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RESUMEN

RESUMEN

El mosaicismo embrionario es la presencia de lineas celulares con
cariotipos diferentes en un mismo embrién, y surge como consecuencia de
errores mitéticos durante las divisiones celulares post-cigéticas. En los
Gltimos afios, el diagnéstico de mosaicismo en el Test Genético
Preimplantacional para la deteccién de aneuploidias (PGT-A) se ha basado
principalmente en la identificacién de valores intermedios en el nimero de
copias cromosémicas en los perfiles de secuenciacién de nueva generacion
(NGS). Los embriones diagnosticados como mosaicos de células euploides
y aneuploides han demostrado tener la capacidad de dar lugar a bebés

sanos. Sin embargo, las razones de su éxito reproductivo se desconocen.

Por un lado, se ha propuesto que los embriones mosaicos poseen cierta
capacidad intrinseca para autocorregirse, lo cual podria ocurrir a través de
la apoptosis selectiva y la reduccién de la proliferacion de las células
aneuploides. No obstante, actualmente no existe evidencia directa de estos
mecanismos en embriones humanos. Por otro lado, la interpretacién de los
datos procedentes de los estudios que involucran la transferencia de
embriones mosaicos se ha visto sesgada por el uso de métodos de analisis
retrospectivos, la adopciéon de estrategias de priorizacién de embriones
euploides y una alta incidencia de diagnésticos falsos positivos derivados del

empleo de plataformas de PGT-A poco especificas.

En este contexto, el objetivo principal de la presente tesis doctoral es
generar nuevos conocimientos en el campo de la embriologia clinica sobre
la dinamica de desarrollo y las caracteristicas moleculares de los embriones
diagnosticados como mosaicos tras PGT-A, con el fin de comprender las
causas que determinan su potencial reproductivo. Para ello, se plantearon

los siguientes objetivos especificos:
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1) Determinar la incidencia, tipologia y distribucién cromosémica del
mosaicismo en el estadio de blastocisto; 2) Evaluar el comportamiento
morfocinético y las caracteristicas morfolégicas de los blastocistos
mosaicos; 3) Caracterizar el perfil de expresién génica de los blastocistos
mosaicos; y 4) Examinar la incidencia y colocalizacién de eventos

apoptéticos en los blastocistos mosaicos.

La hipétesis formulada propone que los blastocistos diagnosticados
como mosaicos de células euploides y aneuploides constituyen una
poblacién minoritaria de embriones en el programa de PGT-A que presenta
caracteristicas especificas en términos morfolégicos, cromosémicos,
morfocinéticos y de expresién génica, en comparacién con los blastocistos

uniformemente euploides y aneuploides.

Este trabajo de investigacién de tesis doctoral se estructura como un

compendio de tres publicaciones que abordan los objetivos propuestos:

I. The morphokinetic signature of mosaic embryos: evidence in
support of their own genetic identity. Martin A, Rodrigo L, Beltran D,
Meseguer M, Rubio C, Mercader A, de Los Santos MJ. Fertil Steril. 2021
Jul;116(1):165-173. doi: 10.1016/j.fertnstert.2020.12.031. Epub 2021 Mar
22. PMID: 33766460. 5-year impact factor: 7.5.

En este articulo, se describe la incidencia, tipologia y distribucion
cromosémica del mosaicismo embrionario en el estadio de blastocisto, y se
utiliza la tecnologia time-lapse para describir sus implicaciones
morfocinéticas. Los resultados obtenidos demuestran que los blastocistos
diagnosticados como mosaicos mediante NGS constituyen una poblacién
minoritaria de embriones que presenta caracteristicas morfolégicas y
cromosdémicas especificas, asi como perfiles morfocinéticos solapantes con

respecto a los blastocistos euploides y aneuploides.
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Il. Mosaic results after preimplantation genetic testing for aneuploidy
may be accompanied by changes in global gene expression. Martin A,
Mercader A, Dominguez F, Quifionero A, Perez M, Gonzalez-Martin R,
Delgado A, Mifsud A, Pellicer A, De Los Santos MJ. Front Mol Biosci. 2023
Apr 14;10:1180689. doi: 10.3389/fmolb.2023.1180689. PMID: 37122560.

5-year impact factor: 5.2.

En este articulo, se emplea la tecnologia de secuenciaciéon de ARN para
evaluar el impacto de diferentes grados de mosaicismo embrionario en el
perfil de expresién génica de las células de la masa celular interna (MCI) y
el trofoectodermo (TE) del blastocisto humano. Los resultados obtenidos
demuestran que, cuando el diagnéstico de mosaicismo mediante NGS se
apoya en el analisis de la expresién génica y en la identificacién de retrasos
en la duracién de los ciclos celulares mediante el seguimiento
individualizado de las divisiones blastoméricas, el grado de mosaicismo se
asocia a una desregulacién progresiva del transcriptoma embrionario con

respecto a los perfiles euploides.

