by long-read sequencing, using third-
generation sequencing (TGS) as part of the overall workup of PGT SR
and PGT-M.46 Comprehensive parental SNP profiles around the targets
are used to identify useful polymorphic markers that make clinical PGT
designs easy and simple, and thus allow discrimination between carrier
and non-carrier embryos. This allows rapid selection of closely related
informative markers around the region of interest for patient-specific test
design and has the ability to set the phase without additional blood
samples from the extended family.47 Table 2 lists the advantages and
disadvantages of existing technical applications.

Potential benefits and advances in preimplantation genetic
testing used for hereditary cancers

Since 1990, the list of genetic conditions referred for PGT has
increased due to the remarkable developments in PGT-M, which have
also increased the success rates of positive pregnancies and births of
genetically unaffected children. Such developments are likely to continue
with advancements in the techniques and protocols used in PGT analysis
and ART, respectively.17 Li-Fraumeni syndrome (p53 tumor suppressor
gene pathogenic variants),25 neurofibromatosis type 2,32 neurofibroma-
tosis type 1,48 familial adenomatous polyposis coli,24 and RB are some of
the reported autosomal dominant inherited cancer cases in which PGT
was used as an alternative preventive option.7,36,49–53 The developments
in IVF, particularly embryo culture techniques in conjunction with the
evolution of the freezing processes of the embryos using ultra-rapid
freezing or so-called vitrification, have led to a major shift in utilizing
day 5 (D5) biopsies instead of day 3 (D3) biopsies. This development
facilitates the screening of biopsied embryos by two tests, such as PGT-M
and PGT-A, to select the best embryos, thus increasing the pregnancy
rate.5 Shifting to D5 biopsy demonstrated high efficacy and limited harm
to embryos, and it also provided sufficient time to perform the necessary
analyses compared with D3 biopsies, where the results must be released
within 2 days to make decisions on embryo transfer. Therefore, the
ability to fully multiply the genome from one cell or from several cells has
been realized.40

These developments have been used to identify the nucleotide se-
quences of large areas of the genome, which has led to more compre-
hensive and accurate analyses and an all-in-one solution for PGT-A, PGT-
SR, and PGT-M using multiple techniques, including NGS and SNP
microarray.54 Regardless of the scientific debate on the clinical value of
the PGT-A test for preventing miscarriage or its role in obtaining a
healthy child,55 this approach will definitely decrease the time, labor,
and cost of the test.



Table 2
A comparison between the advantages and disadvantages of existing technical
applications.

Technical principle Advantages Disadvantages

Comparative
genomic
hybridization
(CGH)

First technique in the
molecular cytogenetics field,
allows for comprehensive
analysis

Less effective than newer
technologies

Fluorescence in situ
hybridization
(FISH)

Good for detecting specific
DNA sequences, allows for
visualization of specific
genetic regions

Limited in scope, not
comprehensive

Next generation
sequencing
(NGS)

Simultaneously perform
genotyping and
chromosome copy number
determination with
increased accuracy and
reliability, promising for
cancer cases and polygenic
diseases

Needs more comprehensive
evaluation and verification to
become part of clinical
practice, continuous
improvement undergoing

Real-time
polymerase chain
reaction (RT-
PCR)

Directly detects mutations
with amplification of one or
more closely related
polymorphic markers, high
accuracy, and validity

Limited in scope, not
comprehensive

DNA microarray High-throughput screening,
can detect multiple
mutations simultaneously

Limited in scope, not
comprehensive

Multiplex
conventional PCR

High-throughput screening,
allows for the detection of
multiple mutations
simultaneously

Limited in scope, not
comprehensive

Next generation
capture

Highly sensitive and
specific, can detect
mutations at a low allelic
frequency

Requires pre-selection of
target regions, limited in
scope

Protein microarray Can detect protein–protein
interactions, the potential
for identifying new drug
targets

Limited in scope, not
comprehensive

Sanger sequencing Reliable and accurate,
suitable for detecting small
mutations and indels

Low throughput, time-
consuming and expensive

Whole exome
sequencing
(WES)

Can cover most coding
regions of the genome, can
detect both known and
unknown mutations

Does not cover non-coding
regions or structural
variations, may miss
mutations in poorly covered
regions

Whole genome
sequencing
(WGS)

Can cover the entire
genome, can detect both
known and unknown
mutations and structural
variations

Expensive and
computationally intensive,
may generate large amounts
of data that require
significant storage and
processing resources

Polymerase chain
reaction (PCR)

Highly sensitive and
specific, can detect low
levels of mutations

Requires prior knowledge of
target regions, may generate
false positives due to
amplification of non-specific
products

Microsatellite
instability
analysis (MSI)

Can detect mutations in
microsatellite regions, useful
for detecting Lynch
syndrome

Limited to certain types of
cancers, may miss mutations
in non-microsatellite regions

Methylation-
specific PCR
(MSP)

Can detect DNA methylation
patterns, useful for detecting
epigenetic changes
associated with cancer

Limited to detecting
methylation changes, may
miss mutations in non-
methylated regions
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Consistent with the aforementioned ideas, major developments have
been observed in all aspects of ART, especially the work of PGT, which
has greatly improved the ability to genetically examine and interrogate
gametes and embryos, such as by routine laser techniques, which is used
for the collection of cells and aids in hatching, cutting, and removal.17

