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1. We report a cost-effective, comprehensive, and universal platform for embryo
testing in patients with different genetic disorders.
2. SNP-based FHLA enables the accurate genetic detection for a wide spectrum
of monogenic diseases and chromosome rearrangements in embryos.
3. This proposed strategy may markedly improve the precision of embryo testing
and prevent the birth of affected fetuses.
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Abstract
Background: In vitro fertilization (IVF) with preimplantation genetic test-
ing (PGT) has markedly improved clinical pregnancy outcomes for carriers of
gene mutations or chromosomal structural rearrangements by the selection of
embryos free of disease-causing genes and chromosome abnormalities.However,
for detectingwhole or segmental chromosome aneuploidies, gene variants or bal-
anced chromosome rearrangements in the same embryo require separate proce-
dures, and none of the existing detection platforms is universal for all patients
with different genetic disorders.
Methods: Here, we report a cost-effective, family-based haplotype phasing
approach that can simultaneously evaluate multiple genetic variants, includ-
ing monogenic disorders, aneuploidy, and balanced chromosome rearrange-
ments in the same embryo with a single test. A total of 12 monogenic diseases
carrier couples and either of them carried chromosomal rearrangements were
enrolled simultaneously in this present study. Genome-wide genotyping was
performed with single-nucleotide polymorphism (SNP)-array, and aneuploidies
were analyzed through SNP allele frequency and Log R ratio. Parental hap-
lotypes were phased by an available genotype from a close relative, and the
embryonic genome-wide haplotypes were determined through family haplotype

Abbreviations: ADO, allele dropout; CCS, comprehensive chromosome screening; CGH, array-comparative genomic hybridization; CNV, copy
number variation; FHLA, family haplotype linkage analysis; FISH, fluorescent in-situ hybridization; hCG, human chorionic gonadotrophin; IVF, in
vitro fertilization; MaReCs, mapping allele with resolved carrier status; MARSALA, mutated allele revealed by sequencing with aneuploidy and
linkage analyses; PCR, polymerase chain reaction; PGT, preimplantation genetic testing; PGT-A, preimplantation genetic testing for aneuploidy;
PGT-M, preimplantation genetic testing for monogenic disease; PGT-SR, preimplantation genetic testing for structural rearrangement; SNP,
single-nucleotide polymorphism; SNV, single-nucleotide variant; STR, short tandem repeats; WGA, whole-genome amplification
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linkage analysis (FHLA). Disease-causing genes and chromosomal rearrange-
ments were detected by haplotypes located within the 2 Mb region covering the
targeted genes or breakpoint regions.
Results: Twelve blastocysts were thawed, and then transferred into the uterus
of female patients. Nine pregnancies had reached the second trimester and five
healthy babies have been born. Fetus validation results, performed with the
amniotic fluid or umbilical cord blood samples, were consistent with those at
the blastocyst stage diagnosed by PGT.
Conclusions: We demonstrate that SNP-based FHLA enables the accurate
genetic detection of a wide spectrum of monogenic diseases and chromosome
abnormalities in embryos, preventing the transfer of parental genetic abnormal-
ities to the fetus. This method can be implemented as a universal platform for
embryo testing in patients with different genetic disorders.

KEYWORDS
chromosomal rearrangements, chromosome aneuploidies, family haplotype linkage analysis,
monogenic diseases, preimplantation genetic testing

1 INTRODUCTION

Genetic diseases can be life threatening, often manifesting
early in life. Till now, there are an estimated 6000-8000
kinds of rare diseases, themain cause of which is the single
gene variants.1 Although the individual diseases are rare,
the total number of affected people exceeds 200 million
worldwide and almost all of the rare diseases exert a large
impact on healthcare throughout the world.1,2 In spite of
the identification of genetic variants for many rare dis-
eases, treatments exist for only about 6% of these diseases,
of which fewer than 1% are curative,3 therefore preventing
the birth of affected fetuses is crucial. In addition, chromo-
somal structural rearrangements have long been known to
significantly impact fertility as they cause chromosomal
imbalances and aneuploidy in gametes, and are consid-
ered to be ahigh-risk factor formiscarriages and congenital
malformations.4,5 Balanced translocations and inversions
are the most common types of rearrangements, a large
cohort study in Denmark showed that the prevalence of
balanced translocations is about 2.66/1000 in newborns,6
and the probability increases up to 4.08% in couples with
recurrent miscarriages.7
Preimplantation genetic testing (PGT) has signifi-

cantly improved the clinical diagnosis rate and preg-
nancy rate for carriers of chromosomal structural rear-
rangements or monogenic diseases, especially with the
growing use of comprehensive chromosome screening
(CCS) techniques, such as next-generation sequencing
(NGS), array-comparative genomic hybridization(CGH),
and single-nucleotide polymorphism (SNP)-array, which