. Trophectoderm cells of human mosaic embryos display increased
apoptotic levels and impaired differentiation capacity: a molecular clue
regarding their reproductive fate? Martin A, Mercader A, Beltran D, Mifsud
A, Nohales M, Pardifias ML, Ortega-Jaén D, de Los Santos MJ. Hum Reprod.
2024 Feb 2:deae009. doi: 10.1093/humrep/deae009. PMID: 38308811. 5-

year impact factor: 7.1.

En este articulo, se realiza inmunofluorescencia y microscopia confocal
para analizar la incidencia de eventos apoptéticos en los blastocistos
mosaicos durante la segregacion de los linajes celulares de MCl y TE. Los
resultados obtenidos demuestran que los blastocistos diagnosticados como
mosaicos mediante NGS y genotipado de polimorfismos de nucleétido

Unico, en comparacion con los blastocistos euploides, presentan mayores
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niveles de apoptosis y una capacidad de diferenciacién alterada en las
células del TE, y que la magnitud de ambos efectos se correlaciona con el

namero y la tipologia de los cromosomas aneuploides.

En conjunto, los resultados obtenidos en la presente tesis doctoral
sugieren la existencia de mecanismos que conducen a la deplecién clonal
de las células aneuploides en los blastocistos mosaicos. EI conocimiento
generado a partir de esta investigaciéon enriquece nuestra comprension
sobre la naturaleza bioldgica de los blastocistos mosaicos y ofrece nuevas
perspectivas respecto a los factores moleculares que determinan su

potencial reproductivo.

18



Arewiwng

| SUMMARY




20



SUMMARY

SUMMARY

Embryonic mosaicism is the presence of cell lines with different
karyotypes in the same embryo, and it arises as a consequence of mitotic
errors during post-zygotic cell divisions. In recent years, the diagnosis of
mosaicism after Preimplantation Genetic Testing for Aneuploidy (PGT-A) has
been primarily based on the identification of intermediate chromosomal
copy number values in next-generation sequencing (NGS) profiles. Embryos
diagnosed as mosaics of euploid and aneuploid cells have shown the
capacity to give rise to healthy babies. However, understanding the reasons

behind their reproductive potential requires further investigation.

On the one hand, it has been proposed that mosaic embryos possess
some intrinsic capacity for self-correction, potentially through selective
apoptosis and reduced proliferation of aneuploid cells. However, there is
currently no direct evidence of these mechanisms in human embryos. On
the other hand, the interpretation of data from studies involving mosaic
embryo transfers has been hampered by the use of retrospective analysis
methods, the adoption of euploid embryo prioritization strategies, and the
high incidence of false-positive mosaic diagnoses stemming from the use of

poorly specific PGT-A platforms.

In this context, the main objective of this doctoral thesis is to generate
new knowledge in the field of clinical embryology on the developmental
dynamics and molecular characteristics of embryos diagnosed as mosaic
after PGT-A, aiming to elucidate the factors that influence their reproductive

potential. To this end, the following specific objectives were proposed:

1) To determine the incidence, typology, and chromosomal distribution
of mosaicism at the blastocyst stage; 2) To evaluate the morphokinetic

behavior and morphological characteristics of mosaic blastocysts; 3) To
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characterize the gene expression profile of mosaic blastocysts; and 4) To
examine the incidence and colocalization of apoptotic events in mosaic

blastocysts.

The formulated hypothesis proposes that blastocysts diagnosed as
mosaics of euploid and aneuploid cells constitute a minority population of
embryos within the PGT-A program that exhibits specific characteristics in
terms of morphology, chromosomal composition, morphokinetics, and gene

expression when compared to uniformly euploid and aneuploid blastocysts.

This doctoral thesis is structured as a compendium of three publications

that address the proposed objectives:

I. The morphokinetic signature of mosaic embryos: evidence in
support of their own genetic identity. Martin A, Rodrigo L, Beltrdn D,
Meseguer M, Rubio C, Mercader A, de Los Santos MJ. Fertil Steril. 2021
Jul;116(1):165-173. doi: 10.1016/j.fertnstert.2020.12.031. Epub 2021 Mar
22. PMID: 33766460. 5-year impact factor: 7.5.

In this article, the incidence, typology, and chromosomal distribution of
embryonic mosaicism at the blastocyst stage are described, and time-lapse
imaging technology is used to discuss its morphokinetic implications. The
findings demonstrate that blastocysts diagnosed as mosaic through NGS
constitute a minority population that exhibit specific morphological and
chromosomal characteristics, as well as overlapping morphokinetic profiles

with respect to their euploid and aneuploid counterparts.

[l. Mosaic results after preimplantation genetic testing for aneuploidy
may be accompanied by changes in global gene expression. Martin A,
Mercader A, Dominguez F, Quifionero A, Perez M, Gonzalez-Martin R,
Delgado A, Mifsud A, Pellicer A, De Los Santos MJ. Front Mol Biosci. 2023
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Apr 14;10:1180689. doi: 10.3389/fmolb.2023.1180689. PMID: 37122560.

5-year impact factor: 5.2.

