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Abstract

Purpose To explore a new preimplantation genetic testing (PGT) method for de novo mutations (DNMs) combined with
chromosomal balanced translocations by whole-genome sequencing (WGS) using the MGISEQ-2000 sequencer.

Methods Two families, one with maternal Olmsted syndrome caused by DNM (c.1246C>T) in TRPV3 and a paternal
Robertsonian translocation and one with paternal Marfan syndrome caused by DNM (c.4952 4955delAATG) in FBNI
and a maternal reciprocal translocation, underwent PGT for monogenetic disease (PGT-M), chromosomal ancuploidy,
and structural rearrangement. WGS of embryos and family members were performed. Bioinformatics analysis based on
gradient sequencing depth was performed, and parent-embryo haplotyping was conducted for DNM diagnosis. Sanger
sequencing, karyotyping, and chromosomal microarray analysis were performed using an amniotic fluid sample to
confirm the PGT results.

Results After 1 PGT cycle, WGS of 2 embryos from the Olmsted syndrome family revealed euploid embryos without DNMs;
after 2 cycles, the 11 embryos from the Marfan syndrome family showed only 1 normal embryo without DNM, copy number
variations (CNVs), or aneuploidy. Moreover, 1 blastocyst from the Marfan syndrome family was transferred back to the uterus;
the amniocentesis test results were confirmed by PGT and a healthy infant was born.

Conclusions WGS based on parent-embryo haplotypes was an effective strategy for PGT of DNMs combined with a chromo-
somal balanced translocation. Our results indicate this is a reliable and effective diagnostic method that is useful for clinical
application in PGT of patients with DNMs.
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Introduction

De novo mutations (DNMs) are the extreme form of rare
genetic variations and are more deleterious than inherited var-
iations because they escape evolutionary selection pressure
[1]. These mutations are the primary causes of sporadically
occurring genetic diseases with dominant inheritance patterns
[1]. In previous studies of patients with DNMs, prenatal diag-
nosis was the predominant method for identifying genetic risk
compared with preimplantation genetic testing (PGT) [2].
This is because, in PGT for monogenic diseases (PGT-M),
parental haplotypes are prepared using genomic DNA from
nuclear family members or relatives to establish linkages be-
tween the mutation and informative markers [3]. However, it
is a barrier for DNM patients.

In previous studies, sperms or polar bodies combined with
peripheral blood from DNM patients were used to establish
linked haplotypes and diagnose embryos [4—6]. The analyses
required many single sperms to obtain the male haplotype and
polar bodies from oocytes retrieved during in vitro fertilization
(IVF) treatments to obtain female haploid cells. Recently,
single-nucleotide polymorphism (SNP) array and next-
generation sequencing (NGS) techniques applied in PGT have
enabled more precise diagnosis not only because more genetic
markers (such as SNPs) were used instead of the previously used
short tandem repeats (STRs), to construct haplotypes, but also
because genetic diseases and aneuploidy could be identified
concurrently [7, 8]. In addition, other studies reported the direct
use of genetic information from parent-linked-embryos to phase
haplotypes with preliminary target sequencing, but the diagnosis
was customized and unavailable for chromosomes [9].

Whole-genome sequencing (WGS) was performed in PGT
to identify mutations and aneuploidy simultaneously in 2015
using the Illumina HiSeq2500 platform at a low sequencing
depth; however, this might reduce the resolution for chromo-
some detection [10]. Moreover, there were no further reports
in this area. Herein, we successfully performed PGT for two
families with DNMs combined with chromosomal balanced
translocations and describe a PGT strategy based on parent-
embryo haplotyping and diagnose the embryos using a new
WGS platform.

Materials and methods
Ethics approval

The study was approved by the Ethics Committee of Human
Study at the Sun Yat-sen Memorial Hospital of Sun Yat-sen
University and BGI-Shenzhen, and the principles of the
Declaration of Helsinki were followed. All patients underwent
genetic counseling and signed a consent form that was ap-
proved by the local ethics committee.
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Patients and ovarian stimulation

In family 1, the wife was diagnosed with Olmsted syndrome at
a different hospital (MIM# 614594), and a de novo pathogenic
mutation (c.1246C>T (p.Arg416Trp)) in the TRPV3 gene
(MIM* 607066) was detected; her husband was a
Robertsonian translocation carrier (Table 1). In family 2, the
husband was diagnosed with Marfan syndrome (MIM#
154700) at a different hospital, and a de novo frameshift mu-
tation (c.4952 4955delAATG (p.Glul651Valfs*30)) was
found in the FBNI gene (MIM* 134797); his wife was a
reciprocal translocation carrier (Table 1). These two families
underwent controlled ovarian hyperstimulation (COH) for
3 cycles of PGT at our hospital, as shown in Table 1.

