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Abstract

In families at risk from monogenic diseases affected offspring, it is fundamental the develop-
ment of a suitable Double Factor Preimplantation Genetic Testing (DF-PGT) method for
both single-gene analysis and chromosome complement screening. Aneuploidy is not only
a major issue in advanced-maternal-age patients and balanced translocation carriers, but
also the aneuploidy rate is extremely high in patients undergoing in vitro fertilization (IVF),
even in young donors. To adequate NGS technology to the DF-PGT strategy four different
whole genome amplification systems (Sureplex, MALBAC, and two multiple displacement
amplification systems-MDA) were tested using TruSight One panel on cell lines and blasto-
cyst trophectoderm biopsies-TE. Embryo cytogenetic status was analyzed by Nexus
software. Sureplex and MALBAC DNA products were considered not suitable for PGT diag-
nosis due to inconsistent and poor results on Trusight one (TSO) panel. Results obtained
with both MDA based methods (GEH-MDA and RG-MDA) were appropriate for direct muta-
tion detection by TSO NGS platform. Nevertheless, RG-MDA amplification products showed
better coverage and lower ADO rates than GEH-MDA. The present work also demonstrates
that the same TSO sequencing data is suitable not only for the direct mutation detection, but
also for the indirect mutation detection by linkage analysis of informative SNPs. The present
work also demonstrates that Nexus software is competent for the detection of CNV by using
with TSO sequencing data from RG-MDA products, allowing for the whole cytogenetic char-
acterization of the embryos. In conclusion, successfully development of an innovative and
promising DF-PGT strategy using TSO-NGS technology in TE biopsies, performed in-
house in a single laboratory experience, has been done in the present work. Additional
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studies should be performed before it could be used as a diagnostic alternative in order to
validate this approach for the detection of chromosomal aneuploidies.

Introduction

Preimplantation genetic diagnosis (PGT) has been applied in more than 200 monogenic disor-
ders.[1] Aneuploidy is the leading cause for embryo arrest, implantation failure, recurrent
spontaneous abortions and congenital defects.[2-4] Moreover, a high incidence of aneuploidy
has also been reported in embryos from in vitro fertilization cycles[3,5,6] and in oocytes, even
from young donors.[4,7,8] The Double Factor-PGT (DF-PGT) allows to transfer not only
healthy embryos, free from the monogenic disease, but also embryos with the highest implan-
tation potential according to its cytogenetic characterization.[9,10] This should produce an
increase of pregnancy and birth rates in PGT cycles and consequently should reduce the inci-
dence in the populations of genetic illnesses. An increasing number of studies have focused on
developing new technologies for embryo screening in order to select the most viable for trans-
fer.[11] These comprehensive cytogenetic techniques, such as metaphase comparative genomic
hybridization (mCGH), single-nucleotide polymorphism arrays (SNP-arrays) or array-CGH
(aCGH), have allowed the detection of both aneuploidies and segmental chromosome imbal-
ances in oocytes,[12] cleavage-stage embryos[12-14] and blastocysts.[15,16]

Recently, in embryo analysis, Next-Generation Sequencing (NGS) has been proven to be
useful in the identification of family mutations and de novo mutation in embryo biopsies.
[17,18] Moreover, current advances in NGS are providing new methods for the comprehensive
cytogenetic screening of the embryos. [19]

All these comprehensive analysis techniques applied to PGT require DNA amplification
and, for this reason, several whole genome amplification (WGA) techniques have been used.
[20-24] When working with limited amount of DNA, the success relays on the WGA protocol
used. The chosen WGA DNA product must be representative of the cell genome. Bias intro-
duced during this amplification process may lead to misinterpretations. To minimize the allele
drop-out (ADO) rate and the amplification artifacts, Trophectoderm (TE) biopsies are being
widely favored over the single blastomere analysis. Moreover, this reduces the errors caused by
mosaicism.

The main goal of this study is to adapt TruSight One Sequencing (TSO) panel, which ana-
lyzes 4,813 disease-associated genes, to the DF-PGT from TE biopsies. This approach should
make feasible not only the direct detection of family mutations, but also the indirect through
linkage analysis of heterozygous Single Nucleotide Polymorphisms (SNPs) as well as the
evaluation of the cytogenetic status of the embryo based on TSO sequencing data in a single
workflow.

Material and methods
Sample recruitment and preparation

Fibroblasts cell line GM03184, 47, XY, +15, (Coriell) and lymphocyte cell line GM07381, 46,
XY (Coriell) were used as positive aneuploidy control and as reference DNA for mCGH analy-
sis, respectively. Pools containing 8 cells were isolated with the use of a 170-um denuding
pipette (Cook Ireland). Genomic DNA was obtained using the QuickExtract Kit (Epicentre)
according to the manufacturer’s protocol.
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Fig 1. Design of the study for DF-PGT with NGS-TSO. A) Evaluation of TSO sequencing panel outcome using the product of four different WGA
systems (Sureplex, MALBAC, GEH-MDA and RG-MDA) in F11E1-S, F12E1-M, F7E1-GEH and F13E1-RG embryos. B) Evaluation of ADO and
coverage with MDA-based methods in GM03184 cell line. C) Translational application of the NGS-TSO panel to DF-PGT, in embryos F1E1-GEH,
F2E1-GEH, F3E1-GEH, F4E1-GEH, F5E1-GEH, F6E1-GEH, F1E2-RG, F2E2-RG, F3E2-RG, F8E1-RG, FOE1-RG and F10E1-RG. * The validation of
NGS-CNV results was performed by CGH approaches.

https://doi.org/10.1371/journal.pone.0205692.g001

Extracted DNA from the GM03184 cell line was used to determine the ADO and coverage
results obtained from NGS-TSO using the products of the different WGA methods tested
(Fig 1).