Such developments have been made in parallel with determining the
genetic sequence of the human genome in the early 2000s and precisely
identifying the genetic basis for a large number of genetic diseases
6

resulting from a single genetic pathogenic variant. Such findings have led
to an expansion in the range of diseases that can be treated through PGT,
which includes three main groups of cases: childhood fatal diseases, late-
onset diseases, and different types of cancers. Moreover, human leuko-
cyte antigen (HLA) testing has been developed to match organ and tissue
transplant recipients with compatible donors to enable the use of cord
blood stem cells for transplantation to affected children in the family.5

Owing to significant improvements in our understanding of the mo-
lecular basis of cancers and the ability to sequence genes or whole exons,
the predisposition for inherited cancer is considered a major emerging
indicator for PGT.17

Progress in human genome analysis has directly impacted the appli-
cation of PGT, making it possible to combine the analysis of the whole
chromosome and one pathogenic variant and evaluate mitochondrial
DNA in one assay.56 It has also been expanded so that the expected
diagnosis may be based on epigenetic and transcriptomic evaluations.56

These potential technical goals include improving disease prognosis,
serving patients at an older reproductive age, and improving IVF
outcomes.56

PGT can prevent the transmission of pathogenic variants from parents
to their offspring, thereby reducing the risk of passing on suffering to
future generations. Thus, if PGT is applied periodically and consistently
to such variants as a reproductive option, this technique may reduce the
prevalence of genetic diseases caused by these variants in the commu-
nity.11 Therefore, the future of PGT is moving toward ePGT, which in-
cludes polygenic and late-onset diseases and epigenetics, transcriptomic,
and non-invasive assessments of embryos.56 The future application of
ePGT could provide additional information on clinical characteristics or
prognostic outlooks.

The use of central online databases to integrate and share data
globally is another promising development, as suggested by El-Toukhy
and Braude,6 who also mentioned that these databases should be vali-
dated using a comprehensive set of strict validation rules to prevent
minor errors and emphasized that this method is one of the simplest,
most efficient, and least prone to data errors.6 This approach has been
implemented in other genetic databases available online; therefore, it can
be used to link other international databases that include different areas
of healthcare, such as cancer registration, to identify potential associa-
tions among IVF, PGT, and cancer. In setting up these databases, the raw
data would be accessible to researchers to facilitate further studies.6 New
diseases have been added to the list of diseases being examined and
treated by PGT, including polygenic diseases (PGT-P), such as hereditary
cancers, owing to the machine learning applied to data from
population-level biobanks.57

The following represent advances in PGT that could be utilized for
hereditary cancer.

1. Non-invasive PGT: The development of non-invasive PGT, which
can be performed without the need for embryo biopsy, is another
promising area of research. This method involves analysis of the
spent culture medium surrounding the embryo, which contains
genetic material shed by the developing embryo.

2. Machine learning and population-level biobanks: The application
of machine learning to data from population-level biobanks has
enabled the identification of potential genetic associations with
hereditary cancers. This could lead to the development of new
polygenic disease models for PGT-P that could improve disease
prognosis and treatment. Machine-learning algorithms are being
developed to analyze PGT data and identify patterns that may be
difficult for human analysts to detect. This could lead to more
accurate and efficient PGT testing as well as the identification of
new genetic markers associated with hereditary cancer
predispositions.

3. Improved techniques and protocols: The development of
improved techniques and protocols in PGT has made it possible to
genetically examine and interrogate gametes and embryos more
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accurately. For example, the routine use of laser techniques to
collect cells and aid hatching, cutting, and removal has become
more widespread, thus making the process less invasive and more
efficient.

4. Multi-omics analysis: Multi-omics analysis is an emerging area of
research that combines multiple omics technologies to better un-
derstand the complexity of genetic diseases, including hereditary
cancer. This approach could lead to a more comprehensive PGT
that incorporates information from multiple sources.

5. Single-cell analysis: Single-cell analysis in PGT has become more
common and allowed for the examination of genetic material from
individual cells. This can provide more accurate information
about genetic abnormalities as well as mosaicism.

6. Clustered regularly interspaced short palindromic repeat
(CRISPR)-Cas9 gene editing: The development of CRISPR-Cas9
gene-editing technology has led to new possibilities for correct-
ing genetic abnormalities in embryos. This technology can
potentially be used in conjunction with PGT to correct genetic
mutations before implantation.

7. Non-invasive prenatal testing: Non-invasive prenatal testing
(NIPT) is a type of genetic testing that can be performed on the
mother's blood during pregnancy to detect chromosomal abnor-
malities in the fetus. This technology has become more widely
available and could potentially be used in conjunction with PGT to
provide additional information regarding the health of developing
embryos.

8. Artificial intelligence: The use of artificial intelligence (AI) in PGT
is an emerging area of research that may lead to more accurate
and efficient testing. AI algorithms can potentially be used to
analyze large amounts of genomic data and identify patterns that
are difficult for humans to detect.

9. Mitochondrial DNA analysis: Mitochondrial DNA (mtDNA) anal-
ysis is an emerging area of research in PGT that can provide
additional information about the health of developing embryos.
Mutations in mtDNA have been associated with a variety of ge-
netic diseases, including hereditary cancers.

10. Improved bioinformatics tools: The development of improved
bioinformatics tools has made it easier to analyze large amounts of
genomic data, leading to more accurate and efficient PGT testing.
This includes the use of cloud-based computing platforms that can
handle large datasets and provide real-time data analysis.