In this article, RNA sequencing technology is employed to assess the
impact of different degrees of embryonic mosaicism on the gene expression
profile of inner cell mass (ICM) and trophectoderm (TE) cells of the human
blastocyst. The findings demonstrate that, when the diagnosis of mosaicism
through NGS is supported by gene expression analysis and the identification
of delays in cell cycle duration through individualized tracking of blastomere
divisions, the degree of mosaicism is associated with a progressive
deregulation of the embryonic transcriptome in comparison to the euploid

profiles.

ll. Trophectoderm cells of human mosaic embryos display increased
apoptotic levels and impaired differentiation capacity: a molecular clue
regarding their reproductive fate? Martin A, Mercader A, Beltran D, Mifsud
A, Nohales M, Pardifias ML, Ortega-Jaén D, de Los Santos MJ. Hum Reprod.
2024 Feb 2:deae009. doi: 10.1093/humrep/deae009. Epub ahead of print.
PMID: 38308811. 5-year impact factor: 7.1.

In this article, immunofluorescence and confocal microscopy are used
to analyze the incidence of apoptotic events in mosaic blastocysts during the
segregation of ICM and TE cell lineages. The findings demonstrate that
blastocysts diagnosed as mosaic through NGS and single nucleotide
polymorphism genotyping, compared to euploid blastocysts, show higher
levels of apoptosis and an altered differentiation capacity in TE cells, and
that the magnitude of both effects correlates with the number and typology

of aneuploid chromosomes.

Taken together, the results obtained in this doctoral thesis support the
existence of mechanisms leading to the clonal depletion of aneuploid cells

in mosaic blastocysts. The knowledge generated from this research improves
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our understanding of the biological nature of mosaic blastocysts and offers
new insights regarding the molecular factors that determine their

reproductive potential.
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COMPENDIO DE ARTICULOS QUE AVALAN LA TESIS

COMPENDIO DE ARTICULOS QUE AVALAN
LA TESIS

La presente tesis doctoral se basa en tres publicaciones en forma de
compendio en las cuales el candidato es el primer autor. El texto completo

de las publicaciones se muestra a continuacion.

Martin A, Rodrigo L, Beltran D, Meseguer M, Rubio C, Mercader A, de
Los Santos MJ. The morphokinetic signature of mosaic embryos: evidence
in support of their own genetic identity. Fertil Steril. 2021 Jul;116(1):165-
173. doi: 10.1016/j.fertnstert.2020.12.031. PMID: 33766460. 5-year impact
factor: 7.5.

Martin A, Mercader A, Dominguez F, Quifionero A, Perez M, Gonzalez-
Martin R, Delgado A, Mifsud A, Pellicer A, De Los Santos MJ. Mosaic results
after preimplantation genetic testing for aneuploidy may be accompanied
by changes in global gene expression. Front Mol Biosci. 2023 Apr
14;10:11806889. doi: 10.3389/fmolb.2023.1180689. PMID: 37122560. 5-

year impact factor: 5.2.

Martin A, Mercader A, Beltran D, Mifsud A, Nohales M, Pardifias ML,
Ortega-Jaén D, de Los Santos MJ. Trophectoderm cells of human mosaic
embryos display increased apoptotic levels and impaired differentiation
capacity: a molecular clue regarding their reproductive fate? Hum Reprod.
2024 Feb 2:deae009. doi: 10.1093/humrep/deae009. PMID: 38308811. 5-

year impact factor: 7.1.
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The morphokinetic signature of
mosaic embryos: evidence in support
of their own genetic identity

Angel Martin, M.Sc.,? Lorena Rodrigo, Ph.D.,® Diana Beltran, M.Sc.,© Marcos Meseguer, Ph.D., <
Carmen Rubio, Ph.D.,”> Amparo Mercader, Ph.D.,*< and Maria Jose de los Santos, Ph.D.*<

2 VI Foundation, Health Research Institute La Fe, Valencia; ° Igenomix, Paterna; and © IVI RMA, Valencia, Spain

Objective: To provide full morphokinetic characterization of embryos ranked with different degrees of chromosomal mosaicism.
Design: Retrospective cohort study.

Setting: University-affiliated private in vitro fertilization clinic.

Patient(s): We analyzed 1,511 embryos from 424 intracytoplasmic sperm injection cycles by culturing embryos in a time-lapse
imaging system and performing next-generation sequencing. We assessed 106 mosaic embryos.

Intervention(s): None.