Sixteen discarded embryos from 13 families undergoing PGT were included in this study.
Four embryos were used for the optimization of the WGA protocol in NGS-TSO platform (Fig
1). Three of them were aneuploid embryos discarded after Preimplantation Genetic Testing
for aneuploidies (PGT-A) (F7E1-GEH, F11E1-S and F12E1-M). The fourth one (F13E1-RG)
was a discarded embryo after a Preimplantation Genetic Testing for Monogenic disorders
(PGT-M) due to be undiagnosed. For the validation of the DF-PGT approach by using TSO,
twelve embryos were used. Eleven of them presented a mutation associated to a monogenic
disease and the remaining one was an undiagnosed embryo from a previous PGT-M cycle
(Table 1 and Fig 1).

All samples were TE biopsies of 5-8 cells obtained from day 5 blastocysts. Written informed
consent was obtained from all the participants (embryo donors). The ethics committees of the
three IVF centers, (CEIC de LIDIAP Jordi Gol i Gurina, Eugin; CE Investigacié Clinica, Funda-
cio Puigvert and CIMA, Instituto Marques), evaluated positively the objectives of the research
project of this work according to "Ley de reproduccion humana asistida en Espasia”.

For the indirect diagnosis of monogenic disease by linkage analysis on embryos F2E1-GEH
and F2E2-RG, genomic DNA samples from the affected father and grandmother and from the
unaffected mother were also studied.

Whole genome amplification (WGA)

DNA Products from four WGA systems were tested as template for TSO sequencing panel for
mutation detection and CNV analysis. Pools containing 8 cells were amplified by using the
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Table 1. Disease and mutation details of the embryos included in DF-PGT strategy with TSO panel.

Embryo

FIE1-GEH
F2E1-GEH
F3E1-GEH
F4E1-GEH
F5E1-GEH

F6E1-GEH
F1E2-RG
F2E2-RG
F3E2-RG
F8E1-RG
F9E1-RG
F10E1-RG

Affected by

Basal cell nevus syndrome

Exostoses Multiple type I

Hereditary Breast and Ovarian Cancer
Machado-Joseph disease

Pyruvate kinase deficiency of red cells

Exudative vitreoretinopathy 1

Basal cell nevus syndrome

Exostoses Multiple type I

Hereditary Breast and Ovarian Cancer

Colorectal cancer, hereditary nonpolyposis, type 2
Familial Adenomatous Polyposis 1

Familial Adenomatous Polyposis 1

Disorder/Locus MIM number | Gene HGVSc HGVSp Inh
109400/601309 PTCHI | c.2776delT p-Trp926GlyfsTer36 AD
133700/608177 EXT1 c.1468delC p.Leud90TrpfsTer9 AD
114480/113705 BRCA1 | c.68_69delAG p-Glu23ValfsTerl7 AD
109150/607047 ATXN3 | c.892_894CAG[70] | p.GIn298_GIn305[23] | AD
266200/609712 PKLR c.721G>T p-Glu241Ter AR
c.204delC p-Phe69SerfsTer39
133780/604579 FZD4 ¢.1501_1502delCT | p.L501S£sX33 AD
109400/601309 PTCHI1 | c.2776delT p.Trp926GlyfsTer36 AD
133700/608177 EXTI c.1468delC p.Leu490TrpfsTer9 AD
114480/113705 BRCAI | c.68_69delAG p.Glu23ValfsTer17 AD
609310/120436 MLHI | c199G>A p.Gly67Arg AD
175100/611731 APC c.4611_4612delAG | p.Glul5381lefsTer5 AD
175100/611731 APC c.1660C>T p-Arg554Ter AD

F(n), Family; E(n), Embryo; GEH, GE Healthcare MDA; RG, REPLI-g MDA; AD, Autosomal dominant; AR, autosomal recessive; Inh, Inheritance.

https://doi.org/10.1371/journal.pone.0205692.t001

tollowing WGA Kkits: Sureplex (SurePlex DNA Amplification System, PR-40-415101-00, Blue-
Gnome), MALBAC (One Single Cell WGA kit, Yikon Genomics; YK001B), GEH-MDA
(illustra GenomiPhi V2 DNA Amplification, GE Healthcare; Kit Cat No./ID 25660030) and
RG-MDA (REPLI-g Single Cell kit, Qiagen; Cat No./ID:150343). GEH-MDA is an MDA
(Multiple Displacement Amplification) protocol adapted by Kumar et al. [25] The amplifica-
tions of DNA using RG-MDA, Sureplex, and MALBAC kits were performed according to the
manufacturer’s instructions. To minimize the ADO incidence using GEH-MDA, a DMSO gra-
dient (0%, 3%, 5% and 7%) was performed in GM03184 fibroblast cell line (Fig 1).

DNA quality and fragment size after WGA was monitored in 1.5% agarose gel
electrophoresis.

To determine the applicability of the different WGA systems to TSO sequencing panel, TE
biopsies from embryos F11E1-S, F12E1-M, F7E1-GEH and F13E1-RG were amplified by
using Sureplex, MALBAC, GEH-MDA (without DMSO) and RG-MDA, respectively.