Oocyte retrieval, intracytoplasmic sperm injection,
polar body, and blastocyst biopsy

Oocyte retrieval was performed using ultrasound-guided
puncture, 36 h after human chorionic gonadotropin was ad-
ministered. Intracytoplasmic sperm injection (ICSI) was per-
formed on metaphase II (MII) oocytes. The oocytes were
assessed for fertilization at ~ 18 h post-injection by monitoring
for the presence of two pronuclei (2PN) and the second polar
body (PB2). Embryos were cultured in G1-plus/G2-plus
(Vitrolife, Sweden) sequential media. According to the
Gardner grading system on blastocyst assessment [11, 12],
blastocysts graded as 3—6, with either of the inner cell mass
(ICM) or trophectoderm (TE) graded above C, were consid-
ered suitable blastocysts for biopsy. TE biopsy was performed
at day 5 or 6 by zona drilling with a laser, and a few biopsied
TE cells (5-8 cells) were removed and collected for genetic
analysis [13]. In addition, we also biopsied the first polar body
(PB1) after ICSI and PB2 at 9 h after ICSI using laser zona
drilling to compare these results with those obtained from the
TE samples.

Genomic DNA extraction, Sanger sequencing, and
WGS

Genomic DNA (gDNA) was isolated from peripheral blood
lymphocytes (I:1, I:2, IT:1, and II:2) (Fig. 1) using a commer-
cially available genomic DNA extraction kit (Qiagen,
Germany). The whole-genome amplification (WGA) of
biopsied TE cells and polar bodies was performed using the
multiple displacement amplification (MDA) reaction (REPLI-
g Single Cell kit, Qiagen, Germany) according to the manu-
facturer’s protocol.

The TRPV3 and FBN1 sequences were retrieved from the
UCSC Genome Browser on Human Dec. 2013 Assembly
(hg38) (http://genome.ucsc.edu). The DNMs were detected
by Sanger sequencing the polymerase chain reaction (PCR)
products of exon 10 in TRPV3 and exon 41 in FBN1, and their
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Table 1 Overview of the phenotypic and genotypic features of the presented families
Characteristic Family 1 Family 2
Husband Wife Husband Wife
Age (year) 31 33 29 29
Karyotype 45, XY, 46, XX 46, XY 46, XX,
der(13;14)(q10;q10) t(10;20)(q26.1;q13.1)
Gene and mutation — TRPV3, FBNI, c.4952 —
c.1246C>T 4955delAATG
(p-Arg416Trp) (p.Glul651Valfs*30)
Genetic disease Robertsonian Olmsted Marfan syndrome Reciprocal translocation
translocation syndrome
Basal FSH® (IU/L) 6.38 6.88 7.88 5.37
}slexual LH® (IU/L) 5.02 3.79 3.26 591
OMMONE  prd (ng/L) 18.00 20.00 24.00 44.00
T¢ (nmol/L) 16.18 0.92 17.51 1.99
AMH' (ng/mL) NA® 1.41 NA 6.49
PGT Protocol Long Long
cyclel  Total dose of gonadotropin (IU) 2700 1100
E2 level on trigger day (ng/L) 705 8158
No. of follicles > 18 mm on trigger 4 3
day
Time interval between hCG 36 36
administration and oocyte
retrieval (h)
Owulation triggering (dose) 10000 TU (hCG)" 6000 IU (hCG)
No. of oocytes retrieved 4 15
No. of MII oocytes 4 14
No. of normal fertilization oocytes 2 8
(2PN)
No. of cleavage embryos 2 7
No. of blastocyst 2 4
No. of blastocyst biopsy 2 4
PGT Protocol GnRH antagonist'
cyele2  Total dose of gonadotropin (IU) 1350
E2 level on trigger day (ng/L) 11586
No. of follicles > 18 mm on trigger 5
day
Time interval between hCG 36

administration and oocyte
retrieval (h)
Ovulation triggering (dose)