Main Outcome Measure(s): Comparison of chromosomal, morphological, and morphokinetic characteristics of blastocysts classified
as euploid, aneuploid, low-degree mosaic (30% to <50% aneuploid cells in trophectoderm biopsy), and high-degree mosaic (50% to
<70% aneuploid cells in trophectoderm biopsy). Statistical analysis was performed using x?, Kruskal-Wallis, or analysis of variance
tests according to data type and distribution. A two-way random effects model was used to calculate interoperator correlation of
annotations, and a logistic mixed effects model was performed to evaluate the effect of confounders on morphokinetic timing,.
Result(s): The mosaicism rate was ~7% regardless of parental age. Mosaicism and uniform aneuploidies were not evenly distributed
across chromosomes. The percentage of high-quality blastocysts significantly decreased from euploid (66.9%) to mosaic (52.8%) and
aneuploid (47.7%). Aneuploid blastocysts significantly delayed development compared with euploid blastocysts in start of compaction
(median, 84.72 hours postmicroinjection [hpmy], interquartile range [IQR], 13.2; vs. median, 82.10 hpm, IQR, 11.5), start of blastulation
(median, 101 hpm; IQR, 11.7; vs. median, 98.29 hpm, IQR, 10.5), and timing of blastocyst (median, 108.04 hpm, IQR, 11.50; vs. median,
104.71 hpm, IQR, 11.35). However, embryo morphokinetics were not correlated to the degree of mosaicism or to a mosaicism
configuration that was apt for embryo transfer.

Conclusion(s): Morphokinetic timing of mosaic embryos overlaps with that of euploid and aneuploid embryos, which may reflect their
unique genetic and developmental identity. Although this suggests mosaic embryos are not simply a misdiagnosis by-product, further
studies are needed to reveal the true identity of this particular type of embryo. (Fertil Steril® 2021;116:165-73. ©2020 by American
Society for Reproductive Medicine.)

El resumen esta disponible en Espafiol al final del articulo.

Keywords: Mosaicism, morphokinetics, preimplantation genetic testing for aneuploidy, next-generation sequencing

Discuss: You can discuss this article with its authors and other readers at https://www.fertstertdialog.com/posts/30819

neuploidy in preimplantation
A embryos is a major cause of
infertility and in vitro fertiliza-
tion (IVF) failure (1). Aneuploid cells

originating from meiotic errors are
widespread in the embryo, while those

of mitotic origin coexist with euploid
cells and lead to mosaicism (2).
Meiotic aneuploidies have been
associated with age-related decline of
maternal fertility (3). Preimplantation
genetic testing for aneuploidy (PGT-A)
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by next-generation sequencing (NGS)
is currently used to infer the chromo-
somal status of the embryo from a tro-
phectoderm (TE) fraction, which is
supported by disaggregation studies
showing high karyotype concordance
(>95%) for uniform whole chromo-
some aneuploidies between the TE and
inner cell mass (ICM) (4). Although the
clinical usefulness of PGT-A has been
discussed at length (5), several studies
suggest that transfer of embryos with
euploid TE biopsies can significantly
increase pregnancy and live birth rates
per patient and reduce the risk of
miscarriage and multiple pregnancy as
well as the time to pregnancy (6-8).
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Unlike uniform aneuploidy, the impact of embryonic
mosaicism on human fecundity remains unclear (9). Develop-
ment of new NGS protocols has increased the sensitivity of
mosaicism detection, providing more accurate quantification
of copy number changes present in TE samples (10, 11).
Consequently, several clinics have reported healthy live births
after transfer of blastocysts diagnosed as mosaics. However,
these studies suggest that mosaic blastocysts implant less
and miscarry more than their euploid counterparts (12). Due
to limitations surrounding diagnosis of mosaicism (12, 13),
it is unknown to what extent the outcomes from replacing pu-
tative mosaic embryos are due to technical artefacts or to their
inherent developmental potential.

Use of time-lapse imaging (TLI) in IVF practice has
favored the emergence of studies that combine PGT-A and
morphokinetics to find significant kinetic markers or to build
algorithms predicting ploidy (14). These algorithms can be
used to help identify embryos at increased risk of harboring
complex chromosomal abnormalities (15), which may be of
special interest when PGT-A is not feasible due to biological,
technical, social, or legal-ethical constraints.

Mitotic aneuploidies have been associated with
morphokinetic alterations in the timing of several cell cycle
parameters, such as the interval from the first to second
mitosis (t3-t2) and synchrony between the third and fourth
cell appearance (t4-t3) (16). More recently, morphokinetic de-
lays have been reported in NGS-tested high-degree mosaic
embryos (17). Most mitotic errors causing mosaicism arise
from chromosome nondisjunction or anaphase lag during
early cleavage (2), which suggests that kinetic measurements
and algorithms could be used to detect mosaicism based on
the pace of embryo development.

Here we used TLI to describe the morphokinetic implica-
tions of clinical mosaicism detected at the blastocyst stage.
Identification of parameters associated with mosaicism may
shed new light on the accuracy of a mosaicism diagnosis
and may confirm the effects of mitotic aneuploidy on embryo
development dynamics.

MATERIAL AND METHODS
Study Design and Population

The study was approved by the National Commission of Hu-
man Reproduction, the general director of research, innova-
tion, technology, and quality, and by our institutional
review board, the ethics committee of Clinical Research IVI
RMA Valencia, which complies with Spanish law on assisted
reproductive technologies (14/2006) and biomedical research
(14/2007).