For the translational application of the NGS-TSO panel to DF-PGT, six embryos were
amplified by using GEH-MDA amplification system with the addition of 5% DMSO and other
six embryos were amplified by using RG-MDA amplification system (Table 1).

Diagnosis of monogenic diseases by NGS

The Illumina TSO sequencing panel was analyzed on MiSeq and Nextseq 500 sequencers
according to the manufacturer’s instructions (Illumina).

BaseSpace Sequence Hub (Illumina) was used for sequencing data analysis. Reads were
aligned with Burrows-Wheeler Aligner (BWA) against the human reference genome hgl19
(Homo sapiens, hg19, build 37.2). For genotype analysis VariantStudio software ver. 2.1.46
(Illumina) and Integrative Genomics Viewer software ver. 2.3.32 softwares were used. All
regions with a sequencing depth <10X were considered to be unsuitable for analysis. The
ADO rate was measured by the ratio of undetected heterozygous SNVs in amplified DNA
compared with not amplified genomic DNA from GM03184 cell line. False positive rate (FPR)
was measured considering the percentage of SNPs of the amplified DNA not present in geno-
mic DNA from GMO03184 cell line versus the total sequenced base pairs.
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For the indirect detection of the allele carrying the family mutation, a linkage analysis was
performed. Informative SNPs haplotypes (haploblocks) associated to the mutated and the nor-
mal allele were evaluated. To be considered informative, these SNPs had to be found in a het-
erozygous state in the carrier and in a homozygous state in the healthy parent. The study of the
alternant segregation of heterozygous SNPs in affected and not affected family members will
allow for identification of those SNPs linked to the mutation associated to the inheritance of
the disease. In addition, when the heterozygous SNPs of an affected parent (homozygous in
the healthy parent) has been inherited from a homozygous affected grandparent, a fully infor-
mative linkage to the disease can successfully be inferred. This linkage analysis was performed
in family F2, in which the grandmother and the father were carriers of a mutations in EXT1
and suffer from exostoses, while the mother was healthy, not carrier of the mutation.

Copy number variation (CNV) determination by NGS

BAM files generated after sequencing following alignment against human genome were ana-
lyzed for CNVs using the Nexus Copy Number 8.0 Software (Bio Discovery). The log-ratio of
signal-intensity values for DNA content at each measured locus was calculated and compared
to the reference baseline. The software uses FASST2, which is an implemented algorithm that
segments the log-ratio data and identifies copy number changes. Systematic correction was
applied to avoid GC biases. The settings criteria used are included in S1 Table.

CNV-NGS results versus metaphase CGH (mCGH) and oligonucleotide
arrays CGH (aCGH)

The SurePrint G3 Human CGH Microarray Kit (Agilent) was used following the manufac-
turer’s instructions. Agilent protocol for genomic DNA analysis was performed on a 4x180K
array format, except that the 2h restriction digestion step was not performed. Workbench
Standard Edition software (Agilent) was used for the cytogenetic analysis. The ADM-2 algo-
rithm was applied for determining cytogenetic abnormalities. mCGH was performed as previ-
ously described.[26]. All twelve embryos included in the DF-PGT strategy were analyzed by
mCGH. Embryos F1E2-RG, F2E2-RG, F3E2-RG and F8E2-RG were reanalyzed by aCGH.

Results

TSO sequencing panel outcome using the product of four different WGA
systems

To determine the applicability of the different WGA systems to the proposed DE-PGT proto-
col, four TE biopsies were satisfactorily amplified by using Sureplex, MALBAC, GEH-MDA
and RG-MDA. The four WGA products were visualized in an agarose gel. Fragments’ size
range was 200-2000 bp for Sureplex, 200-800 bp for MALBAC and 2->10 kb for the two
MDA methods (GEH-MDA and RG-MDA). All obtained DNA products exhibited good qual-
ity, with the expected DNA amount and size. The two MDA DNA products showed the largest
DNA fragments (Fig 2).

Regarding the evaluation of coverage and depth uniformity, after TSO, Sureplex and
MALBAC presented both large uncovered regions and extremely overrepresented regions.
GEH-MDA and RG-MDA methodologies showed a homogenous coverage along the genome,
similar to that observed for genomic DNA. When comparing the two MDA based methods,
RG-MDA presented a better genome coverage than GEH-MDA (Fig 3). Regarding percentage
of regions with a coverage >10X, results showed that the RG-MDA method was the most effi-
cient, with almost 95% of the regions having at least 10X depth, followed by GEH-MDA,
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Fig 2. Gel analysis of WGA products from TE biopsies. M1, DNA molecular size marker; M2, DNA molecular size
marker; Lane 1, MALBAC; Lane 2, Sureplex; Lane 3, GEH-MDA; Lane 4, RG-MDA.

https://doi.org/10.1371/journal.pone.0205692.g002

Sureplex and MALBAC amplification protocol, with 85%, 65.5% and 64%, respectively.
According to these results, both MDA-based methods were considered suitable to generate
the DNA template for TSO sequencing panel, and MALBAC and Sureplex protocols were
excluded from further analyses with TSO.
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Evaluation of ADO and coverage with MDA-based WGA methods in GM03184 cell
line. For the quantification of ADO incidence from MDA-based methods, both genomic
DNA and WGA products from the GM03184 cell line were processed and analyzed with TSO
panel. All processed MDA products (including GEH-MDA with and without DMSO and
RG-MDA without DMSO) displayed the expected fragment size range mentioned before and
with no apparent DMSO effect on the GEH-MDA reaction. Coverage at >10X depth was
97.2% in genomic DNA and between 84.6 and 86.8% in GEH-MDA from the cell line sample.
In this case, addition of 3% and 5% DMSO improved coverage observed on the GEH-MDA
samples. Best coverage was observed in RG-MDA, with a value of 89.7% (Table 2). Poor cover-
age was observed in Chromosomes 16, 17, 19, 21 and 22 (Fig 4A). It is worth mentioning the
substantial coverage increase observed when using RG-MDA, which was especially evident for
chromosome 19 (Fig 4).