11. Gene expression analysis: Gene expression analysis is an emerging
area of research in PGT that could provide additional information
about the health of developing embryos. By analyzing the levels of
gene expression in individual cells, it may be possible to identify
genetic abnormalities that are not detectable by traditional PGT
methods.

Challenges and limitations of preimplantation genetic testing in
hereditary cancer cases

The first challenge observed in the use of PGT for hereditary cancer
cases was the late onset of these genetic conditions, where the disease
phenotype does not appear until puberty or later.6 The other challenge
was examining the embryos via PGT for pathological conditions that are
characterized by low penetrances, such as certain hereditary cancers, in
which the probability of occurrence ranged from approximately 30–80%.
Although these diseases may be controlled early through periodic ex-
aminations or treated, a child or adult who carries the pathogenic vari-
ants responsible for these diseases may never show symptoms.6

In some cases, PGT may not be an option because it does not have the
ability to accurately diagnose the case clinically in terms of the timing,
severity, and number of tumors or the potential for further cancers.
Moreover, although individuals born through IVF will not be at risk of
specific cancer that is tested by PGT, they still have the opportunity to
suffer from another type of cancer because nearly one in three of the
7

world's population are at risk of developing some type of cancer over
their lifetime.58 One of the pitfalls of PGT-M is the unknown long-term
effect of biopsy on embryos, although this might be solved by
non-invasive assessments using approaches other than embryo biopsy,
including slight aspiration of the blastocoel fluid (BF) or analysis of spent
culture media.56

Although our knowledge and understanding of genetics have
increased greatly, the question remains about how to determine whether
the danger of a pathological variant to the health of a child or adult is
imminent or significant.59

In cases where the pathogenic variants have not been identified or
haplotype studies have not provided specific information on a pathogenic
variant in families, PGT may be excluded as a reproductivity option.
Although a pathogenic variant may have been identified in a germline,
such as in RB1, the gene for the pathogenic variant may not be identi-
fiable in a single cell in such families.7

Moreover, a limited number of medical centers offer this test in some
countries because of the technical challenges of working in the PGT field.
Therefore, couples who are more likely to pass the mutated gene to their
offspring may have limited opportunities to benefit from this
technology.7,60

The decision on whether to continue performing PGT examinations
leads to certain psychological dilemmas; this represents one of the hidden
challenges in PGT work. Such decisions often lead to great psychological
pressure and emotional upheaval. The decision to proceed with the ex-
amination has positive and negative effects on the involved individuals,
including the couple seeking a child and their family, as well as society.61

Ethical and legal boundaries

These techniques also present certain legal and ethical challenges.59

Although the European Society for Human Reproduction and Embry-
ology (ESHRE) and HFEA have accepted the use of PGT for adult-onset
and multifactorial diseases, such as cancer, this approval remains
controversial because these diseases are not evident in the early stages
and may never appear at all.10,62

In many countries, the use of PGT is restricted by law, although the
degree of restriction varies. In addition, clear guidelines or mechanisms
regarding the limits of permitted and prohibited work by this technology
are lacking. Moreover, the use of PGT for special indications has sparked
many additional concerns.5,63

Currently, PGT is performed on a large scale in specialized centers
worldwide. These above ethical issues occur more frequently as the
number of applications increases.64 In certain countries that do not have
governmental laws that limit its use, PGT has become a routine proced-
ure. Recent scientific reviews have shown that countries differ in the way
that they deal with this technology. For example, explicit and clear
legislation has been enacted in Spain, France, the UK, and the
Netherlands, laws governing the process are lacking in the US and
Belgium, and PGT is limited by strict laws in Sweden, Italy, Germany, and
Austria.17,19,63

Local and national laws allow PGT to be applied for diseases in which
there is no effective treatment available; however, for some diseases, PGT
procedures are permitted within a limited framework and usually have
more restrictions. For example, in Belgium, the law necessitates agencies
implementing PGT diagnostics to determine the motives of couples who
intend to perform a PGT test for HLA before giving approval.5

Therefore, one of the persistent problems with PGT is the type of
disease that should be diagnosed, and considerable disagreement has
been observed regarding this point. In the UK, all PGT must be approved
by the HFEA. When PGT was initially approved for BC, the HFEA pre-
pared a consultation document and offered the first license to perform
PGT for BC to the University College London Centre (UCL) in 2007.3

The decision of the ESHRE Preimplantation Genetic Diagnosis (PGD)
Consortium to begin collecting data on the use of PGT to determine the
sex of a fetus was met with controversy, some important figures in the
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PGT field felt that these data should not be disclosed. This debate will
continue, especially after performing comprehensive genome analyses,
such as WGS techniques to determine the entire sequence of the human
genome or SNP arrays to diagnose many disorders from a single cell.3

Ethical issues have been raised in certain scenarios, such as a couple
who requests IVF because of infertility but then one member has a late-
onset disorder or cancer predisposition syndrome. In cases where all
embryos are affected, the couple may decide to transfer the affected
embryo because healthy embryos are not available. This choice is due to
the fact that the need for a child outweighs the need to have children free
of that disorder.3

Examples of ethically controversial applications of PGT cases include
gender selection for social reasons, the so-called “intermediate” cases of
PGT diagnosis, especially the PGT/HLA classification, late-onset disor-
ders and low-penetrance pathogenic variants, and non-medical purposes.
As mentioned earlier, the use of PGT for HBOC is more controversial for
Huntington's disease because penetration is uncertain and medical in-
terventions may prevent them, such as performing preventive surgery,
and effectively reducing morbidity and mortality rates in carriers of this
disease.65,66