This retrospective cohort study included 424 consecutive
intracytoplasmic sperm injection (ICSI) cycles conducted
from April 2018 to April 2019 at IVI RMA Valencia. Embryos
(n = 1,511) were monitored from the zygote to blastocyst
stage by means of TLL. Blastocysts were analyzed by NGS after
a single TE biopsy, and embryo development was assessed.

Egg donation cycles represented 9.2% of the total (39/
424). Main clinical indications for PGT-A included female
age (=35 years; 52.1% = 221/424), implantation failure
(11.8% = 50/424), and male factor (8.7% = 37/424). Multiple

ARTICULO1

indications accounted for 17.7% of cycles (75/424). The mean
age and body mass index (BMI) of patients providing oocytes
were 36.8 + 5.4 years and 22.9 + 3.5 kg/m?, respectively. The
mean age of patients providing sperm was 39 + 7.5 years.

In Vitro Fertilization

Controlled ovarian stimulation was performed using GnRH
antagonist or long agonist protocols, as described elsewhere
(18, 19). Recombinant hCG or GnRH agonist (Ovitrelle, Merck
Serono) was administered to trigger ovulation, and transvagi-
nal oocyte retrieval was performed 36 hours after recombi-
nant hCG or GnRH agonist administration. Oocyte retrieval,
denudation, and ICSI were performed according to standard
clinical practice at Instituto Valenciano de Infertilidad (20).

Time-Lapse Culture

Immediately after ICSI, zygotes were incubated in preequili-
brated dishes with Gems culture medium (Genea Biomedx;
see Supplemental Methods) in a TLI system (Geri, Genea Bio-
medx; or Embryoscope, Vitrolife) at 37°C, 6% CO,, and 5% O,
(balanced with N,). Embryo development was recorded up to
the blastocyst stage.

Embryo Grading

Embryo quality was assessed according to guidelines from the
Spanish Association for the Study of Biology of Reproduc-
tion, with slight modifications (21) (see Supplemental
Methods).

Embryo Biopsy

A TE biopsy was performed using the pulling method (see
Supplemental Methods). Only embryos that developed
beyond a full blastocyst (graded A, B, or C) were considered
for biopsy (21). Aspirated cells were collected into DNAse-
free polymerase chain reaction tubes, immediately stored at
-20°C, and kept in a freezer until they were shipped to a ge-
netics laboratory (Igenomix). Blastocysts were moved back to
a tri-gas incubator and vitrified following standard proced-
ures (22, 23).

NGS and Mosaicism Classification

Library construction was performed at Igenomix using the Ion
ReproSeq PGS kit and Ion Chef System (Thermo-Fisher Scien-
tific). DNA sequencing was conducted using the Ion S5 Sys-
tem instrument (Thermo-Fisher  Scientific). For
bioinformatic analysis, readings were aligned to the reference
human genome using lon Reporter software (Thermo-Fisher
Scientific), which provided copy number counts for each
chromosome pair. Aneuploidy patterns were termed “whole
chromosome” if they involved gain or loss of one or more
complete chromosomes or “partial/segmental” if they
included subchromosomal gains or losses > 10 MB in at least
one of the 23 chromosome pairs. The presence of diploid and
aneuploid cells in a TE biopsy represented a mosaic result. An
internal algorithm validated by Igenomix was used for mosa-
icism calling (11). Briefly, the detection of mosaicism was
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validated using mixes of genomic DNA with different per-
centages of euploid and aneuploid chromosomes. The estab-
lished algorithm was evaluated in samples prepared to have
increasing percentages of mosaicism using two cell lines
with trisomy in chromosome 8 or 9. Finally, the algorithm
was retrospectively applied to 14,108 TE biopsies analyzed
in 10 different diagnostic laboratories. Based on the thresh-
olds established, TE biopsies were classified as [1] euploid,
< 30% of aneuploid cells; [2] low-degree mosaic, 30% to
<50% of aneuploid cells; [3] high-degree mosaic, 50% to
<70% of aneuploid cells; and [4] aneuploid, > 70% of aneu-
ploid cells. Blastocysts displaying chromosome imbalances in
two to five chromosomes were classified as complex aneu-
ploid, and those with imbalances in six or more chromosomes
as chaotic aneuploid. Blastocysts with segmental and/or sex
chromosome mosaicism were not part of the study.

In addition, according to the transfer policy of IVI Valen-
cia (24), mosaic blastocysts were classified as nontransferable
if harboring aneuploidies in chromosomes 2, 7, 11, 13, 14, 15,
16, 18, 21, or 22; or as potentially transferrable if harboring
aneuploidies in chromosomes 1, 3, 4, 5, 6, 8, 9, 10, 12, 17,
19, or 20.