No. of oocytes retrieved
No. of MII oocytes

No. of normal fertilization oocytes
(2PN)
No. of cleavage embryos

No. of blastocyst
No. of blastocyst biopsy

2000 IU (hCG) +0.2 mg (GnRH agonist)j
23
20
18

18
11
7

Note: *—, no mutations; °® FSH, follicle-stimulating hormone; °LH, luteinizing hormone; 4E2, estradiol; °T, testosterone; f AMH, anti-Mullerian
hormone; €NA, no data available; " hCG (Livzon, China); ' GnRH antagonist (Orgalutran®, Organon, Netherlands); ' GnRH agonist (Diphereline®,

Ipsen, France)
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Fig. 1 Workflow of preimplantation genetic testing (PGT) for de novo
mutations (DNMs) of different origins. a Maternal DNM combined with
paternal Robertsonian translocation. (1) pedigree in two generations.
Filled symbols represent affected individuals (black indicates patient with
the monogenetic disease and gray indicates patient with the chromosomal
disease); open symbols represent unaffected individuals. Circles and
squares indicate females and males, respectively; (2) mutation
(c.1246C>T) confirmed by Sanger sequencing from I:1, I:2, 1I:1, and
11:2; (3) whole-genome sequencing (WGS) performed on all 4 family
members to identify the most informative single-nucleotide polymor-
phism (SNP) markers for PGT; (4) PGT by blastocyst biopsy for com-
bined mutation, and haplotype and copy number variation (CNV) analy-
sis; haplotype construction is based on maternal heterozygous and pater-
nal homozygous sites. In the haplotype, the numbers 1, 2, 3, and 4 indi-
cate different SNP markers, such as A, T, C, and G; the letter W indicates
the wild-type allele, and the letter M indicates the mutant allele. b Paternal

flanking intronic regions both in patients and controls, using
primers designed using Oligo 6.0 (http://www.oligo.net/
downloads.html) (primer sequences are available in
Supplemental Table 1). Mutation nomenclature recommended
by den Dunnen JT [14] and Human Genome Variation
Society (HGVS, http://www.hgvs.org/mutnomen/) were
adopted with + 1 corresponding to the A of the ATG
translation initiation codon of the GenBank cDNA sequence
NM_001258205 (TRPV3) and NM_000138 (FBN1I).

All the MDA products and gDNA from family members
(IL:1 and II:2) were used for library construction using the
MGICare Single Cell Chromosomal Copy Number Variation
Detection Kit (MGI, China) according to the manufacturer’s
instructions. The libraries were used for WGS in the
MGISEQ-2000 sequencer. The sequencing procedure yielded
bidirectional sequencing read lengths of 100 bp. Sequencing
data were analyzed according to our in-house procedures.
Raw image data were processed using Imagine J software.
The data was mapped to the reference genome (hgl9,
GRCh37) using the software BWA (http://bio-bwa.
sourceforge.net/). We performed SNP calling using the
software Genome Analysis Toolkit (http://www.broadinstitute.
org/gatk/). The haplotype was determined according to the
informative SNPs. The aneuploidy and copy number variation
(CNV) testing using WGS were performed as previously report-
ed [15]. To characterize the relationship between the DNM
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DNM combined with maternal reciprocal translocation. (1) Pedigree in
two generations. Filled symbols represent affected individuals (black in-
dicates patient with the monogenetic disease and gray indicates patient
with the chromosomal disease), and open symbols represent unaffected
individuals. Circles and squares indicate females and males, respectively;
(2) mutation (c.4952 4955delAATG) confirmed by Sanger sequencing
from I:1, I:2, II: 1, and 11I:2; (3) WGS performed on all 4 family members
to identify the most informative single-nucleotide polymorphism (SNP)
markers for PGT; (4) PGT by blastocyst biopsy for combined mutation,
and haplotype and CNV analysis; haplotype construction is based on
paternal heterozygous and maternal homozygous sites. In the haplotype,
the numbers 1, 2, 3, and 4 indicate different SNP markers, such as A, T,
C, and G; the letter W indicates the wild-type allele, and the letter M
indicates the mutant allele. Mar, Marfan syndrome; Olm, Olmsted syn-
drome; Rec, reciprocal translocation; Rob, Robertsonian translocation

haplotyping accuracy and WGS sequencing depth, we per-
formed a simulation by subsampling the WGS data from the
Marfan syndrome family, which included the couple and their 4
embryos in the first PGT cycle. We found that with >2x depth
of embryo data (Supplemental Table 2) and > 10x depth of
family member data (Supplemental Table 3), the haplotype in-
cluding FBN! could be determined accurately.