Moreover, the process of determining cancer predisposition genes
involves assessing the risk and not providing an absolute finding of the
occurrence of disease during the life of the examined embryo. More
importantly, the option of using PGT to have a child with special char-
acteristics such as hair and eye color, intelligence, and athletic ability is
very limited because of the need for a genetic basis for these traits and the
possibility of being traced genetically. In addition, these traits should be
present at a high frequency in the parents and sufficient to make the
selection of the appropriate embryo possible. Moreover, some traits such
as intelligence, are affected by the environment and are complex traits
that depend on multiple genes.67

Nevertheless, decisions based on incomplete conclusions should be
avoided.68 Although these pathogenic variants are not fully penetrating,
they still present a high risk for carriers, such as 80% in the case of BC and
50% in the case of OC. A question regarding the penetrance of cancer:
why does the penetrance of the variant have to be complete to give
permission for PGT? Therefore, the evaluation criteria may be unstable.3

For example, in the case of X-linked disorders, 50% of male fetuses are
healthy; thus, these fetuses are not chosen. Second, ethically relevant
questions remain regarding the effectiveness of the available preventive
and/or curative measures and the burdens they involve.69 Reports have
indicated that the effectiveness of medical surveillance is currently far
from ideal. Although the effectiveness of preventive bilateral mastectomy
appears to be high, longer follow-up studies with a greater number of BC
carriers are necessary to determine the preventive value of this proced-
ure.70 Moreover, preventive surgeries for mastectomy have side effects
on the quality of life for women.71

In cases where surgical removal is not successful or appropriate, such
as for cancer-prone organs, e.g., testicular cancer, the patient may also
suffer from a high-penetrance pathogenic variant. Such families likely
will not accept the birth of a child if it means that the child will undergo
sterilizing surgery to avoid possible cancer. Therefore, parents' concerns
about the lack of a suitable alternative treatment strategy are valid.72

An important point regarding this approach is that the surgical
intervention does not protect against other diseases related to this
pathogenic variant. For example, in medullary thyroid cancer (MTC),
which is caused by pathogenic variants in the MEN2A gene, the surgical
removal of the cancer tissue does not remove the risk that the disease will
recur and complications may still occur after the operation.11

PGT-M is a powerful tool in reproductive genetics. Although the
complete penetrance criterion is restrictive for allowing IVF and PGT, it is
crucial to determine the minimum degree of penetrance for each disease.
Testing for diseases with complete penetrance and a minimum degree of
penetrance is important because it helps to identify whether an indi-
vidual requires PGT or ART assistance. In addition, the use of PGT is
desirable and permissible for individuals who require ART regardless of
8

whether they are at risk of developing cancer. For individuals carrying
genes that put them at risk of developing cancer and who need to pre-
serve their sperm or oocytes, PGT is a promising option. As a result,
careful evaluations of patients and their families along with multidisci-
plinary counseling and support are essential for determining the best
course of action for using PGT for monogenic disorders.66,73

Themost common potential ethical scenario that may affect the use of
PGT in cancer diseases in which the penetration potential is high is that
the parents are unable to care for the child because of illness or death
from the tested disease. Such scenarios apply to life-threatening diseases,
such as human immunodeficiency virus (HIV), or embryo or gamete
cryopreservation before cancer treatment. However, the potential loss of
parents or caretakers for the expected child does not obviate the need for
PGT.6 In such cases, although the child may lose a parent earlier than
expected and thus will suffer grief and loss, the other parent or a relative
or caregiver may be able to support the child. Additionally, this risk is
unavoidable. Psychological trauma resulting from the death or illness of a
parent is not a sufficient reason to prevent the birth of a child. Moreover,
the child may be a source of happiness for parents suffering from the
disease. Thus, parents with the risk of cancer and doctors who help them
have a healthy child cannot be judged on the pretext that they may cause
unnecessary suffering to their children.74

Lastly, the use of PGT for non-medical issues has raised many ethical
and social questions, including whether parents' reproductive concerns
give them the authority to create and destroy embryos and whether these
tests may cause harm to the children who are conceived, denigrate the
workers, or even cause social harm.67 Despite the legal and ethical con-
troversy surrounding such cases, a large number of patients consider PGT
a preferred option and sometimes the only option to achieve a pregnancy
with a healthy child.17

Ethical comments and speculation about current and expanded uses of
preimplantation genetic testing

Advances in array technology and NGS will help reduce the effort and
introduce automation in the PGT process; however, they will also create
challenges based on the generation of a huge amount of genetic infor-
mation, which will lead to ethical challenges for genetic counseling.
Technological development generates an enormous amount of informa-
tion reflected in the increased possibility of controlling the targeting of
traits in the field of PGT. This must be paralleled by changes in ethical
thinking and requires in-depth and comprehensive discussions associated
with these new capabilities, which will extend from diagnosing mono-
genic diseases to predicting the risk of polygenic disorders, such as he-
reditary cancer.42

Therefore, ethical comments and speculation about future increases
in genetically based selection and genetic manipulation through the
exploitation of PGT represent legitimate points of discussion. This pro-
cess must be organized so that it does not deviate from the acceptable
ethical framework for such practices because work environments around
the world differ in how they adhere to ethical standards.