TLI Assessment

All annotations were performed by two embryologists specif-
ically trained in morphokinetics. The exact timing of 19 vari-
ables was annotated as described elsewhere (25): extrusion of
the second polar body (tPB2); pronuclear appearance (tPNa);
pronuclear fading (tPNf); division to 2, 3, 4, 5, 6, 7, 8, and 9
cells (t2, t3, t4, t5, t6, t7 t8, and t9); start of compaction
(tSC); morula (tM); duration of compaction (tDC = tM -
tSQ); start of blastulation (tSB); blastocyst (tB); duration of
the first (ECC1 = t2 - tPNF), second (ECC2 = t4 - t2), and third
(ECC3 = t5 - t3) embryo cell cycles; and synchrony of ECC2
(s2 = t4 - t3). All timings were expressed in hours postmi-
croinjection (hpm).

Statistical Analysis

To ensure minimal interoperator variability between the
annotator embryologists, an internal quality control was
run on a random subset of 20 embryos, and intraclass corre-
lation coefficients (ICCs) were calculated using a two-way
random effects model with absolute agreement (26). The
mean ICC was 0.968, indicating “almost perfect agreement”
between the two embryologists. The lowest agreement was
for t8, although its value still indicated “very strong
agreement.”

Distribution characteristics of variables were visualized in
histograms and analyzed using Kolmogorov-Smirnov and
Levene’s tests. Morphokinetic timings were compared using
Kruskal-Wallis (nonparametric) or one-way analysis of vari-
ance (parametric) tests. Continuous variables were expressed
as mean =+ standard deviation or as median and interquartile
range (IQR), as appropriate. Pairwise comparisons of groups’
proportions were performed by means of the x? test.

A logistic mixed effects model was performed with incu-
bator type as the explanatory variable and morphokinetic
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timings as response variables. The mixed effect was included
to reduce bias per patient and protocol. Female age, female
BMI, dose of follicle-stimulating hormone, and type of incu-
bator were considered.

Data were analyzed using 95% confidence levels (P < .05
was considered statistically significant) with R (v4.0.2; R
Foundation for Statistical Computing) and SPSS (v26; IBM
Corporation). Figures were made in GraphPad Prism (v8.4.0;
GraphPad Software).

RESULTS
Mosaicism Rate and Correlation with Parental Age

Next-generation sequencing revealed euploidy in 45.8% of
blastocysts (692/1,511), low-degree mosaicism in 4.5% of
blastocysts (68/1,511), high-degree mosaicism in 2.5%
of blastocysts (38/1,511), and aneuploidy in 47.2% of blasto-
cysts (713/1511). The mosaicism rate of our PGT-A program
was 7% (106/1,511; Fig. 1A). The incidence of uniform aneu-
ploidy strongly increased with female age (P = 2.6365e-25),
but mosaicism did not depend on female or male age
(P > .05; Fig. 1B).

Frequency of Mosaicism and Aneuploidy per
Chromosome

Aneuploidy distribution across chromosomes was investi-
gated. A total of 132 mosaic aneuploidies were identified.
Mosaicism was more frequent (>5%) in chromosomes 19
(12.9% = 17/132), 18 (7.6% = 10/132), 13 (7.6% = 10/132),
20 (6.1% = 8/132), 22 (5.3% = 7/132), 21 (5.3% = 7/132),
and 14 (5.3% = 7/132). Mosaicism was less frequent in chro-
mosomes 17 (1.5% = 2/132), 1 (1.5% = 2/132), and 15
(0.80%=1/132; Fig. 2A).

A total of 1,065 uniform aneuploidies were identified.
Aneuploidy was more frequent (>5%) in chromosomes 22
(12.6% = 134/1,065), 21 (12.2% = 130/1,065), 16 (10.4% =
111/1,065), 15 (9% = 96/1,065), and 18 (5.5% = 59/1,065).
Chromosomes less affected by aneuploidy (< 2%) were chro-
mosomes 1 (1.4% = 15/1,065), 6 (1.9% = 20/1,065), and 17
(2% = 21/1,065; Fig. 2B). The frequency of mosaicism and
aneuploidy was negatively correlated with chromosome
length (P = .026 and P = .0025, respectively; Fig. 2C, 2D).

Distribution of Aneuploid Embryos per Type of
Abnormality

From the 713 aneuploid embryos, 94.5% (674/713) were only
affected by autosomal aneuploidy. Whole chromosome auto-
somal imbalances were detected as the sole abnormality in
819% (578/713) of embryos; 44% (314/713) had single aneu-
ploidies, 33.1% (236/713) had complex aneuploidies, and
3.9% (28/713) had chaotic aneuploidy. Segmental autosomal
aneuploidy was present as the sole abnormality in 8.6% of
embryos (61/713), and 4.9% (35/713) had both whole chro-
mosome and segmental aneuploidies in their autosomes.
Further, 3% of embryos (21/713) were solely affected by
sex chromosome aneuploidy: 1.3% (9/713) were monosomic
for chromosome X (X0), 0.3% (2/713) were trisomic for the
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same chromosome (XXX), 0.8% (6/713) had an XXY karyo-
type, and 0.6% (4/713) were affected by segmental aneu-
ploidy. Finally, 2.5% (18/713) were simultaneously affected
by both autosomal and sex chromosome aneuploidy
(Supplemental Table 1).