can detect chromosomal imbalances and screen for ane-
uploidy simultaneously across the genome.8–11 For car-
riers of monogenic diseases, sequencing has been used
to directly detect mutations in a single embryo cell, in
the whole-genome amplification (WGA) products of biop-
sied trophectoderm (TE) cells or polar body.12–14 However,
everyWGAmethods can result in false negative or positive
single-nucleotide variants (SNVs) owing to amplification
preference of the primers and/or allele dropout (ADO),
leading to misdiagnosis.15,16 Family-based linkage analy-
sis has now become a popularized method by testing short
tandem repeats (STRs) or SNPs to indirectly determine
variants by haplotype,17–22 and some of these researches
have also confirmed that gene variants and chromo-
some aneuploidies can be detected simultaneously.18–22
Massively parallel sequencing, like MARSALA, enables
direct genotyping and haplotype analysis.18,19 SNP-array
genotype combined with karyomapping or haplarithmisis
analysis provides a genome-wide haplotyping for mono-
genic diseases.21,22 However, the availability of an affected
probandwas required in these reportedmethods, itwas dif-
ficult to conduct linkage analysis in families that did not
retain the proband’s DNAor tissue. For carriers of chromo-
some rearrangements, the procedure was performed ini-
tially using fluorescent in-situ hybridization (FISH) to test
diploid embryos, but some randomized controlled trials
demonstrated that FISH technologywas inefficient anddid
not increase the delivery rates following the detection of
the limited chromosome number.23,24 More recently, CCS
techniques were introduced for such analyses.8–11 Fortu-
nately, some currentmethods not only detect chromosome
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imbalances, but they can also further distinguish embryos
with balanced rearrangement karyotypes from those with
normal karyotypes.25,27 This helps avoid the passing on
chromosome rearrangements to their next generation,
which is of great importance. However, these methods
cannot detect chromosome aneuploidies and chromosome
rearrangements simultaneously in an embryo, and sepa-
rate procedures had to be performed. In addition, these
methods also require breakpoint identification of rear-
rangements to a single base by sequencing, which is not
suitable for routine clinical applications, and it is not uni-
versal for carriers with different rearrangements. In con-
trast, our previous research proved that aneuploidies and
chromosomal rearrangements can be detected simulta-
neously by SNP-array-based haplotype analysis.28,29 SNP-
array also yields good results while detecting triploidy and
uniparental disomy.4,10 In addition, for couples with recur-
rent miscarriages or advanced maternal age, CCS tech-
niques are now widely used to detect aneuploidies and
select diploid embryos for transfer.30,32
In this study, we report a new cost-effective, family-

based haplotype phasing approach that can simultane-
ously evaluatemultiple variants, includingmonogenic dis-
orders, aneuploidy, and balanced chromosome rearrange-
ments in the same embryo with a single test, thus provid-
ing the scope of avoiding the inheritance of genetic variants
to the next generations. Also, this is a universal technique
for PGT with different genetic disorders, such as various
monogenic diseases and chromosomal rearrangements. In
addition, for monogenic diseases, an affected family mem-
ber, such as a proband, is not required in the proposed
method.

2 METHODS ANDMATERIALS

2.1 Study design

Twelve families that sought treatment for assisted repro-
ductive treatment were collected at the Shanghai Ji Ai
Genetics & IVF Institute between June 2018 andMay 2020.
One individual in each couple was a carrier of apparently
chromosomal rearrangements, and the spouses of all car-
riers had normal karyotypes and each couple was the car-
riers of the same disease-causing gene. Peripheral blood
(20 mL) was drawn from each carrier’s parents to confirm
the origins of their variants. Karyotype analyses were per-
formed with conventional G-banding, and gene variants
were validated by Sanger sequencing, all of these variants
were inherited from one parent in this study. All of the
families enrolled had a history of infertility or abnormal
pregnancies. Each family was required to sign an informed
consent form before the PGT cycle was started and the

study protocol was approved by the Ethics Committee for
Human Subject research of the Obstetrics and Gynecology
Hospital, Fudan University.

2.2 G-band karyotyping and Sanger
sequencing

Culturing, harvesting, and metaphase preparation of the
peripheral/umbilical cord blood and amniotic fluid sam-
ple were carried out as previously described.33 In gen-
eral, at least 20 mitoses for amniotic fluid and 100 mitoses
for peripheral blood were analyzed, and nomenclature
was performed according to the International System for
HumanCytogenomicNomenclature (ISCN, 2016). In addi-
tion, genomic DNA of blood and amniotic fluid was
extracted using a DNeasy kit (QIAGEN GmbH, Hilden,
Germany) as described in the manufacturer’s protocol.
Subsequently, mutations of disease-causing gene were
amplified with primers for Sanger sequencing. Polymerase
chain reaction (PCR)was set up, including 0.2 μMprimers,
200 μMdNTP, 1.25 U Taq polymerase, and 50 ng DNA tem-
plate. A preheating step was carried out at 94◦C for 3 min-
utes, followed by 35 cycles of denaturation (94◦C for 30
seconds), annealing (60◦C for 30 seconds), and extension
(72◦C for 30 seconds). A final extension step was carried
out at 72◦C for 5 minutes.

2.3 Blastocyst biopsy andWGA

The standard techniques were used for in vitro fertilization
(IVF). Briefly, retrieved MII oocytes were produced using
intracytoplasmic sperm injection, and then were cultured
to develop to the blastocyst stage. The criteria for grad-
ing blastocyst were according to the recommendation by
Schoolcraft et al.34 Blastocyst biopsy was performed, and
three to five TE cells were collected and immediately trans-
ferred to PCR tubes with phosphate buffer saline for WGA
by multiple displacement amplification (MDA) technol-
ogy. Isothermal DNA amplification with phi 29 DNA poly-
merase using a Repli-g Single Cell kit (QIAGEN GmbH,
Hilden, Germany) was performed as the manufacturer’s
protocol. The isothermal reaction was incubated at 30◦C
for 8 hours and the amplification was terminated by main-
taining 65◦C for 3 minutes.