In general, ethical objections to the application of PGT and its
controversial extension proposals can be categorized into two groups: the
first group objects to the principle of generating embryos, selecting them
on chromosomal or genetic grounds, and then disposing of unselected
embryos; and the second group criticizes the selection process itself,
regardless of the reason. The background of these objections is that some
people consider the fetus to be an individual and therefore object to the
principle of creation and destruction; therefore, they are opposed to most
of the uses of PGT. Other people consider the preimplantation embryos as
primitive in their stage of development; thus, they believe the embryos
have no interests or rights. However, they believe that they deserve
respect as the first stage of the formation of a new human being.74

There is another category of people who object to the selection itself
and the dangers of expanding the selection of embryos in the future.
Their view stems from a religious belief surrounding the nature of human
reproduction: they believe it is wrong to select offspring traits regardless
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of whether the intentions are noble. This group considers any form of
selection as turning the child into a “manufactured product” and thus
impairs human individuality established by diversity and random selec-
tion of traits.75 Some religions, such as Christianity and Catholicism,
firmly oppose themanipulation of embryos and the use of PGT for genetic
selection. This has led to debates and conflicts regarding the ethical
implications of PGT, particularly in countries where religion plays a
significant role in public policy and healthcare decisions.

The second source of concern arises from the extension of genetic
testing to non-medical purposes, which will inevitably invite com-
parisons to eugenics and children “designers” who are more concerned
with estimating the genotype of children than their inherent charac-
teristics, which would lead to genetic engineering of humans as a
routine practice. These concerns present scientists with the challenge
of defining the line between what is ethical, legitimate, and consistent
with the applicable regulatory guidelines in the field of PGT. Consid-
ering the aforementioned diversity of adherence to these ethical
standards across the world, PGT may result in a breach of undesirable
consequences.74

Termination of pregnancy is considered a very stressful and difficult
choice for couples and causes practical, psychological, and ethical issues;
therefore, PGT for embryos represents an alternative to the prenatal ex-
amination of embryos and subsequent termination. Moreover, preim-
plantation embryos are less controversial than embryos in the mother's
womb because they are less developed, regardless of their developmental
stages. Therefore, the process that occurs during PGT from creating and
destroying embryos to producing a healthy child is not considered an
arrogant or frivolous way of dealing with embryos, and it respects em-
bryos at this stage of development. Accordingly, every case that requires
an abortion, such as for diseases that may affect the fetus, is governed by
laws that permit abortion. In such cases, it is a fortiori that the embryo is
selected using the PGT technique.

However, diseases whose symptoms begin late in life should not be
judged differently from diseases that arise from Mendelian disorders and
whose symptoms begin in the early stages of life. Having a child with
genetic susceptibility to cancer constitutes a major source of suffering for
the parents and child and may negatively affect the couple's decision to
have children. Husbands' fear that their children will suffer from genetic
diseases may lead them not to have children to spare their children from
suffering or the need for special care that constitutes a great financial and
moral burden.76

An effective ethics committee is necessary for any laboratory or
medical center that provides PGT services.74 Whenever a new technology
becomes available, it must be intensively evaluated from all ethical
perspectives. Moreover, clear and realistic ethical and laboratory
guidelines that control these applications are required to ensure the
rights of embryos, ensure that professional ethics are not violated, and
ensure that the methods are acceptable to those concerned with pro-
ducing healthy children.

Legal restrictions according to the country
With regard to the PGT legal restrictions in these countries, wide

variations are observed in the policies and regulations in different
countries. Some countries have clear and specific laws that specify what
is permissible and what is forbidden in terms of PGT cases, whereas other
countries leave the matter open to jurisprudence and do not prove spe-
cific regulatory mechanisms for eligible cases.63 However, this can lead
to ambiguity and uncertainty for clinicians, patients, and researchers in
the field of PGT. An example of a country with a flexible approach to PGT
is Denmark, where the decision to provide PGT services is based on the
severity of the disease and performed by clinical geneticists on a
case-by-case basis. This is in contrast to some other countries that limit
the use of PGT to specific diseases that have been approved for
testing.11,77 The American Thyroid Association (ATA) released a review
of MTC guidelines and recommended that physicians inform patients
withMEN2A about the possibility of undergoing PGT-M testing and refer
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them to a genetic specialist clinic; accordingly, patients appeared to show
interest in using PGT technology to have healthy babies.11,78,79

In addition, the use of PGT for hereditary cancerous variations is still
impacted by legal and moral reservations. Legal restrictions represent an
obstacle to the spread and expansion of this technology because practi-
tioners may not want to risk breaking the law.5,19 Overall, the legal
landscape surrounding PGT is complex and constantly evolving. As new
technologies and techniques emerge, it is important for researchers and
clinicians to remain up to date on the latest legal and regulatory de-
velopments to ensure that their work is conducted in an ethical and
responsible manner.