Study design for DNM

As shown in Fig. 1, the PGT strategies used for the two fam-
ilies varied according to the DNM origin, including mutation
confirmation, WGS of gDNA, WGS of MDA products,
parent-embryo haplotype analysis, CNVs >4 Mb, and aneu-
ploidy analysis. If any mutant embryo was detected, we aimed
to consider this as the proband for DNM haplotyping using
WGS. When there was only a wild-type embryo in the homo-
zygote, to avoid the impact of allele dropout (ADO), addition-
al information such as the polar body was used to analyze the
linkage. In the family with DNM of maternal origin (Fig. 1a),
we focused on the DNM of the TRPV3 gene in the embryos
and loci (SNP markers) in which the wife was heterozygous
and the husband was homozygous upstream and downstream
of TRPV3. That is, using WGS and Sanger sequencing, if one
of the embryos was heterozygous at this DNM site, it was
hypothesized that the affected embryo inherited the maternal
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mutation; however, if the embryo was homozygous, this em-
bryo did not inherit the maternal mutation or was in an ADO
state. From the WGS results for the embryos and the parents,
we could identify the normal and mutant haplotype. In the
family with DNM of paternal origin (Fig. 1b), we focused
on the DNMs in FBN/ in the embryos, and loci (SNP
markers) in which the husband was heterozygous and the wife
was homozygous upstream and downstream of FBNI. As
with the analysis of the DNMs in TRPV3 in the embryos using
sequencing, we identified the normal and mutant haplotypes
from the WGS results for the embryos and the parents.

Results

We present the use of WGS for parent-embryo linkage analysis
of DNMs to phase the haplotypes for PGT. In each family,
informative SNP markers located within a 1 Mb region of the
target gene were identified using gDNA prior to the PGT cycle.
The amplification efficiencies for MDA were 100%, and the
data production including ADO rates are shown in Table 2.

PGT for the maternal DNM in TRPV3 and paternal
Robertsonian translocation

In family 1, a total of 4 oocytes were retrieved; all 4 oocytes were
in MII when ICSI was performed. Two oocytes were fertilized,
and we biopsied and collected PB1 and PB2 of these 2 zygotes.
After sequential culture, there were 2 blastocysts suitable for
biopsy on day 6 (Table 1). MDA was performed in these 2 TE
samples, and 4 PB samples were kept for the next WGS analysis.

From the 578 detected SNPs, there were 130 informative
SNPs available for haplotype analysis (Table 2). Based on our
PGT strategy, we focused on the DNM of TRPV3 in the 2 biopsied
embryos and found no mutations in both embryos using the WGS
and Sanger sequencing methods (Fig. 2 and Supplemental Fig. 1).
Therefore, we included information from the polar bodies which
revealed that both PB1 from the 2 embryos carried the DNM and
mutant haplotypes, but both PB2 were homozygous mutant hap-
loids (Fig. 2 and Supplemental Fig. 1). Based on the PB results,
we identified that the mutant haplotype was linked to the DNM of
TRPV3 from the wife. Both embryos inherited normal maternal
and paternal haplotypes and were balanced without CNVs.
Hence, both blastocysts were frozen for the next embryo transfer
(Fig. 2 and Supplemental Fig. 1).

PGT for the paternal DNM in FBNT and maternal
reciprocal translocation

In family 2, a total of 38 oocytes were retrieved in 2 PGT
cycles, and 11 cleavage embryos became blastocysts which
were suitable for biopsy at day 5 or 6 (Table 1). All these TE
samples were successful in MDA and WGS.

From the 806 detected SNPs, there were 231 informative
SNPs available for haplotype analysis (Table 2). In the first
PGT cycle, we identified the mutant haplotype linked with
DNM of FBNI from the husband. Two of four embryos
(E02 and E04) did not show mutations or mutant haplotypes
but showed pathogenic CNVs (Fig. 3a, ¢ and Supplemental
Fig. 2). Therefore, there were no available embryos for freez-
ing or transplantation in this cycle. In the second PGT cycle,
only 1 of 7 blastocysts (E03) was normal and did not possess
the paternal mutant haplotype, pathogenic CN'Vs, or aneuploi-
dy (Fig. 3b, ¢ and Supplemental Fig. 2). This blastocyst was
implanted to the mother which resulted in pregnancy. The
amniocentesis test results revealed that the fetus did not inherit
the maternal mutation and carried a chromosomal balanced
translocation (Supplemental Fig. 3). A healthy baby boy
weighing 2600 g was born at 35 weeks of gestation.