2.4 Haplotype phasing

The WGA products and blood DNA of family members
were processed with SNP-array according to the manu-
facturer’s instructions, which were then scanned using
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iScan Bead Array Reader (Illumina, San Diego, CA, USA).
SNP calling was performed and informative SNPs were
defined. The criterion for informative SNP was that these
SNPs should be heterozygous in the carrier and homozy-
gous in his/her partner, meanwhile being homozygous
in the carrier’s family members when used as references
for haplotyping. When the carrier’s child or unbalanced
embryowas used as a reference, the informative SNPswere
defined as heterozygous in the carrier and homozygous in
his/her partner. Usually, the regions within −2 Mbp flank-
ing disease-causing genes or the breakpoints were chosen
to avoid misinterpretation from possible recombination
events that might have occurred during meiosis. There-
fore, the whole genome in our research was divided into a
large numbers of 2 Mbp segments, which were called win-
dows. Analytical performance was assessed by comparing
the number of total SNPs and effective SNPs in each win-
dow. The number of total SNPs was used for calculating
copy number variations (CNVs). The number of informa-
tive SNPs was crucial to linkage analysis and was used to
determine the accuracy of haplotype classification directly.
This was limited by each specific family and associated
with the distribution of SNP allele frequency. For each fam-
ily, SNPswith highminor allele frequencyweremore likely
to act as the informative SNPs.
Based on informative SNPs and haplotype phasing prin-

ciples, we developed our pipeline, which was programmed
in Practical Extraction and Reporting Language (Perl), and
was capable of obtaining the clear haplotypes of each fam-
ily member. When all the family samples including blood
and embryos were detected in a single test, the raw scan-
ning data would be imported into the pipeline and then
produce the accurate haplotype and chromosomal aneu-
ploidy results throughout the genome, in which the posi-
tions of the disease-causing gene and the rearrangement
breakpoints were critically focused on. Either parent could
be used for haplotyping, it may be noted that the analysis
process will be opposite between the parent with the vari-
ant and the normal parent. Generally, at least no less than
two informative SNPs were required for haplotype infer-
ence, one window with 2 Mb had sufficient informative
SNPs. Assuming that the evidence was clear out or some
regions in genome had almost no SNPs, the haplotypes of
surrounding windows or regions would be helpful.

2.5 Testing for aneuploidy,
disease-causing gene, and chromosome
rearrangement

For analysis of aneuploidy or CNVs, the microarray scan-
ning results were processed using the B allele frequency
and Log R ratio, and the core algorithm was according

to the cnvPartition as reported.35,36 For chromosome rear-
rangements, the molecular karyotype of an unbalanced
embryo could help to pinpoint the relatively accurate
breakpoints positions, and informative SNPs of 2 Mbp
region around the breakpoints were focused upon to estab-
lish haplotypes. When no unbalanced embryo was iden-
tified, the breakpoints from the peripheral blood kary-
otype were used, and the range used for linkage analysis
extended to 5-10 Mb. This information was used to deter-
minewhich one of the carrier’s two haplotypeswere linked
to the rearranged chromosome or to the normal chromo-
some. If there are two haplotypes of rearranged chromo-
some in breakpoint regions, the embryo will be diagnosed
as embryo with rearrangements. If there are two haplo-
types of normal chromosome in breakpoint regions, the
embryo will be diagnosed as embryo with normal kary-
otype. However, if there is one haplotype of rearranged
chromosome and one haplotype of normal chromosome,
the embryo will be diagnosed as unbalanced embryo. In
addition to the CNV analysis described above, the unbal-
anced rearrangements can also be diagnosed based on hap-
lotype analysis. In order to test for the disease-causing
gene, the haplotypes of 2Mbp region around the genewere
established to determine which one of the carrier’s two
haplotypeswere linked to the normal gene or to themutant
gene. The status of each embryo was evaluated according
to the number of mutated gene haplotypes.

2.6 Fetus validation

Human chorionic gonadotrophin (hCG) hormone and
ultrasound examination after embryo transfer were used
to confirm normal intrauterine gestation. PGT results of
transferred embryos were confirmed by karyotype analysis
and Sanger sequencing of amniotic fluid cells at the second
trimester or umbilical cord blood at birth.

3 RESULTS

3.1 Family history and IVF

In the proposed study, 12 families that would undergo
assisted reproductive were recruited, genetic variants
included autosomal recessive (AR) gene, X chromosome-
linked recessive gene, chromosomal balanced transloca-
tion, and chromosomal inversion. All gene variants and
chromosome rearrangements in couples were respectively
inherited from their parents, confirmed by validation.
Fourteen IVF cycles with PGT were performed, case 2 and
case 5 underwent two controlled ovarian hyperstimula-
tion cycles each, and the others had one cycle. Clinical
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F IGURE 1 The study designation and workflow. The WGA products of biopsied TE cells and blood DNA of family members were
processed with SNP-array within a single test. Hence, comprehensive chromosome aneuploidy screening was performed in each embryo, the
embryos with unbalanced translocation or aneuploidy were identified and excluded from implantation at this stage, and the further CNV
analysis of unbalanced embryo could also help to pinpoint the relatively accurate position of breakpoint. Meanwhile, the criterion for
informative SNP was defined and family-based SNP-haplotype linkage analysis in genome-wide was performed, and then haplotypes were
assigned for the couple, the embryos, and the relatives. The whole genome was divided into large amounts of 2 Mbp windows, which
contained sufficient informative SNPs, the positions of the disease-causing gene and the rearrangement breakpoints would be critically
focused on. By linkage analysis, the haplotypes linked to the normal gene/chromosome and to the mutant gene/rearrangement of the carrier
couples can be mapped separately. According to the haplotype information in embryos, the status of each embryo with mutant gene and
balanced rearrangement can be identified. Detailed haplotype linkage analysis is illustrated in Figures 3 and 4. The unaffected embryos will
be transferred into the patients after consulting and prenatal diagnosis of all pregnancies was required. Abbreviation: COH, controlled
ovarian hyperstimulation.

characteristics are shown in Table 1, and the controlled
ovarianhyperstimulation results of these patients are listed
in Supplementary Table S1. The study designation and
workflow is shown in Figure 1 and family pedigree charts
of all cases are shown in Figure 2.