Mosaicism and Embryo Quality

A significantly higher proportion of euploid blastocysts were
ranked as better-quality blastocysts (A or B; 66.9% = 463/
692) in comparison with mosaic (considering both low- and
high-degree mosaicism; 52.8% = 56/106; P = .014) and
aneuploid blastocysts (47.7% = 340/713; P = .3.36e-13).
Therefore, the morphological quality of blastocysts increased
gradually from aneuploid embryos (lowest rank) to mosaic

2 test at the 95% confidence level

(intermediate rank) and euploid embryos (highest rank;
Fig. 3).

Morphokinetic Analysis of Mosaicism

No variables included in the logistic mixed effects model (i.e.,
female age, female BMI, follicle-stimulating hormone dose,
and type of incubator) had a significant effect on morphoki-
netics (P > .05). The logistic mixed effects model for incubator
comparison is shown in Supplemental Table 2, and morpho-
kinetic timings by incubator are shown in Supplemental
Figure 1. The complete model is available on request from
the authors.

The morphokinetic variable tM met the parametricity
criteria (pKS > .05; pLev > .05), and the remaining variables
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had nonparametric distributions. Variables were analyzed
accordingly (Supplemental Table 3). Aneuploid embryos
were delayed compared with euploid in tSC (median, 84.72
hpm, IQR, 13.2; vs. median, 82.10 hpm, IQR, 11.5, respec-
tively; P = .016), tSB (median, 101 hpm, IQR, 11.7; vs. me-
dian, 98.29 hpm, IQR, 10.5, respectively; P = 2.89e-7), and
tB (median, 108.04 hpm, IQR, 11.50; vs. median, 104.71
hpm, IQR, 11.35, respectively; P = 5.77¢-8; Fig. 4). However,
morphokinetic comparisons in low- and high-degree mosaic
embryos revealed no significant differences between euploid
and aneuploid embryos (P > .05). Potentially transferrable
and nontransferrable mosaics were also similar in morphoki-
netics (P > .05; Supplemental Figure 2).

DISCUSSION
Cellular mechanisms leading to mosaicism in preimplantation
embryos have been studied in detail (2). However, their ori-

gins and consequences on embryo development deserve
further attention.

Several laboratory factors, including culture conditions
(e.g., temperature, pH, or media composition), biopsy, and
even insemination method may influence embryo proneness
to mitotic error. Moreover, mosaicism rates can vary greatly
across laboratories due to differences in NGS protocols and
reporting practices (12). This highlights the importance of
rigorous validation on the diagnostic test, first by measuring
its analytical accuracy and then by performing nonselection
studies and randomized clinical trials (27). Acknowledging
this variability, recent prevalence estimates of mosaicism
are in the range of 5%-10% after NGS (28), which is in line
with our data.

Mosaicism is largely independent of age (29, 30), which
was confirmed in our cohort. However, it may decrease in
older women at the expense of generating fewer euploid em-
bryos. Indeed, in a recent study comprising more than 15,000
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NGS cycles, mosaicism rates significantly decreased in
women age >40 years (5.1%) versus <40 years (6.6%) (31).
Although we observed the same trend, it did not reach statis-
tical significance.

We show that mosaicism and aneuploidy are more
frequent in shorter chromosomes, which indicates differen-
tial proneness and/or tolerance to error for certain chromo-
somes (29, 32). In our study, mosaicism and aneuploidy were
more frequent in chromosomes 18, 21, and 22, while chro-
mosomes 1 and 17 were relatively unaffected. Mosaicism
was less frequent than aneuploidy in chromosomes 15 and
16 and more frequent in chromosomes 13, 19, 14, and 20.
Interestingly, the frequencies of aneuploidy per chromosome
are similar across studies, but those of mosaicism do vary
(29, 32-34). In fact, mosaicism in chromosome 1 was
highly prevalent in a previous study (29). It is possible that
tolerance to mitotic error relies on the degree of mosaicism
(35-37) or that differences are due to methodological
aspects related to NGS.

We also report a significant association between blasto-
cyst morphology and chromosomal content, similar to previ-
ous studies (38, 39), which indicates why transfer of
blastocysts with good TE morphology results in higher im-
plantation, clinical pregnancy, and live birth rates (40, 41),
also considering mosaicism.

Unlike meiotic aneuploidies, the origins of mosaicism
trace back to a stage that can be monitored in the laboratory.
Identification of mosaicism at the blastocyst stage is not an
easy task, since it relies on the premise that aneuploid cells
are distributed equally in the biopsied fraction compared
with the remaining embryo. Indeed, reanalysis of disaggre-
gated putative mosaics has shown low levels of karyotype
concordance across fractions (4). Time-lapse imaging allows

ARTICULO1

visualization of embryo development and correlation of cell
division timings with parameters related to developmental
potential (e.g., ploidy).