Discussion

Here, using the new WGS platform, we present a parent-
embryo linkage PGT analysis for a maternal DNM in
TRPV3 and a paternal DNM in FBN! with spousal chromo-
some balanced translocations. This method overcomes the
need for family history and affected family members for
PGT-M in autosomal or X-linked dominant inheritance dis-
eases. To some extent, in the presence of a mutant embryo,
this method can be performed without analyzing many sperms
and polar bodies from oocytes; in addition, it allows for the
simultaneous detection of CNVs and aneuploidy and specific
point mutations. Although a few reports on PGT for DNMs
were published [4-6], the premise of these studies is haplo-
type based, using a single-sperm/polar body prior to the PGT-
M cycle. Moreover, this method of detection is undoubtedly
expensive and time-consuming.

Since most DNMs are dominant, there is a 50% risk
that the offspring carries the mutation. Therefore, theo-
retically in PGT-M, if we have more than two biopsied
blastocysts, at least one will carry the DNM from either
the mother or father. Therefore, this embryo with the
DNM can be considered the proband and we can con-
struct a parent-embryo haplotype linking the mutation
with informative genetic markers. Based on the above
theory, karyomapping was performed on a de novo de-
letion in 7SC2 for PGT, but this method did not direct-
ly reflect the mutation in the embryos [16].
Subsequently, targeted sequencing by NGS was devel-
oped, which detected the DNM in FBNI for PGT-M.
However, this required the assistance of a customized
probe in the target region and did not detect CNVs
and aneuploidy [9]. Moreover, three biopsied blastocysts
in this study were considered wild-type homozygotes in
the DNM site of FBNI, while the haplotypes were not
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Table 2  Data production in the whole—genome data based on the family
Family Sample Raw data Clean data Mapped Coverage  Depth of average Depth of targeted ADO, %
no. ratio, % ratio, % sequencing, x region, x
Reads, Bases, Reads, Bases, Ratio,
M G M G %
Family Husband 268 53.6 258 51.7 96.47 91.17 90.49 15.64 14.9 NA?*
1 Wife 383 76.5 368 73.7 96.25 9149 93.68 2248 22.03 NA
EO01-PB1 401 80.1 358 71.5 89.41 91.56 93.02 26.65 31.05 11.54 (15/130)
EO01-PB2 387 77.3 356 71.1 9198 91.73 88.47 25.88 33.26 NA
EO1 450 89.9 421 84.3 93.68 90.10 96.77 30.37 35.7 6.92 (9/130)
E02-PB1 427 85.5 392 78.5 91.78 91.31 94.12 28.82 33.52 10.77 (14/130)
E02-PB2 407 814 376 75.1 92.31 90.87 87.93 27.38 35.37 NA
E02 432 86.4 408 81.6 9443  91.53 96.62 29.17 34.63 8.46 (11/130)
Family Husband 341 68.2 328 65.6 96.15 92.19 96.20 20.12 19.24 NA
2 Wife 322 64.3 310 62.1 96.51 91.56 94.92 18 16.95 NA
1°-E01 421 84.2 397 79.4 9424  90.92 96.40 28.33 32.81 5.63 (13/231)
1-E02 449 89.8 427 85.5 95.17 91.31 95.95 30.13 33.97 7.36 (17/231)
1-E03 434 86.8 414 82.8 9537 91.72 96.52 29.23 32.65 5.19 (12/231)
1-E04 418 83.5 394 78.9 9443  90.87 96.43 28.12 32.03 4.76 (11/231)
2°E01 263 52.7 251 50.2 9532 90.73 95.25 8.04 13.7 9.09 (21/231)
2-E02 287 57.4 276 55.2 96.10 90.94 94.09 8.71 12.96 8.66 (20/231)
2-E03 228 45.6 219 43.8 96.16  90.60 89.65 7.18 13.28 9.52 (22/231)
2-E04 284 56.8 272 54.4 95.84  90.35 94.95 9.13 12.51 7.36 (17/231)
2-E05 80 16 76 15.2 9491 89.34 76.99 2.48 7.02 17.75 (41/231)
2-E06 325 65.1 313 62.6 96.17  90.87 95.88 10.3 14.36 8.23 (19/231)
2-E07 390 78.1 373 74.7 95.66 91.18 96.33 12.26 15.81 7.79 (18/231)
Note: *NA, data not available; ° 1-, in the first PGT cycle; ©2-, in the second PGT cycle
a (o]
D Chr. | Posiion | Husband | Wife | E01-PB1 | E01-PB2 Egg?’" E02-PB1 | E02-PB2 E”ég;”
rs7218988 | 17 | 2999192 | G | G
rs55995898 17 3110754 C C
rs373704096 | 17 | 3187684 | T | T
rs369998425 17 3224134 T T
rs140933004 17 3317404 C (¢} PGT in cyCIe #1
159900424 | 17 | 3418598 | A | A
1s59061318 | 17 | 3431919 | A | A
DNM 17 3432286 G G
Embryo # EO01 E02
rs76116158 | 17 | 3462380 | T | T Gonotyps  Normal Normal
rs80324596 17 3482567 G G Karyotype Euploid Euploid
rs2325724 17 3643667 C C E E
rs55864824 17 3663977 G G
b