3.2 Linkage analysis by the proposed
approach

With our pipeline, haplotypes across the genome were
assigned for the couple, the embryos and the carrier’s
family members. As shown in Figure 1, a few TE cells
were biopsied from D5/6 blastocysts and then amplified
by WGA. Hence, the amplified products and peripheral
blood DNA of the couple and family numbers were pro-
cessed with SNP-array. The proposed pipeline was able
to establish the haplotypes of any genes or regions cov-
ered by the SNP loci in genome-wide. In this study, the
total number of windows was 1561 in the whole genome,

some regions with centromeres had no SNP probes dis-
tribution, so the final number of windows that contained
SNPs was 1476. On average, 98.8% of the windows had two
or more informative SNPs and haplotypes could be con-
fidently inferred. The median was about 30 in our study;
therefore, one window with 2 Mb had a sufficient num-
ber of informative SNPs. Here, the positions of disease-
causing genes and rearrangement breakpoints were crit-
ically focused on and used to determine the haplotypes
linked to the abnormal variants in the carrier’s family, fol-
lowed by the diagnosis of embryos by theirs haplotypes
inherited from the carriers. The molecular karyotype of an
unbalanced embryo through CNV analysis could pinpoint
the relatively accurate breakpoint position with 100-200
Kb. If no unbalanced embryo was identified, breakpoint
information from the karyotype was used. The procedure
of establishing haplotypes and diagnosing embryos free
of disease-causing gene or abnormal karyotypes is shown
in Figures 3 and 4. To avoid the false-negative and false-
positive errors and to increase the reliability of haplotypes,
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F IGURE 2 The genetic map of the recruited couples. Twelve families that would undergo IVF were recruited, genetic variants included
autosomal recessive (AR) gene, X chromosome-linked recessive gene, chromosomal-balanced translocation, and inversion. All gene variants
and chromosome rearrangements in couples were respectively inherited from their parents by validation. For all the 59 biopsied embryos, the
aneuploidy, disease-causing gene, and chromosome rearrangements abnormalities were successfully evaluated with one test. Aneuploidy and
unbalanced translocation were processed through CNV and haplotype linkage analysis, and gene variants and chromosome rearrangements
were conducted by haplotype linkage analysis

sufficient SNPmarkers were approached. The distribution
of all available SNPs and informative SNPs in windows or
chromosomes is shown in Figure 5.

3.3 Simultaneous detection of multiple
anomalies in one test

For each embryo, the aneuploidy, disease-causing gene,
and chromosomal rearrangements abnormalities were
tested with one experiment. Aneuploidies were processed
through CNV analysis, whereas gene and chromosome
variants were evaluated by family haplotype linkage anal-
ysis. The proposed pipeline successfully yielded results of
all the 59 biopsied blastocysts, of which 26 were diploid, 24

had rearrangements related abnormalities, and 9 showed
de novo aneuploidies unrelated to rearrangements. Among
the 26 diploid embryos, three were affected by mono-
genic diseases, seven were free of disease-causing genes,
and the others were carriers of heterozygous recessive
variants inherited from father or mother. Further, among
these 26 diploid embryos, 15 were with normal karyotypes
and the others were carriers of chromosomal structural
rearrangements inherited from their parents. The detailed
results of the blastocysts tested are shown in Supplemen-
tary Table S2. For all embryos diagnosed, the existence
of rearranged chromosomes was also successfully pre-
dicted by haplotype analysis in addition to CNV analysis,
which further demonstrated the accuracy of this proposed
approach.
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F IGURE 3 Principles of disease-causing gene haplotyping. (A) Example of case 6 with an autosomal recessive disorder of Citrin
deficiency, the couple was both SLC25A13 gene variant carriers and inherited from their fathers respectively. DNA from the couple, either of
their parents and the WGA products of biopsied TE cells, was genotyped with SNP array and family-based SNP-haplotype linkage analysis in
genome-wide was performed by defining informative SNPs, and then the haplotypes linked to the normal gene and to the mutant gene of the
carrier couples were identified separately. On the basis of phasing the carrier and his/her parent’s haplotype, the recombination events that
might occur during meiosis in embryos will be identified clearly. The criterion for informative SNP was that these SNPs should be
heterozygous in the carrier and homozygous in his/her partner, in the meanwhile be homozygous in the carrier’s parents. The homolog that is
inherited from the carrier’s father must contain the causative variant and is denoted by H1, whereas homolog H2 that is inherited from the
carrier’s mother will carrier the normal allele. Subsequently, informative SNPs were categorized to define parental haplotype
subcategories—PH1 and PH2 for paternal SNPs and MH1 and MH2 for maternal SNPs. Different colors indicated different haplotype
subcategories. (B) Determination of embryo inheritance was based on haplotype information based on informative SNPs. For embryos with
both PH1 and MH1 would be diagnosed as affected embryos, for embryos with either PH1 or MH1 would be diagnosed as carrier embryos, and
for embryos with neither PH1 nor MH1 would be diagnosed as normal embryos
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F IGURE 4 Principles of rearrangement breakpoints haplotyping. (A) Example of case 6 with an translocation of 46,XX,t(4;16)(q25;q13),
which was inherited from her fathers. DNA from the couple, either of her parents and the WGA products of biopsied TE cells, was genotyped
with SNP-array methods, and the process of phasing haplotype is similar to Figure 3. The criterion for informative SNP was that these SNPs
should be heterozygous in the carrier, homozygous in his/her partner and her parents. The homolog that is inherited from her father must
contain the rearranged chromosome and is denoted by H1, whereas homolog H2 that is inherited from her mother will carrier the normal
chromosome. As there existed two breakpoints, for the breakpoint in 4q25 region, informative SNPs were categorized to define haplotype
subcategories–-MH1-1 and MH2-1, and for the breakpoint in 16q13 region, informative SNPs were categorized to define haplotype
subcategories–-MH1-2 and MH2-2. Different colors indicated different haplotype subcategories. (B) Determination of embryo inheritance was
based on haplotype information based on informative SNPs. For embryos with either MH1-1 or MH1-2 would be diagnosed as unbalanced
embryos, for embryos with both MH1-1 and MH1-2 would be diagnosed as translocation-carrying embryos, and for embryos with neither
MH1-1 nor MH1-2 would be diagnosed as normal embryos. The displayed chromosomes at the bottom right corner represented the two
rearranged chromosomes and were not homologous
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F IGURE 5 The distribution of available SNPs and informative SNPs in windows or chromosomes. (A) The distribution of SNPs in
windows. The horizontal axis represented the number of available SNPs, and the vertical axis represented the number of windows (2 Mb) and
density, respectively. (B) The horizontal axis represented the number of informative SNPs, and the vertical axis represented the number of
windows (2 Mb) and density respectively. (C) The distribution of SNPs in each chromosome. The horizontal axis represented the number of
chromosome, and the vertical axis represented the number of available SNPs. (D) The horizontal axis represented the number of
chromosome, and the vertical axis represented the number of informative SNPs. For chromosome Y, all the available SNPs were informative
SNPs, so we did not show again in (D)