The ADO values varied between 7.5% and 11.2% in samples of the cell line GM03184
amplified with GEH-MDA. The addition of DMSO to the DNA amplification reaction resulted
in a better coverage and consequently a greater detection of heterozygous loci (reducing the

Table 2. Coverage at >10X, allele dropout, lack of amplification and false positive rate NGS-TSO results in WGA GM03184 Coriell cell line.

Sample Coverage (%) ADO(%) LA(%) Detected heterozygous loci FPR
GEH-MDA 0% DMSO 84.6 8.5 13.51 3684 0.90x107°
GEH-MDA 3% DMSO 86.2 11.2 9.96 3663 1.67 x107°
GEH-MDA 5% DMSO 86.8 9.3 9.91 3743 1.63x107°
GEH-MDA 7% DMSO 84.6 7.5 11.42 3752 1.09x107°

RG-MDA 89.7 9 8.38 3868 1.16 x107°

ADO, allele dropout; LA; lack of amplification of both alleles; FPR, false positive rate

https://doi.org/10.1371/journal.pone.0205692.t002
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https://doi.org/10.1371/journal.pone.0205692.9004

sum of the ADO plus LA) (Table 2). RG-MDA was the WGA system that detected a greater
number of heterozygous loci, presenting an ADO value of 9. The location of most of the ADO
events correlated with the regions with low coverage (Fig 4A). In all the sample FPR values
were between 0.9x10° and 1.6x 10~°. No significant additional DNA amplification errors were
generated by DMSO supplementation (Table 2).

Cytogenetic analyses of GM03184 cell line by mCGH

All MDA products were evaluated by using mCGH in order to verify the representativeness of
WGA products respect to the original genome of an aneuploid (+ 15) GM03184 cell line. All
tested conditions for MDA-based systems (GEH-MDA with 0%, 3%, 5%, 7% DMSO and
RG-MDA) allowed for the proper detection of chromosome 15 gain by mCGH. A negative
correlation between the quality of mCGH profile and the addition of DMSO to the GEH-MDA
protocol was found. No extra alterations were found in all samples, except for that with highest
concentration of DMSO (7%), which displayed numerous mCGH artifactual imbalances. So,
the further analyses on TE biopsies by using TSO were performed with GEH-MDA with a 5%
DMSO and RG-MDA since were the methods which offered the best results.
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Table 3. Percentage of genome coverage at >10X of the GEH WGA of embryos from the F1, F2, F3, F4, F5 and F6
families and of the WGA RG of embryos from the F1, F2, F3, F8, F9 and F10 families.

Sample Coverage (%)

F1E1-GEH 83.9%
F2E1-GEH 80.1%
F3E1-GEH 85.7%
F4E1-GEH 65.6%
F5E1-GEH 56.0%
F6E1-GEH 67.8%
F1E2-RG 84.8%
F2E2-RG 86.2%
F3E2-RG 93.6%
F8E1-RG 95.7%
F9E1-RG 89.2%
FI0EI-RG 92.7%

https://doi.org/10.1371/journal.pone.0205692.t003

Translational applicability of the NGS-TSO panel to DF-PGT: PGT-M of
the embryos

Based on the previous results, the proposed DF-PGT strategy was applied to 12 TE biopsies
from 12 different PGT-M discarded embryos donated by nine families at risk of having off-
spring affected by a monogenic disease (Table 1). Six TE biopsies were amplified by using
GEH-MDA with 5% DMSO and six by using RG-MDA. Regarding genome coverage,
RG-MDA provided again better coverage than GEH-MDA with 5% DMSO (Fig 4B-4D and
Table 3). This improvement was even more evident in embryos than in the previous setup
experiments with GM03184 cell line. RG-MDA amplification from TE biopsies also displayed
better chromosome 19 coverage compared to GEH-MDA results (Fig 4D).

Results of direct mutation diagnosis of the embryos amplified by RG-MDA showed that
five out of six embryos previously diagnosed as affected were properly and concordantly diag-
nosed by NGS (Table 4). The other embryo (F2E2-RG), which had not been diagnosed during
PGT-M for an EXT1 mutation was found to be mutation free by NGS-TSO. This was later con-
firmed by Sanger sequencing and by linkage analysis with informative SNPs from the same
TSO sequencing data.

The indirect mutation diagnosis by linkage was performed studying the heterozygous SNPs
of the father and homozygous in the mother in embryo F2E1-GEH. This allowed the identifi-
cation of an haploblock of 127 Mb associated to the disease. The absence of a mutant allele in
F2E2-RG embryo plus the alternant segregation of 108 SNPs surrounding EXT1 mutation in
chromosome 8 (54 of them were fully informative being homozygous in affected grandmother,
so associated to the disease), supports that each embryo (F2E1-GEH and F2E2-RG) from fam-
ily F2 have received a different haploblock from the affected father. F2E1-GEH received the
mutant allele, while F2E2-RG received the healthy allele. (Fig 5 and Table 4).