Non-disclosure of the couples’ status
In families with a history of disease, such as cancers that appear late

in life, carriers of the pathogenic variant who want to have healthy
children or children free of the pathogenic variant by applying PGT
technology may not know that they are carriers of the variant.80 The use
of PGT technology for such cases created problems during genetic
counseling because individuals who learn that they have these variants
may experience negative psychological and social effects.62 The process
of discovering that one partner has the variant and may develop the
disease leads to questions as to who will provide care for the child in the
future in this situation, theymay need to discuss the care that the affected
partner needs.3

Therefore, in some hereditary cancer diseases caused by an autosomal
dominant pathogenic variant, some parents ask for non-disclosure testing
or do not have the test, often when the probability of developing the
disease is 50% because one of the parents had the disease. One of the
most famous diseases to which this example applies is Huntington's
disease, also known as late-onset disease.81,82

This situation could also occur for hereditary cancer diseases; there-
fore, there are two options available in such cases. The first option is to
directly examine the pathogenic variant in the fetus without knowing the
status of the parents in terms of carrying the disease or being at risk of
exposure to the disease, or to indirectly examine the pathogenic variant
in the grandparents.17 Such indirect testing involves the transfer of em-
bryos carrying the haplotype of their unaffected grandparents and the
exclusion of embryos carrying the haplotype of grandparents because
they have a 50% chance of being affected. The second option is exclusion
screening, which includes excluding all embryos with a 50% risk prob-
ability based on linked markers. This process aims to exclude the trans-
mission of the pathological variant from the affected grandparents to the
offspring.5

Themain disadvantage of such an option is that it requires the parents
to go through IVF, which includes some complex and somewhat
dangerous procedures. However, parents may not need to go through IVF
if their father or mother is not a carrier of the pathogenic variant.82

Therefore, direct examination of these parents may prevent complicated
and expensive procedures.

Here, several ethical and behavioral questions arise. For example,
although the disease status and exposure risk of the parents may be
known by the institution that performed the PGT examination, the
institution may be committed to not disclosing these results and
completing the rest of the IVF and PGT procedures.81,83 Non-disclosure of
the PGT is applied because it may be the only alternative for couples.
Moreover, the ESHRE has recommended that the non-disclosure test
should not be preferred over the PGD exclusion test because the exclusion
method is considered morally more acceptable.62,84

Challenges to preimplantation genetic testing counseling in cancer
predisposition cases

One of the most urgent tasks for those providing genetic counseling
and oncology services is to inform patients that they are at high risk of
developing a hereditary cancer disease but have the ability to avoid
having children with a genetic predisposition to that particular cancer.
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Likewise, clinics should highlight the options available for couples who
may have chosen to remain without children earlier because of their
concern about exposure to a PNT and the possibility of termination of
pregnancy because of the possibility of having embryos with these
diseases.17

Therefore, similar to other genetic testing applications, intensive
counseling and education must be provided to concerned couples
regarding the benefits and limitations of this test, which necessitates
obtaining informed consent before they start the process of benefiting
from ARTs, such as IVF and PGT.85 This information includes the costs,
the possibility of a multiple pregnancy, and the possibility of obtaining
affected embryos that are not suitable for uterine implantation. More-
over, controversy remains because of the increased possibility of devel-
oping childhood RB, childhood cancers, birth defects, and developmental
disorders in children conceived by IVF technology.86,87 These are some
topics that need to be discussed with the medical team when a couple
applies for this option to have children to ensure that they making an
informed choice. Therefore, potential candidates for this procedure must
consider the risks and benefits of using this technique.7

A question regarding the role of PGT healthcare professionals in pa-
tient decision-making has been posed. Many personal, geographic, and
social factors influence the decision to accept PGT. These factors include
medical history, income, qualification level of health care providers,
religious beliefs, gender, and age; considering the religious belief factor,
it undoubtedly influences the decision related to PGT accep-
tance.20,78,88,89 Some clerics have suggested that this procedure is similar
to abortion, although it is acceptable when the other option is to termi-
nate the pregnancy or donate gametes, which are not morally or reli-
giously acceptable.90

Regarding the economic factor, PGT is an expensive method, which
influences the decision to apply the method.88 However, a comparison of
the economic costs of PGT testing with the treatment and traditional
diagnosis of genetic diseases reveals that this test saves more money in
the long term.90 It is worth noting that in some countries, the costs of
these examinations are covered by official governmental health care
authorities or health insurance, while in others, they are not covered by
any of these bodies.11

Population awareness about preimplantation genetic testing applications in
hereditary cancer diseases

A review of previous studies showed that awareness of PGT is low
among patients who carry genes that may predispose them or their
offspring to cancer at an old age.6

Although the utilization of PGT is a practical and important option in
the reproductive process for couples who are at risk of having children
inherit a pathogenic variant of hereditary cancer, awareness and
knowledge of this technology is lacking, even in highly developed
countries such as the US, where PGT therapy has been offered for a long
time.19,34,91,92

More knowledge about PGT must be available to the general public at
risk of developing hereditary cancers. They must be provided with suf-
ficient information about this technology and the available capabilities so
that people who need this technology will have the ability to use this
option to receive appropriate counseling.22 This requires that health
practitioners (medical doctors, gynecologists, and genetic counselors) be
made should be aware of the required information to provide more de-
tails to patients when requesting medical or genetic counseling.

In the study by Hanson et al., the couple received genetic counseling
by a clinical geneticist and was given information about options for
childbearing, including PGT-M, spontaneous pregnancy with prenatal
screening, obtaining a sperm donation, or adoption.11

A session with a clinical geneticist is necessary to present all the op-
tions available for conceiving a healthy child predisposed to diseases that
appear in adulthood, and it is an important part of the clinical manage-
ment for patients with diseases that predispose them to hereditary cancer
syndrome.11
10
Population and practitioner acceptance of preimplantation genetic testing
applied for hereditary cancer

Although many people support the application of PGT for serious
cases of genetic diseases that show symptoms at the beginning of life, it is
more difficult to support the application of PGT to select an embryo and
destroy another because of the possibility of a disease affecting the child
in the fifth decade of life, such as hereditary cancer diseases or other
conditions, e.g., Alzheimer's and Huntington's disease.93