3.4 Clinical outcome and confirmation
of the efficacy

Twelve blastocysts were thawed, and then transferred into
the uterus of female patients. In case 2, case 6, and case
10, the patients achieved pregnancy in the second transfer
cycle, while all the other patients became pregnant in their
first transfer cycle. In case 7, the embryo developed into a
monochorionic monoamniotic twin pregnancy. For all the
mothers, karyotype and gene variant analyses of amniotic
fluid in the second trimesters or umbilical cord blood at
birth were required. We validated that the testing results
of biopsied embryonic TE cells and the diagnosis results
of fetal cells were consistent, the sensitivity and specificity
were both 100%. At the time of manuscript preparation,
nine pregnancies had reached the second trimester and
five of them had been delivered.

4 DISCUSSION

As we know, although researchers have identified causing
genes formany diseases, effective treatment is available for

only a few and the cost is unbearable for most families;
therefore, preventing the birth of affected fetuses is crucial.
PGT has now been widely used to select IVF embryos free
of disease-causing genes or chromosomal abnormalities.
In the present study, by using family-based genome-wide
SNP-haplotype analysis, we developed a universal method
that can simultaneously detect monogenic diseases, ane-
uploidy, and chromosomal rearrangements in a single
embryo with one test. The method is applicable for PGT
with different indications, such as varieties of monogenic
diseaseswith different genetic inheritances and chromoso-
mal rearrangements with different karyotypes, especially
for couples with both disease-causing genes and chromo-
some rearrangements.
In the first PGT cycle, the embryos with the risk for

an X chromosome-linked genetic disease were diagnosed
by DNA amplification of a Y chromosome specific repeat
sequence.37 The authors aspirated one or more cells from
an embryo cultured and then performed genetic testing,
and only the unaffected embryos were transferred with
the aim of delivering a newborn without genetic dis-
eases. Over the past decades, genetic techniques have
been developed for the diagnosis of a wide range of
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indications, including single gene disease (PGT-M), struc-
tural rearrangement (PGT-SR), and chromosome aneu-
ploidy (PGT-A).38 For monogenic diseases, sequencing of
PCR products was initially used to directly detect vari-
ants in biopsied embryo cells.12–14 However, owing to
the limitations of contamination and ADO,15–16 in recent
years, family-based linkage analysis has become a stan-
dard method using STR or SNP haplotype analysis to indi-
rectly determine the variants.17–20 Handyside et al devel-
oped the Karyomapping method, which could be applied
to any single-gene defect within the regions covered by the
SNP loci and overcame the difficulty of ADO at the single-
cell level.21,39 Recently, Yan et al reported on the method
of “mutated allele revealed by sequencing with aneu-
ploidy and linkage analyses” (MARSALA)18 and Backen-
roth et al developed a 24-hour all-in-one method for PGD
of monogenic disorders,19 both of which could detect gene
variants and chromosome aneuploidies simultaneously in
embryos, with the prerequisite being the availability of an
affected proband that was used for linkage analysis. Zama-
niesteki et al established the method of Haplarithmisis,22
which have been proved to be effective methods for
clinical PGT-M. For carriers of chromosomal rearrange-
ments, with the rapid development and application of
molecular genetic techniques of CCS, clinical diagnosis
and pregnancy rate have been significantly improved.8–11
Hu et al established a method to identify translocation
breakpoints by using NGS of a microdissected junction
region, and then distinguish karyotypes of embryos by
junction spanning PCR and/or linkage analyses.25 More-
over, Xu et al reported a method named “Mapping Allele
with Resolved Carrier Status” (MaReCs), which enabled
the identification of the translocation carrier status in
embryos by sequencing in breakpoint region.26 Further-
more, some researches applied nanopore sequencing to
identify the breakpoint of rearrangements and then evalu-
ated embryo-carrying status by junction spanning PCR or
linkage analysis.28,40,41 These published methods cannot
only detect the chromosomal imbalances, but can further
distinguish embryos with balanced rearrangement kary-
otypes from those with normal karyotypes,25–27 prevent-
ing the passing on of chromosomal rearrangements to the
next generation. However, these methods cannot detect
chromosome imbalances/aneuploidies and chromosome
rearrangements simultaneously in the same embryo, sep-
arate procedures had to be performed. In addition, these
methods also required the breakpoint identification of
rearrangements to a single base by sequencing, whereas
precise rearrangement breakpoints are not essential to pre-
dict the chromosome status. Furthermore, monogenic dis-
eases are not applicable. Therefore, it is of great importance
to develop one universal PGT technology that is capa-

ble of simultaneously testing for aneuploidy, structural
rearrangements, and monogenic disorders using a single
platform.
In this present study, for inherited variants, the cou-