Translational applicability of the NGS-TSO panel to DF-PGT: PGT-A of
the embryos

Regarding the PGT-A results of the TE biopsies performed by using GEH-MDA amplification
products, five out of the six embryos displayed completely discordant mCGH and NGS-CNV

results. Both analyses resulted in multiple aneuploidies and segmental imbalances. NGS-CNV
displayed widely scattered profiles. The remaining sample, F3E1-GEH, showed a partially
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Table 4. Mutation detection and cytogenetic results of the GEH-MDA WGA of embryos from the F1, F2, F3, F4, F5 and F6 families and of the RG-MDA WGA of

embryos from the F1, F2, F3, F8, F9 and F10 families by NGS.

Embryo Gene | Mutation Mutation detection by
NGS-TSO
F1E1-GEH | PTCHI | ¢.2776delT Detected
F2E1-GEH | EXT1 | c.1468delC Detected*
F3E1-GEH | BRCAI | c.68_69delAG Detected
F4E1-GEH | ATXN3 | ¢.873_874CAG Not detected
(70]
F5E1-GEH | PKLR | ¢.721G>T Detected
c.204delC Not detected
F6E1-GEH | FZD4 | c.1501_1502delCT | Not detected
F1E2-RG | PTCHI | ¢.2776delT Detected
F2E2-RG | EXT1 | c.1468delC Healthy*
F3E2-RG | BRCAI | c.68_69delAG Detected
F8E1-RG | MLHI | c.199G>T Detected
F9E1-RG | APC c.4611_4612delAG | Detected
F10E1-RG | APC c.1660C>T Detected

CNYV detection with
mCGH

Chaotic
Chaotic
Euploid
Chaotic

Chaotic

Chaotic

Euploid

-16, -22

+11pterl1ql3, -11q23qter
-6

Euploid

-2q21.1qter, +19, +20p

* Diagnosed by direct mutation detection and indirect mutation detection by SNP linkage analysis

https://doi.org/10.1371/journal.pone.0205692.1004

CNV detection with NGS

-5q11q31.3, -11p
+3q, -5p, +19q
-4p11p15.33, -9q

-1q, +2p, +4q, +5q, +7p, +8p, +9, +10q, -11p, +12q, -16p, -17p,
-19q, -20, -Xq

+3, +7p, -9p, +14, -18q, -20p, +20q, +22, -Xp

-3q, -4p, -5p, +6p, +7q, -10p, +10q, +19q, -20p, -22, +X
Euploid
-16, -22
+11pterl1ql3, -11q23qter
-6
Euploid
-2q24.3q35, -15q11q21.2, +19p, +20p

concordant result between NGS-CNV and mCGH: it was diagnosed as euploid by mCGH, but
aloss of 4p11p15.33 and 9q chromosome was observed by NGS-CNV (Table 1) (see S1-S6

Figs).

The cytogenetic analysis of TE biopsies from six embryos was performed by using
RG-MDA amplification products. Results of these samples showed good quality profiles with-
out dispersion and concordance between mCGH and NGS-CNYV protocols in five of them
(S7-S11 Figs). In addition, the NGS approach was able to detect chromosomal reorganizations
such as that found in chromosome 11 of F3E2-RG sample, later confirmed by mCGH and
aCGH (Fig 6). Only a partially discordant result, affecting chromosomes 15q and 19q, was
found in embryo F10E1-RG (Table 4). Both mCGH and NGS-CNV showed dispersed profiles.

(S12 Fig).
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Fig 5. Representation of paternal heterozygous SNPs of chromosome 8 and its segregation in embryos F2E2-RG (healthy) (solid black line) and
F2E1-GEH (affected by exostosis) (dashed gray line). Of the informative SNPs inherited from the father in each of the two embryos, the SNPs
alternately inherited are represented with a triangle while the segregation of the 100% informative SNPs are represented with a circle. Mutation is

represented with an arrow.

https://doi.org/10.1371/journal.pone.0205692.g005
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Fig 6. A-B) Examples of totally coincident results with the three cytogenetic analysis platforms used in A) embryos F3E2-RG
and B). F8E1-RG. Al and B1 show the whole chromosome complement with aCGH (top) and NGS-CNV (bottom) and A2 and B2
show the chromosome imbalance detected for each embryo by using mCGH, aCGH and CNV-NGS.