A study in the Netherlands showed that PGT is an acceptable option
for couples undergoing HBOC.23 The study by Menon et al. reported that
the majority of BRCA gene pathogenic variant carriers endorse the de-
cision to use PGT for this variant, even if they did not choose PGT for
themselves.94 Franklin and Roberts reported that couples felt as if they
should do anything to meet their desire for a healthy child.95 These an-
swers apply to all other hereditary cancers.36,96

Practitioners in the field were surveyed in the UK and indicated that
the use of PGT application to treat low-penetration genes should be up to
the parents themselves. They acknowledge that having a child prone to
hereditary cancer that may lead to death at an early age is a source of
suffering for both parents and the child.6

Franklin and Roberts also mentioned that respondents who were
concerned about using PGT to obtain embryos free from a genetic disease
wanted to eliminate a genetic disease but did not want ‘designed’ chil-
dren. They also discussed the image that applying PGT is a slippery slope
and was developed before society could control its use. This argument
disregards the long history of critical evaluation and controversy that
revolves around PGT in society and suggests that PGT workers mainly
help to form restrictions on this technology, at least within the UK. As per
this viewpoint, a serious and concerted endeavor has been initiated to
make the process as accountable as possible to public scrutiny.95

The HFEA committee conducted a survey on the opinions of the
public and professionals in this field before authorizing such measures.97

Through this survey, it was concluded that it is appropriate for PGT to be
performed for serious diseases, which are characterized by low pene-
trance and appearance at old age, such as breast, colon, and ovary cancer.
Initially, these requests had to be evaluated independently, although this
procedure or requirement was ended in 2010 when approval was given
to apply PGT for low penetrance cases.6

In a study conducted at the University of Texas, a questionnaire was
distributed to people with inherited MEN2 cancer syndrome who visited
a genetic counselor at that institution, and they were asked about their
awareness and acceptance of using PGT technology.78 Twenty-four
percent of the respondents showed that they were aware and knowl-
edgeable about PGT, whereas people with low socioeconomic status
showed a lack of knowledge about this technology. These results indicate
that awareness and knowledge are lacking among people who may
benefit from this technology. The study also showed that 72% of the
respondents felt that PGT should be used and implemented and 43%
looked to benefit from the technology themselves. This study had limi-
tations in terms of the weak response rate to the questionnaire, with only
38% of the respondents providing their opinions. It is worth noting that
an extensive and structured scientific review with a meta-analysis
showed the same results as the University of Texas survey.78,89

The variability in cancer syndromes treated by PGT reflects the level
of acceptance of PGT among those at risk. This acceptability corre-
sponded to parents’ awareness of the severity of cancer.6 In addition, this
acceptance was affected by the cost of the test, technical doubts, and
long-term procedures.85

Practical challenges facing preimplantation genetic testing in hereditary
cancer cases

Practical issues associated with using PGT technique for hereditary
cancer cases have been studied by many researchers. Direct and indirect
methods are two widely used approaches for analyzing one-gene disor-
ders. The direct method, which is the preferred method, involves
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performing fragment analysis for small deletions, additions, or duplica-
tions, whereas mini-sequencing is used for point mutations. The indirect
method, however, uses a set of short tandem repeat (STR) markers linked
to the gene to be tested, but it requires two affected individuals within
the family to determine the haplotype associated with the disease.
Moreover, the applicability of these methods varies according to the
specific mutation.49,98,99

For example, duplication or large deletion mutations cannot be
identified by conventional PCR and require other techniques, such as
multiplex ligation-dependent probe amplification (MLPA) or Southern
blot analysis. Nonetheless, these two procedures have limitations, such as
requiring a large amount of DNA and being unsuitable for analyzing
single-cell samples. When the pathogenic variants cannot be detected by
fragment analysis, the haplotype must be identified by performing an
analysis of polar body I versus polar body II or by an evaluation of
spermatozoa.8 However, the standard indirect protocol using multiplex
PCR to analyze STR markers requires at least two informative STRs on
both sides of the gene to accurately detect chromosome recombination
events, which can make the protocol more complicated and
time-consuming. Therefore, a special protocol is often used for each pair
depending on the nature of the existing mutation.50,100,101

Recent guidelines, such as ESHRE's 2020 Good Practice Recommen-
dations for PGT-M, provide a comprehensive overview of best practices
for PGT-M. These guidelines emphasize the importance of analyzing both
sides of the flanking region of the gene to detect recombination and
minimize the risk of misdiagnosis because relying solely on one side can
result in undetected recombination events. Additionally, guidelines
recommend using several PCR replicates to identify any ADO or ampli-
fication efficacy issues because both can vary depending on the cell being
analyzed.102 For instance, in the D11S1298 marker was ADO was 20% in
the pre-PGT study but 0% in the PGT cycle, whereas, in the D11S1313
genotype, the amplification efficacy was approximately 70% in the
pre-PGT study but 90% in the PGT cycle.103

The second method is the indirect method, which occurs when the
affected family members are not available and the haplotype must be
identified by performing an analysis of polar body I versus polar body II
or from a spermatozoon.104,105 In these cases, the precise risk associated
with the identified haplotype may not be known because the specific
variant cannot be tested. However, it is important to note that even in
cases where the risk cannot be precisely determined, the use of indirect
PGT can still provide valuable information that can help guide clinical
decision-making. For example, in cases in which a high-risk haplotype is
identified, this information can be used to inform patients about the
potential risks and benefits of pursuing pregnancy. In some cases, pa-
tients may choose to proceed with pregnancy despite the known risks,
while in other cases, they may choose to explore alternative options, such
as donor eggs or adoption.