ple and either of their parents could be used for genome-
wide haplotype phasing, our pipeline can obtain the clear
haplotypes for each family member, and the haplotypes
of the mutant genes and rearrangement breakpoints were
determined accordingly. Subsequently, the called SNPs of
embryos with the same microarray were pooled into the
above pipeline, and genome-wide haplotypes of embryos
were produced and used to indicate the disease status of
mutant genes or rearrangements. As shown in Figure 4,
the carrier’s first genotype is AB, we speculate the carrier’s
allele A must come from his (abnormal) father, because
his variant-carrying father is A/A homozygous; therefore,
the carrier’s variant-carrying haplotype must contain the
allele A. Further, we used the similar strategy to deduce
the inherited allele of the embryos, the variant-carrying
haplotype would be ABBAAABA and the normal haplo-
type would be BAABBBAB. This strategy is especially suit-
able for couples with no affected proband, and one of the
carrier’s parents or other close relative with known dis-
ease status can be used for haplotyping. The exception
was when both the husband’s parents or both the wife’s
parents had the same mutation, and himself/herself was
a carrier, the method could not be applied, the carrier’s
siblings might be helpful to phase haplotype. For de novo
carriers of chromosomal rearrangements, the unbalanced
embryos also can be used as a reference. Practically, as
the haplotypes across the genome can be established, our
strategy is universal for almost all kinds of rearrangements
and single-gene disorders. In addition, the existence of
one rearranged chromosome in translocation could also
be diagnosed based on haplotype analysis; for embryos
with unbalanced translocation, one haplotype of a normal
chromosome and another of a rearranged chromosome
were presented, which has been proven by CNV analysis,
thus further demonstrating the accuracy of the proposed
approach. However, one limitation in our research is that
an affected proband or embryo is needed for the carrier
couples with a de novo variant.
Meiosis event is the cellular program underlying gamete

formation. For this process, crossovers between homolo-
gous chromosomes are a common feature of sexual repro-
duction and play an essential mechanistic role to ensure
regular segregation.42 Crossover frequencies vary across
different chromosomes within individual nuclei, the aver-
age number of crossovers in gametes is about 27 in males43
and 50% higher in females,44 and occur at a frequency of
∼1% per Mb on a chromosome. In our method, the whole
chromosome haplotype of the targeted region and the
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normal homologous chromosome could be established
simultaneously; therefore, the presence of homologous
recombination in embryos will be identified clearly, reduc-
ing the misdiagnosis rate. Besides, we improved the accu-
racy of breakpoint locations identifiedwithin 200 kb by the
molecular karyotype of unbalanced embryos, forwhich the
informative SNPs of 2∼4 Mb flanking the targeted regions
were sufficient.
In summary, we have established a comprehensive,

practical, and universal PGT strategy, which can detect
monogenic diseases, aneuploidy, and balanced chromoso-
mal rearrangements simultaneously in the same embryo
with a single test, thus avoiding the inheritance of genetic
variants to the next generations. Theoretically, this plat-
form is applicable for patients with awide variety ofmono-
genic disorders and chromosomal rearrangements, espe-
cially for patientswith bothmonogenic disorders and chro-
mosomal rearrangements. Furthermore, our platformdoes
not require a complex experimental procedure; thus, it is
be adapted for routine clinical detection in genetic labora-
tories. The proposed strategy may markedly improve the
precision of embryo testing and facilitate the selection of
embryos free of genetic diseases through PGT, preventing
the birth of affected fetuses.

ACKNOWLEDGMENTS
We express our deepest gratitude to all of the families
who participated in this study. We also thank the staff
of the Genetics Laboratory and IVF Laboratory for their
invaluable efforts and contributions in association with
the experiments in the Obstetrics and Gynecology Hospi-
tal of Fudan University. This research was supported by
the Science and Technology Innovation Action Plan Pro-
gram of Shanghai (18411953800, 20Y11907200) and Shang-
hai Municipal Health Commission (20194Y0002).

CONFL ICT OF INTEREST
The authors declare that there is no conflict of interest that
could be perceived as prejudicing the impartiality of the
research reported.

ETH ICS APPROVAL
Written informed consent was obtained from each family
and this study was approved by the Ethics Committee for
Human Subject research of the Obstetrics and Gynecol-
ogy Hospital, Fudan University. We obtained the consent
to publish their clinical data from the patients in this study.

AUTH OR CONTRIBUT IONS
Shuo Zhang, Xiaoxi Sun, and Congjian Xu designed the
research and wrote the manuscript; Shuo Zhang, Caixia
Lei, Junping Wu, Min Xiao, Jing Zhou, Saijuan Zhu, Jing

Fu, Xiaoxi Sun, and Congjian Xu executed the research
(Shuo Zhang, Caixia Lei, and Min Xiao performed the
microarray analysis; Shuo Zhang, Saijuan Zhu, and Jing
Zhou performed the microarray experiments; Jing Zhou
performed cytogenetic experiments of amniotic fluid cell
and blood. Jing Fu performed the intracytoplasmic sperm
injection and blastocyst biopsy experiments; Junping Wu,
Xiaoxi Sun, and Caixia Lei collected the cases). Daru Lu,
Xiaoxi Sun, and Congjian Xu directed the critical discus-
sion of the manuscript. All authors approved the final
manuscript.

DATA AVAILAB IL ITY STATEMENT
The data used in the present study are available from the
corresponding author on reasonable request.

ORCID
CongjianXu https://orcid.org/0000-0001-5692-5641

REFERENCES
1. Boycott KM, Ardigo D. Addressing challenges in the diagno-

sis and treatment of rare genetic diseases. Nat Rev Drug Discov.
2018;17(3):151-152.