" Embryo EO1 Balanced

oy R

,. Embryo E02 Balanced

Grvamosome.

Fig. 2 Preimplantation genetic testing (PGT) for de novo mutations
(DNMs) (c.1246C>T) in TRPV3 of maternal Olmsted syndrome (Olm),
combined with paternal Robertsonian translocation (Rob). a Results of
linkage analyses (partial SNP sites excerpted) of the blastocyst-stage em-
bryos. Eleven SNP markers were selected and linked to the DNM site to
identify the mutant haplotype and the normal haplotype in each embryo,
PBI, and PB2. Blue bars indicate the paternal normal haplotype, red bars
indicate the maternal mutant haplotype, and green bars indicate the
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maternal normal haplotype. b Copy number variations (CNVs) of the 2
embryos by whole-genome sequencing (WGS) at an average sequencing
depth of 30%. No chromosomal abnormality was found. ¢ Outcome of the
first PGT cycle. Biopsies of the blastocysts from 2 embryos are subjected
to combined haplotype analysis (genotype), and CNV and aneuploidy
analysis (karyotype). Chr., chromosome number; F, frozen embryos;
ID, reference SNP cluster ID; PB1, the first polar body; PB2, the second
polar body; Position, genomic location
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a [} Chr. | Posiion | Husband | Wife
rs1559857 15 48396808 G G
152555364 | 15 | 48419386 s |o
158028919 | 15 | 48460188 AlA
rs16960661 15 48506683 T 53
15964612 | 15 | 48597302 s |s
1510851467 | 15 | 48668941 T|T
15143163672 | 15 | 48755912 AlA
DNM 15| 48756206 ww
1516961220 | 15 | 48887265 cle
1574891372 | 15 | 49118894 clc
15117166621 | 15 | 49210232 K
15376411138 | 15 | 49412156 |6
’ Embryo | Embryo | Embryo | Embryo | Embryo | Embryo | Embryo
[} Chr. | Position | Husband | Wife ; 03 T04 B0 fi =
rs1559857 15 48396808 n
152555364 | 15 | 48419386 n
1s8028919 | 15 | 48460188 “
116960661 | 15 | 48506683
15964612 | 15 | 48597302 H
110851467 | 15 | 48668941
rs14316387 15 48755912 “
DNM 15 | 48756206 [ w ]
1516961220 | 15 | 48887265 n
174891372 | 15 | 49118894 n
15117166621 15 | 49210232 H
rs376411138( 15 49412156 n

PGT in cycle #1

Embryo # EO1 E02 EO3 E04
Genotype Affected Normal Affected Normal
Karyotype Euploid Abnormal  Abnormal Abnormal
D D D D
PGT in cycle #2 | | |
Embryo # EO1 E02 E03 E04 EO5 E06 EO7
Genotype Affected Affected Normal Affected Affected Normal Affected
Karyotype Abnormal Abnormal Euploid Abnormal Euploid  Abnormal ~ Abnormal
D D FET D D D D