https://doi.org/10.1371/journal.pone.0205692.9006

Discussion

One of the main objectives of the present study was to develop a new diagnostic tool that
increases the implantation rate in the Preimplantation Genetic Testing (PGT) cycles. With this
aim some Double Factor PGT strategies have been successful used. [9,27] The most viable
healthy embryos diagnosed in PGT could be selected for transfer when the family mutation
analysis is performed in addition to the 23 chromosomes, through 1* Polar Body-mCGH or
through Blastomere-mCGH analysis. But most of the PGT requires the implementation of the
direct and indirect diagnostic procedures specifics for each family mutation. Karyomapping,
described by Handyside et al., (2010), overcomes this handicap and involves a substantial
improvement in PGT.[15,28]. Karyomapping is based on the identification SNPs and charac-
terization of parental haplotypes in embryos. Applied to PGT, the analysis of WGA products
from embryo samples but also of the study of parental and other family members of interest to
perform linkage mutation analysis for the specific family mutation is needed. No previous set
up step is required for each family mutation. Moreover, a 24Chr CNV analysis can be per-
formed. The detection of the CNV made by Karyomapping is also based on the identification
of parental haplotypes in the embryos. Monosomies or deletions, whether of meiotic or mitotic
origin, can be identified by the lack of one of the chromosomal parental haplotypes. Meiotic
trisomies, as a consequence of the inheritance of both chromosomes of a parent, are identified
by the presence of both haplotypes in the embryo. However, the post-zygotic chromosomal
duplications, consequence of mitotic segregation errors of sister chromatids are not detected
by Karyomapping, since the sequences of both chromosomes are identical.

The implementation of high performance diagnostic NGS platforms to the PGT, such as
TSO panel, that includes the thousands of genes responsible for the most frequent genetic dis-
eases in the population and that also allows the identification of cytogenetic, is a proposal of
great interest. In addition, the previously mentioned limitations are overcome: no particular
set up for the direct and indirect mutation detection is needed and allowing for de detection of
any cytogenetic imbalance independently from their origin.

In fact, Yan et al,, 2015 have published a DF-PGT strategy using a NGS-based PGT proce-
dure that can simultaneously detect a single-gene disorder and aneuploidy. The MARSALA
strategy “Mutated Allele Revealed by Sequencing with Aneuploidy and Linkage Analyses”
combines next-generation sequencing and single-cell whole-genome amplification methodol-
ogies. But, this approach requires to adapt the protocol to each family mutation.[21]
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In the present study, is described the development and optimization of a new procedure
suitable for the simultaneous detection of both disease-causing mutations and chromosomal
abnormalities (DF-PGT). Experimental proceedings of the set up work have been performed
on pools of eight cells, hereby simulating TE biopsies. Several works have been conducted to
validate CNV detection by NGS on TE biopsies using different WGA systems.[29-31] Also,
Sureplex amplification product from single blastomere has been recently applied. [29,32]
Regarding RG-MDA, a study of Huang et al., suggested that RG-MDA is prone to generate
more amplification bias and artifacts than Sureplex or MALBAC, but this study was performed
on single-cell amplification product.[24] However, RG-MDA products from TE biopsies were
successfully applied to PGT by using Karyomapping, allowing for the detection of a de-novo
deletion undetectable by conventional PGT.[16]

For the first step of the present work, evaluate the applicability of the different WGA prod-
ucts to TSO panel, four different commercially available WGA systems (Sureplex, MALBAC,
GEH-MDA and RG-MDA) were tested. Previous works have been described a different
genetic diagnostic performance in cell lines and embryos. This phenomenon has been attrib-
uted to the intrinsic characteristics of the cell type analyzed (blastomere versus cell lines),
rather than to the amplification methodology used. [10] For this reason, the set up step has
been performed with trophoectoderm samples. The obtained size range of fragments and
amount of DNA for each WGA system were concordant with previously published data.
[23,33,34] As expected, the size range of MDA products has been shown to be larger than
other WGA commercial methods (Fig 2). At the same time, it has been seen that the DNA
size range and amplification amount product was not affected by the addition of DMSO in
GEH-MDA reaction. On the other hand, DNA amplified with Sureplex and MALBAC sys-
tems, which are widely used in PGT, displayed poor performances as a template for NGS-TSO
panel. The reason for this failure could be explained by the size of the fragments generated by
these two WGA system (see Fig 2). Despite all four WGA techniques are known to generate
DNA amplification products faithful to the original template, only MDA systems produce
large enough DNA fragments. The first step of NGS library preparation requires both DNA
fragmentation and adaptor incorporation by a transposase. Starting from a wide-range of low
molecular weight material, such as the amplified DNA products from Sureplex and MALBAC
protocols, could compromise the accuracy of the NGS protocol performance. The smear of
short fragments of Sureplex and MALBAC could generate the observed loss of uniformity in
depth coverage along the whole genome in the TSO sequencing (Fig 3). Nevertheless, this lack
of homogeneity of depth uniformity of coverage, observed in TSO, may not be observed in
other sequencing methodologies not limited by the size of the DNA. [21]

A previous study had tested RG-MDA performance on single-cell amplification for exome
sequencing, but with opposite results to those shown in this work.[23] This can be explained
by the fact that MDA includes several different commercial kits, each one specifically
addressed to different input material, unlike what happens with Sureplex and MALBAC sys-
tems. While RG-MDA mini kit needs an input of >10ng DNA sample, the RG-MDA system
used in the present work is adequate (according to the manufacturer’s specifications) to the
analyses of DNA from single cells.