2. Dmitrieva NI, Walts AD, Nguyen DP, et al. Impaired angio-
genesis and extracellular matrix metabolism in autosomal-
dominant hyper-IgE syndrome. J Clin Invest. 2020;130(8):4167-
4181.

3. Dawkins H, Draghia-Akli R, Lasko P, et al. Progress in Rare Dis-
eases Research 2010–2016: an IRDiRC perspective. Clin Transl
Sci. 2018;11(1):11-20.

4. Zhang S, Lei C, Wu J, et al. Analysis of segregation patterns of
quadrivalent structures and the effect on genome stability dur-
ing meiosis in reciprocal translocation carriers. Hum Reprod.
2018;33(4):757-767.

5. Sciorio R, Tramontano L, Catt J. Preimplantation genetic
diagnosis (PGD) and genetic testing for aneuploidy (PGT-A):
status and future challenges. Gynecol Endocrinol. 2020;36(1):
6-11.

6. Nielsen J,WohlertM. Chromosome abnormalities found among
34,910 newborn children: results from a 13-year incidence study
in Arhus, Denmark. Hum Genet. 1991;87(1):81-83.

7. Dong Z, Yan J, Xu F, et al. Genome sequencing explores com-
plexity of chromosomal abnormalities in recurrent miscarriage.
Am J Hum Ggnet. 2019;105(6):1102-1111.

8. Capalbo A, Treff NR, Cimadomo D, et al. Comparison of array
comparative genomic hybridization and quantitative real-time
PCR-based aneuploidy screening of blastocyst biopsies. Eur J
Hum Genet. 23(7):901-906.

9. Ghevaria H, SenGupta S, Shmitova N, Serhal P, Delhanty J. The
origin and significance of additional aneuploidy events in cou-
ples undergoing preimplantation genetic diagnosis for translo-
cations by array comparative genomic hybridization. Reprod
Biomed Online. 2016;32(2):178-189.

10. Xie Y, Xu Y, Wang J, et al. Preliminary analysis of numer-
ical chromosome abnormalities in reciprocal and Robertso-
nian translocation preimplantation genetic diagnosis cases with

https://orcid.org/0000-0001-5692-5641
https://orcid.org/0000-0001-5692-5641


ZHANG et al. 13 of 14

24-chromosomal analysis with an aCGH/SNP microarray. J
Assist Reprod Genet. 2018;35(1):177-186.

11. Deleye L, Dheedene A, De Coninck D, et al. Shallow
whole genome sequencing is well suited for the detection of
chromosomal aberrations in human blastocysts. Fertil Steril.
2015;104(5):1276-1285.

12. Cimadomo D, Rienzi L, Capalbo A, et al. The dawn of the
future: 30 years from the first biopsy of a human embryo. The
detailed history of an ongoing revolution. Hum Reprod Update.
2020;26(4):453-473.

13. Priner S, Altarescu G, Schonberger O, et al. The effect of
repeated biopsy on pre-implantation genetic testing for mono-
genic diseases (PGT-M) treatment outcome. J Assist Reprod
Genet. 2019;36(1):159-164.

14. Harton GL, Magli MC, Lundin K, Montag M, Lemmen
J, Harper JC. ESHRE PGD Consortium/Embryology Special
Interest Group–best practice guidelines for polar body and
embryo biopsy for preimplantation genetic diagnosis/screening
(PGD/PGS). Hum Reprod. 2011;26(1):41-46.

15. Volozonoka L, Perminov D, Kornejeva L, et al. Performance
comparison of two whole genome amplification techniques in
frame of multifactor preimplantation genetic testing. J Assist
Reprod Genet. 2018;35(8):1457-1472.

16. Wilton L, Thornhill A, Traeger-Synodinos J, Sermon KD,
Harper JC. The causes of misdiagnosis and adverse outcomes
in PGD. Hum Reprod. 2009;24(5):1221-1228.

17. Dreesen J, Destouni A, Kourlaba G, et al. Evaluation of PCR-
based preimplantation genetic diagnosis applied to monogenic
diseases: a collaborative ESHRE PGD consortium study. Eur J
Hum Genet. 2014;22(8):1012-1018.

18. Yan L, Huang L, Xu L, et al. Live births after simultaneous
avoidance of monogenic diseases and chromosome abnormal-
ity by next-generation sequencing with linkage analyses. Proc
Natl Acad Sci U S A. 2015;112(52):15964-15969.

19. BackenrothD, ZahdehF,KlingY, et al.Haploseek: a 24-hour all-
in-one method for preimplantation genetic diagnosis (PGD) of
monogenic disease and aneuploidy. Genet Med. 2019;21(6):1390-
1399.

20. Lian M, Lee CG, Chong SS. Robust preimplantation genetic
testing strategy for myotonic dystrophy type 1 by bidirectional
triplet-primed polymerase chain reaction combined with multi-
microsatellite haplotyping following whole-genome amplifica-
tion. Front Genet. 2019;10:589.

21. Handyside AH, Harton GL, Mariani B, et al. Karyomapping: a
universal method for genome wide analysis of genetic disease
based on mapping crossovers between parental haplotypes. J
Med Genet. 2010;47(10):651-658.

22. Zamaniesteki M, Dimitriadou E, Mateiu L, et al. Concurrent
whole-genome haplotyping and copy-number profiling of sin-
gle cells. Am J Hum Genet. 2015;96:894-912.

23. Mastenbroek S, TwiskM, van Echten-Arends J, et al. In vitro fer-
tilization with preimplantation genetic screening.NEngl J Med.
2007;357(1):9-17.

24. Mastenbroek S, TwiskM, van der Veen F, Repping S. Preimplan-
tation genetic screening: a systematic review and meta-analysis
of RCTs. Hum Reprod Update. 2011;17(4):454-466.