E' Embryo EO1 Balanced
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Fig. 3 Preimplantation genetic testing (PGT) for de novo mutations
(DNMs) (c.4952_4955delAATG) in FBN1 of paternal Marfan syndrome
(Mar) combined with maternal reciprocal translocation (Rec). a Genetic
results of the first PGT cycle. Left panel: results of linkage analyses
(partial SNP sites excerpted) of the blastocyst-stage embryos. Eleven
SNP markers were selected and linked to the DNM site to identify the
mutant haplotype and the normal haplotype in each embryo. Blue bars
indicate the maternal normal haplotype, red bars indicate the paternal
mutant haplotype, and green bars indicate the paternal normal haplotype.
Right panel: copy number variations (CNVs) of the 4 embryos by whole-
genome sequencing (WGS) at an average sequencing depth of 29x.
Significant chromosomal abnormalities were identified in embryo E02,
EO03, and E04 but not embryo EO1. b Genetic results of the second PGT
cycle. Left panel: results of linkage analyses (partial SNP sites excerpted)

verified by single-sperm detection and could not ex-
clude ADO in this site which may result in misdiagno-
ses in the PGT. However, parent-embryo haplotypes
were constructed successfully based on the existence

of'the blastocyst-stage embryos. Eleven SNP markers were identified and
linked to the DNM site to identify the mutant haplotype and the normal
haplotype in each embryo. Blue bars indicate the maternal normal haplo-
type, red bars indicate the paternal mutant haplotype, and green bars
indicate the paternal normal haplotype. Right panel: CNVs of the 7 em-
bryos by WGS at an average sequencing depth of 8. Significant chro-
mosomal abnormality was identified in embryos E01, E02, E04, E06, and
EO07 but not embryos E03 and E05. ¢ Outcome of 2 PGT cycles.
Blastocysts biopsied from 11 embryos are subjected to combined haplo-
type analysis (genotype), and chromosomal CNV and aneuploidy analy-
sis (karyotype). Chr., chromosome number; D, discarded embryos; FET,
frozen embryo transferred; ID, reference SNP cluster ID; M, mutant al-
leles; Position, genomic location; W, wild-type alleles

of a mutant embryo that was used as the proband.
Considering that the ADO rate in MDA is on average
25% (range of 0—60%) [17], but with a rather low error
rate (<0.1%) [18], the normal homozygote in the DNM
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locus can either be a true normal result or a false neg-
ative caused by ADO. However, there is a strong pos-
sibility (>99%) [18] that a heterozygous DNM result is
truly accurate. This indicates that there are theoretical
accuracy differences between the DNM phasing results
deduced from embryos with (>99% accuracy) and with-
out (average 75% accuracy) heterozygous DNM. From
our study, only 2 blastocysts had wild-type homozy-
gotes in family 1, with follow-up analysis of polar bod-
ies performed to avoid misdiagnosis, while 2 of 4 blas-
tocysts had detected DNMs in family 2 in the 1st PGT
cycle which might be associated with a good ovarian
reserve in the wife (Table 1). This indicated that con-
structing parent-embryo haplotypes for PGT-M required
the consideration of two factors: (i) autosomal/X-linked
dominant inheritance and (ii) female with good ovarian
reserve. Therefore, the limitation of parent-embryo hap-
lotypes analysis was diminished ovarian reserve which
might cause decreased available blastocysts.

In previous studies, advanced WGS using the long
fragment read (LFR) technique achieved detection and
phasing of embryonic de novo single-nucleotide and
short indel mutations [19]. Therefore, it was undoubted
that WGS could simultaneously provide effective detec-
tion of mutation, CNVs, and aneuploidy on a genome-
wide scale. In addition, unlike OnePGT which requires
the processing of additional family members due to low
sequencing depth [20], our higher sequencing depth
could directly identify the mutation site of the embryo.
Therefore, in view of our PGT families with DNMs and
chromosomal balanced translocation, WGS is a cost-ef-
fective, time-saving, and precise method. In our study,
the data gradient testing showed that sequencing data at
about 10x depth for family members and 2x depth for
each embryo could effectively achieve the test results
including DNM phasing and detecting CNVs and aneu-
ploidy. Therefore, the samples from the 12 embryos and
4 family members could be used simultaneously for
WGS in a single run of the MGISEQ-2000 sequencer.

In conclusion, we present PGT for DNMs combined
with chromosomal balanced translocation based on
parent-embryo haplotypes using the WGS technique
which resulted in successful outcomes. Our study results
indicate that this is a reliable and effective diagnostic
method that is useful for clinical application in PGT of
patients with DNMs.
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