In cases where a low-risk haplotype is identified, this information can
provide reassurance to patients and may help alleviate concerns
regarding the potential for passing on a genetic condition to their
offspring.

Nevertheless, in some cases, such as the one mentioned by Bautista-
Llacer et al., the indirect method is not applicable because the patho-
genic variant cannot be detected by PCR.103 The indirect method is the
standard PGT method for performing this technique, since the same
multiplex PCR comprises the same microsatellite markers that can be
applied to other parents or families.106

However, it is very difficult to create multiplex PCR when at least two
informative STRs are required in all cases. In addition, the STRs need to
be in flanking regions on both sides of the gene to detect recombination
events in the chromosomes.107

Thus, the standard indirect protocol is an ad hoc protocol. A special
protocol has been developed for each pair, and it depends on the nature
of the existing pathogenic variant.103 Overall, while the use of indirect
PGT methods may not provide a complete picture of the potential risks
associated with a particular genetic variant, it can still provide valuable
11
information that can help guide decision-making and inform patients
about their options for family planning. It is important for clinicians to
carefully consider the specific circumstances of each case and use
appropriate testing and analysis methods to ensure that the information
provided is accurate and reliable.

Bautista-Llacer et al. performed fluorescent multiplex heminested
PCR to identify the haplotype that carried the pathogenic variant, and
they also indicated that the use of multiplex PCR is a reliable method for
detecting contamination in samples, the occurrence of allelic dropout, or
the recombination of chromosomes.103

Diagnosis should not be based solely on STR markers at one side of
the flanking region of the gene because recombinations may not be
detected and misdiagnoses may occur.100,108

The recombination between one STR marker and the gene to be
investigated was further studied and described by Kakourou et al.109

PGT-M is available for monogenic disorders for which disease-causing
variant(s) have been unequivocally identified. These loci are nuclear (X-
linked, autosomal dominant, or recessively inherited) or mitochondrial
(maternally inherited) and involve pathogenic germline genetic
variant(s).110

Azim et al. indicated that ovarian stimulation performed during IVF
to obtain more oocytes may increase the concentration of estradiol,
which may theoretically increase the risk of recurrence of BC. Therefore,
letrozole has been used to inhibit estradiol during IVF and has proven to
be effective. However, it is worth noting that a number of case reports
demonstrated that the rate of BC recurrence is similar between patients
who underwent IVF treatment and those who did not.111,112 Moreover, a
comparative study conducted on patients and healthy controls showed
that without the use of letrozole, IVF treatment did not increase the
recurrence rate of BC originating from a pathogenic variant in the BRCA
gene.113 ESHRE guidelines also recommend testing embryos for cancer
predisposition genes in certain situations, including when one or both
partners are carriers of a cancer predisposition gene or have a family
history of cancer.84

Overall, incorporating the ESHRE guidelines into PGT-M practice
could help address many of the practical issues faced in the application of
the technique to hereditary cancer cases. These guidelines recommend
best practices that can lead to accurate diagnoses, reduced risk of
misdiagnosis, and improved efficacy of the technique.

Conclusion

This review aimed to shed light on the potential benefits and chal-
lenges of PGT for individuals predisposed to hereditary cancer. In addi-
tion, the modern technologies used in this field will improve the ability to
accurately diagnose these diseases, identify the location of variants, and
consequently choose embryos that are free of hereditary cancerous
disease.

Despite the challenges and controversies surrounding PGT, its po-
tential to help couples conceive healthy children cannot be ignored. As
technology continues to develop and become more advanced, it is
important for scientific and medical communities to consider the ethical
and social implications of its use. Stakeholders must engage in open and
transparent discussions, understand the concerns and perspectives of all
parties involved, and develop guidelines and policies to balance the
benefits and risks of PGT. In the future, the range of PGT applications will
likely expand to include the detection of more genetic abnormalities and
diseases. As such, it is important for scientific and medical communities
to continue to work together to ensure that PGT is used in a responsible
and ethical manner to benefit individuals and society as a whole.

PGT may be the preferred solution for cases in which the hereditary
cancer disease is not serious enough to warrant PNT or terminating a
pregnancy faces ethical, psychological, or social obstacles; however,
these conditions require careful consideration on a case-by-case basis.
Therefore, proper selection in every case and multidisciplinary support
for patients and their families would make this examination an
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acceptable option. Such consideration would also ensure that all legal
and ethical concerns are met.

Advances in PGT used for hereditary cancer are likely to continue to
improve the accuracy and efficiency of testing and provide more infor-
mation about the health of the developing embryo. As new technologies
and research emerge, PGT will likely become an increasingly important
tool in the prevention and treatment of hereditary cancers. These po-
tential advances could lead to significant improvements in the prevention
and treatment of genetic diseases. As the field continues to evolve and
further research is performed, new technologies and approaches are
likely to emerge, which will lead to more accurate and efficient PGT
testing. These advancements will lead to significant improvements in the
safety and efficacy of PGT for hereditary cancers and the continued
growth in this field.

The development of guidelines will help stakeholders and practi-
tioners determine the optimal utilization of PGT for a given condition or
predisposition. Although almost all genetic applications have experi-
enced certain objections; such concerns have been endured and
overcome.
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