25. Hu L, Cheng D, Gong F, et al. Reciprocal translocation carrier
diagnosis in preimplantation human embryos. Ebiomedicine.
2016;14:139-147.

26. Xu J, Zhang Z, Niu W, et al. Mapping allele with resolved
carrier status of Robertsonian and reciprocal translocation
in human preimplantation embryos. Proc Natl Acad Sci.
2017;114(41):E8695-702.

27. Wang L, Shen J, Cram DS, et al. Preferential selection and
transfer of euploid noncarrier embryos in preimplantation
genetic diagnosis cycles for reciprocal translocations. Fertil
Steril. 2017;108(4):620-627.

28. Zhang S, Liang F, Lei C, et al. Long-read sequencing and hap-
lotype linkage analysis enabled preimplantation genetic test-
ing for patients carrying pathogenic inversions. J Med Genet.
2019;56(11):741-749.

29. Zhang S, Zhao D, Zhang J, et al. BasePhasing: a highly effi-
cient approach for preimplantation genetic haplotyping in clin-
ical application of balanced translocation carriers. BMC Med
Genomics. 2019;12:52.

30. Rubio C, Bellver J, Rodrigo L, et al. In vitro fertilization with
preimplantation genetic diagnosis for aneuploidies in advanced
maternal age: a randomized, controlled study. Fertil Steril.
2017;107(5):1122-1129.

31. Lee CI, Wu CH, Pai YP, et al. Performance of preimplanta-
tion genetic testing for aneuploidy in IVF cycles for patients
with advanced maternal age, repeat implantation failure, and
idiopathic recurrent miscarriage. Taiwan J Obstet Gynecol.
2019;58(2):239-243.

32. Bashiri A, Halper KI, Orvieto R. Recurrent implantation failure-
update overview on etiology, diagnosis, treatment and future
directions. Reprod Biol Endocrinol. 2018;16(1):121.

33. Han L, Zhao FL, Sun QF, et al. Cytogenetic analysis of periph-
eral blood lymphocytes, many years after exposure of workers
to low-dose ionizing radiation.Mutat Res Genet Toxicol Environ
Mutagen. 2014;771:1-5.

34. SchoolcraftWB, GardnerDK, LaneM, Schlenker T, Hamilton F,
MeldrumDR. Blastocyst culture and transfer: analysis of results
and parameters affecting outcome in two in vitro fertilization
programs. Fertil Steril. 1999;72(4):604-609.

35. Urnikyte A, Domarkiene I, Stoma S, et al. CNV analysis in the
Lithuanian population. BMC Genet. 2016;4(1):64.

36. Bae JS, Koh I, Cheong HS, et al. A genome-wide association
analysis of chromosomal aberrations andHirschsprung disease.
Transl Res. 2016;177:31-40.

37. Handyside AH, Kontogianni EH, Hardy K, Winston RM. Preg-
nancies from biopsied human preimplantation embryos sexed
by Y-specific DNA amplification. Nature. 1990;344(6268):768-
770.

38. van Echten-Arends J, Mastenbroek S, Sikkema-Raddatz B, et al.
Chromosomal mosaicism in human preimplantation embryos:
a systematic review. Hum Repord Update. 2011;17(5):620-
627.

39. Handyside AH. Live births following karyomapping - a “key”
milestone in the development of preimplantation genetic diag-
nosis. Reprod Biomed Online. 2015;31(3):307-308.

40. Chow J, Cheng H, Lau E, Yeung W, Ng E. Distinguishing
between carrier and noncarrier embryos with the use of long-
read sequencing in preimplantation genetic testing for recipro-
cal translocations. Genomics. 2020;112(1):494-500.

41. Hu L, Liang F, Cheng D, et al. Location of balanced
chromosome-translocation breakpoints by long-read sequenc-
ing on the Oxford nanopore platform. Front Genet. 2019;10:1313.



14 of 14 ZHANG et al.

42. Wang S, Veller C, Sun F, et al. Per-nucleus crossover covariation
and implications for evolution. Cell. 2019;177(2):326-338.

43. Lu S, Zong C, Fan W, et al. Probing meiotic recombination and
aneuploidy of single sperm cells by whole-genome sequencing.
Science. 2012;338(6114):1627-1630.

44. Christopher L, Nicholas A, Nick E, David H, Adam A. Escape
from crossover interference increases with maternal age. Nat
Commun. 2015;6:6260.

SUPPORT ING INFORMATION
Additional supporting information may be found online
in the Supporting Information section at the end of the
article.

How to cite this article: Zhang S, Lei C, Wu J,
et al. A comprehensive and universal approach for
embryo testing in patients with different genetic
disorders. Clin Transl Med. 2021;11:e490.
https://doi.org/10.1002/ctm2.490

https://doi.org/10.1002/ctm2.490

	A comprehensive and universal approach for embryo testing in patients with different genetic disorders
	Abstract
	1 | INTRODUCTION
	2 | METHODS AND MATERIALS
	2.1 | Study design
	2.2 | G-band karyotyping and Sanger sequencing
	2.3 | Blastocyst biopsy and WGA
	2.4 | Haplotype phasing
	2.5 | Testing for aneuploidy, disease-causing gene, and chromosome rearrangement
	2.6 | Fetus validation

	3 | RESULTS
	3.1 | Family history and IVF
	3.2 | Linkage analysis by the proposed approach
	3.3 | Simultaneous detection of multiple anomalies in one test
	3.4 | Clinical outcome and confirmation of the efficacy

	4 | DISCUSSION
	ACKNOWLEDGMENTS
	CONFLICT OF INTEREST
	ETHICS APPROVAL
	AUTHOR CONTRIBUTIONS
	DATA AVAILABILITY STATEMENT

	ORCID
	REFERENCES
	SUPPORTING INFORMATION