Regarding to the one step DE-PGT by using NGS strategy, this work allowed the identifica-
tion of a WGA system very convenient for the further processing and analysis with NGS-TSO
panel. Since more than 4,800 genes are expected to be sequenced, WGA products must be
faithful to the original genome and long enough to not compromise the amplification protocol.
Both GEH-MDA and RG-MDA WGA methods demonstrated a low error rate after NGS-TSO
analysis, very similar to other gold-standard WGA methods widely used in the PGT and other
scientific fields such as bacterial genome amplification (Table 2).[24,35]
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It is well known that GC-rich sequences exhibit problematic and biased PCR DNA amplifi-
cation. Addition of DMSO to the GEH-MDA reaction mix favors amplification of these
regions, reducing ADO rate.[36] In agreement with previous studies, results of the present
work with NGS-TSO highlighted that ADO incidence is more evident in genes located on
clear band chromosomes (especially on chromosomes 16, 17 and 19) (Fig 4A). When using
mCGH and aCGH to analyze embryos, these chromosomes usually present artifacts regions.
[14,33] A positive correlation between DMSO addition and ADO rate reduction in the
GEH-MDA method has been demonstrated in this work (Table 3). Moreover, results also
showed that the RG-MDA method produces less ADO and better coverage than any experi-
mental condition tested for GEH-MDA.

Regarding to the sensitivity of mutation detection tested in embryos diagnosed from
GEH-MDA with 5% DMSO amplification products, four out of the seven mutations were
properly detected (Table 4). Two out of the three embryos in which the mutation was not
detected, F5SE1-GEH and F6E1-GEH, showed low coverage of sequence at the corresponding
genes (PKLR1 and FZD4 respectively). For the third failed diagnosis (F4E1-GEH), the
causative mutation corresponds to a trinucleotide CAG(n) repeat expansion in ATXN3. It is
noteworthy that NGS procedures do not properly detect the variation in repetitive polymor-
phic,[37] so TSO is not addressed to the diagnose illnesses that are consequence of triplet
expansions.

Direct mutation detection with RG-MDA products was successfully achieved using the
TSO panel in all tested embryos. All family mutations were located in well covered loci. The
embryo undiagnosed for the familial EXT1 mutation in a previous PGT-M cycle, was found to
carry the healthy allele. The absence of this mutation was confirmed by SNP linkage analysis,
discarding the possibility of an ADO of the mutated allele. Thus, the proposed methodology
allows direct detection of the causative mutation and concomitant indirect linkage analysis
without any previous set up step, an advantage over traditional methods that require a labori-
ous previous work of informative markers selection. This methodological approach has some
equivalences with Karyomapping, as both are based on informative SNP analysis. However,
Karyomapping strategy uses a higher number of SNP markers because it includes intronic
SNPs[38], while TSO only evaluates exonic regions. Nevertheless, Karyomapping approach in
TE embryo analysis resulted in a 10% of inconclusive results.[15] The present strategy has
been successfully applied for the indirect detection of a paternal mutation. It is interesting to
point that male meiosis displays lower number of recombination points than females. Accord-
ing to this, Codina et al. found that chromosome 8 in male meiosis presents a median of two
recombination points per chromosome (range 0-2, in the arm p and q) that is concordant
with the fact that only one recombinant point at p-arm has been identified.[39] The potential
applicability of linkage tracking of mutations of maternal origin could not be discarded. In
addition, larger target enrichment panels, such as whole exome sequencing will allow the anal-
ysis of more genes and therefore more exonic SNPs, which would represent a very promising
future for this strategy. In this sense, it would be possible the enrichment of the sequencing
panels with more informative SNPs through the addition of intronic regions. This would
improve the strategy and result in a robust DF-PGT application. However, the most indisput-
able advantage of the present strategy compared to Karyomapping is the fact that it allows for
the direct detection of the familial mutation concomitantly with SNP linkage analysis. As far as
we know, it is the first time that a target enrichments gene panel (like TSO) has been success-
fully applied for the direct and indirect detection of monogenetic disease and CNV analysis on
embryo biopsies. CNV-NGS artifacts involving clear band chromosomes have been observed.
These bands correspond to GC-rich regions and consequently prone to generate artifacts, as
has been previously described by mCGH in chromosomes 1p, 16, 17, 19 and 22.[14,26]
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This work demonstrates that the addition of 5% DMSO in GEH-MDA reaction leads to a
significant reduction of ADO rates in TSO outcome and better coverage uniformity with no
adverse effects on mCGH analysis in Coriell cell lines. However, the addition of 5% DMSO in
GEH-MDA WGA generated artifacts both for mCGH and CNV-NGS in embryos (Table 4).
Reasons for the artifact generation could be related to the manual processing of the samples,
since the embryo transfer to the PCR tube is manually performed making difficult to adjust
the final reaction volume.

Altogether and despite the reduction observed in the ADO rate with the addition of 5%
DMSO, the discrepancies noticed between mCGH and NGS-TSO in TE biopsies analyzed
would not recommend the application of GEH-MDA approach to the DF-PGT.

To our knowledge, this is the first time that it has been successfully inferred the cytogenetic
characterization of RG-MDA WGA product from TE biopsies, by using TSO panel data.
Nexus Copy Number software was satisfactory used for the analysis of RG-MDA and results
were coincident between the three techniques used: mCGH and aCGH and also in CNV-TSO.
Only two segmental discrepancies were detected affecting 15q and 19q, (in FI0E1-RG sample).
This only affects two chromosomes of one of the seven biopsies (two out of 168 analyzed chro-
mosomes) (Table 4). Some discordances have been observed in previous studies between NGS
and aCGH when two TE biopsies with the same or different WGA system had been analyzed.
Such discrepancies can be a consequence of mosaicism, WGA bias or expected inherent lack
of concordance between whole chromosome analysis technologies.[19,30] In the present
work, since the analyzed DNA samples are aliquots from a single biopsy amplification product,
mosaicism and WGA bias can be discarded. Moreover, it has been reported that the rate of
false positives when applying aCGH to TE biopsies is approximately 9%.[40]

We also demonstrated that data from NGS-TSO allows not only the accurate aneuploidy
detection but also the identification of unbalanced chromosome reorganizations, such as the
chromosome 11 reorganization (+11pterql3, -11q23qter) that was found in the F3E2-RG
sample. This reorganization was confirmed by mCGH and aCGH. In summary, the results
obtained by Nexus Copy Number software with TSO data, nowadays the most comprehensive
gene panel of Mendelian inheritance diseases is highly satisfactory to the CNV studies in
WGA products from TE biopsies. Regarding the cytogenetic applicability, compared to Karyo-
mapping, the approach used in this work identifies whole chromosome or segmental imbal-
ances independently from their origin (mitotic or meiotic) in a single experimental procedure
analyzing TSO data by using Nexus Copy Number software by a properly trained geneticist. In
sum, despite the satisfactory and very promising results of the present study regarding to the
cytogenetic characterization of cell lines and embryos, additional studies should be performed
before using this approach as a diagnostic alternative.

Blastomere biopsy versus trophectoderm biopsy has been reported to result into a 19%
absolute reduction and 39% relative reduction of the implantation rate.[41]. The whole proce-
dure can be performed in about six days in both fresh and cryopreserved TE biopsies. The
samples analyzed by NextSeq 500 instead of MiSeq sequencer, due to it allows for the analysis
of higher number of samples, leads to a significant cost reduction. The present cost per sample
is considerable (300€/sample). The advent of new sequencers, the automation of the procedure
and altogether with the cheapening of the reagents will promote a substantial reduction of
overall cost per sample.

In conclusion, the present work offers a powerful DF-PGT strategy that enables diagnoses
of both monogenic causative mutations and cytogenetic alterations of blastocyst stage embryos
in PGT candidate families, which is a very universal pursuit goal among different research
groups. As for the monogenic mutation detection, the direct detection of the familial mutation
is allowed concomitantly with SNP linkage analysis. The development of larger target
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enrichment panels, such as whole exome sequencing, will allow the analysis of more genes and
therefore more SNPs, which would represent a very promising future for this strategy. As far
we know, this is the first time that a potentially suitable DF-PGT approach based on a NGS
strategy in order to be performed in a single workflow has been successfully developed.

Supporting information

S1 Table. Nexus software settings for CNV analysis.
(DOCX)

S1 Fig. Embryo F1E1-GEH. On the left, nCGH results, reference used 46, XY. On the right,
NGS-CNV summary plot, reference used 47,XY+15. Note that the loss of chromosome 15
observed is due to the reference used.

(TIF)

S2 Fig. Embryo F2E1-GEH. On the left, mCGH results, reference used 46, XY. On the right,
NGS-CNV summary plot, reference used 47,XY+15. Note that the loss of chromosome 15
observed is due to the reference used.

(TIF)

$3 Fig. Embryo F3E1-GEH. On the left, mCGH results, reference used 46, XY. On the right,
NGS-CNV summary plot, reference used 47,XY+15. Note that the loss of chromosome 15
observed is due to the reference used.

(TTF)

S$4 Fig. Embryo F4E1-GEH. On the left, mCGH results, reference used 46, XY. On the right,
NGS-CNV summary plot, reference used 47,XY+15. Note that the loss of chromosome 15
observed is due to the reference used.

(TIF)

S5 Fig. Embryo F5E1-GEH. On the left, mCGH results, reference used 46, XY. On the right,
NGS-CNV summary plot, reference used 47,XY+15. Note that the loss of chromosome 15
observed is due to the reference used.

(TIF)

S6 Fig. Embryo F6E1-GEH. On the left, mCGH results, reference used 46, XY. On the right,
NGS-CNV summary plot, reference used 47,XY+15. Note that the loss of chromosome 15
observed is due to the reference used.

(TTF)

S7 Fig. Embryo F1E2-RG. On the left, nCGH results, reference used 46, XY. On the right,
NGS-CNV summary plot, reference used 46,XX.
(TIF)

S8 Fig. Embryo F2E2-RG. On the left, mCGH results, reference used 46, XY. On the right,
NGS-CNV summary plot, reference used 46,XX.
(TTF)

S9 Fig. Embryo F3E2-RG. On the left, nCGH results, reference used 46, XY. On the right,
NGS-CNV summary plot, reference used 46,XX.
(TIF)

$10 Fig. Embryo F8E1-RG. On the left, mCGH results, reference used 46, XY. On the right,
NGS-CNV summary plot, reference used 46,XX.
(TTF)

PLOS ONE | https://doi.org/10.1371/journal.pone.0205692 October 17, 2018 15/19


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0205692.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0205692.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0205692.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0205692.s004
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0205692.s005
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0205692.s006
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0205692.s007
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0205692.s008
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0205692.s009
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0205692.s010
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0205692.s011
https://doi.org/10.1371/journal.pone.0205692

®PLOS | one

A Double Factor PGT strategy in a single NGS procedure

S11 Fig. Embryo F9E1-RG. On the left, mCGH results, reference used 46, XY. On the right,
NGS-CNV summary plot, reference used 46,XX.
(TIF)

S12 Fig. Embryo F10E1-RG. On the left, mCGH results, reference used 46, XY. On the right,
NGS-CNV summary plot, reference used 46,XX.
(TIF)
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