To the best of our knowledge, this study is the second
attempt to describe morphokinetic features of putative
mosaicism. In a previous study, tB was delayed in aneuploid
compared with euploid blastocysts (17), which is in line
with our data and reinforces the idea that uniform aneu-
ploidies can significantly impact the pace of preimplantation
development (14). In addition, that previous study reported
delays in t5, t8, and ECC3 in high-degree mosaic compared
with euploid blastocysts (17), whereas we did not find any sig-
nificant parameter in low- and high-degree mosaic
blastocysts.

Compared with published work, our study has some
important discrepancies. One major difference is that mosai-
cism rate was nearly 40% in the previous study (17). It is likely
that a proportion of these mosaic embryos would have been
categorized differently in our study, affecting morphokinetic
distributions. In addition, only embryos from women age
<37 years with at least five mature oocytes were included
in that study, which does not represent our PGT-A population.
Embryos inseminated by conventional IVF also were included
in that study, which may influence morphokinetic timing
(42). Finally, that previous study performed statistical com-
parisons using the Mann-Whitney U test, although the num-
ber of groups was four, which may have underestimated
P values.

Limitations in our study should be also noted. First, given
its retrospective nature, a selection bias may exist due to lack
of randomization. Second, this was a single-center study with
a limited sample size, so generalization of our findings to
larger populations should be made with caution. Third,
although internal quality control was performed, interopera-
tor variability in morphokinetic annotations cannot be ruled
out. Fourth, discrimination between low- and high-degree
mosaicism with current PGT-A procedures may be subject
to both technical and biological limitations.

Assuming the lack of clinical utility of the morphokinetic
approach when evaluating mosaicism for embryo selection
purposes, our main interest was centered on knowing more
about the biology of early human development by character-
izing the cleavage activity of a group of human embryos that,
with the current validated genetic platforms, have been diag-
nosed as aneuploid/euploid mosaic.

These categories of embryos find themselves in a sort of
limbo: some of them will be able to give rise to live borns,
while others will not. Apart from possible technical artefacts
(at least 15% of rebiopsied embryos have shown no concor-
dance within different zones of the TE) (43), there is also the
possibility that mosaic embryos may have their own identity
and, as has been shown in the mouse, be able to implant once
aneuploid cells have been eliminated by different mecha-
nisms (37).

In conclusion, we demonstrate that putative mosaic em-
bryos fit neither euploid nor aneuploid morphokinetic cate-
gories. Mosaic embryo morphokinetics may overlap with
euploid and aneuploid categories due to some of these mosaic
embryos being false-positive diagnoses. However, our results
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also leave the door open to the hypothesis that mosaicism has
been correctly diagnosed and that mosaic embryos swim be-
tween the euploid and aneuploid waterfronts, as both molec-
ular and clinical outcomes indicate (35). This may support the
idea of their own genetic and developmental identity, pushing
them aside from being considered by-products of misdiag-
nosis in PGT-A with current NGS platforms. However, further
studies are needed to increase our current understanding of
embryonic mosaicism and the impact of mitotic aneuploidies
on preimplantation dynamics.
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Firma morfocinética de embriones mosaico: evidencia que apoya su propia identidad genética.

Objetivo: proveer de una caracterizacién morfocinética completa de embriones clasificados con grados de mosaicismo cromosémico
diferente.

Diseno: Estudio retrospectivo de cohorte.
Lugar: Clinica privada de fecundacién in vitro afiliada a Universidad

Pacientes: Analizamos 1,511 embriones de 424 ciclos de inyeccidn intracitoplasmatica de esperma mediante cultivo de embriones en
sistema de imagen time lapse y secuenciacién de nueva generacion. Se evaluaron 106 embriones mosaico.

Intervenciones: Ninguna.

Medidas principales: Comparacién de las caracteristicas cromosémicas, morfolégicas y morfocinéticas de blastocistos clasificados
como euploides, aneuploides, mosaico de bajo grado (30% a <50% de células aneuploides en la biopsia de trofectodermo) y mosaico
de alto grado (50% a <70% de células aneuploides en biopsia de trofectodermo). El andlisis estadistico se realizé utilizando x* Kruskal-
Wallis, o analisis de pruebas de varianza segun el tipo y distribucion de los datos. Se utiliz6 un modelo bidireccional de efectos aleatorios
para calcular la correlacion inter-operador de anotaciones, y se realiz6 un modelo logistico de efectos mixtos para evaluar el efecto de
los factores de confusion sobre el tiempo morfocinético.

Resultados: La tasa de mosaicismo fue ~7% independientemente de la edad de los padres. El mosaicismo y las aneuploidias uniformes
no se distribuyeron uniformemente entre los cromosomas. El porcentaje de blastocistos de alta calidad disminuyd significativamente de
euploide (66,9%) a mosaico (52,8%) y aneuploide (47,7%). Los blastocistos aneuploides retrasaron significativamente el desarrollo en
comparacién con los blastocistos euploides en el inicio de la compactacién (mediana, 84,72 horas después de la microinyeccién [hpml],
rango intercuartilico [IQR], 13,2; frente a mediana, 82,10 hpm, IQR, 11,5), inicio de blastulacién (mediana, 101 hpm; IQR, 11,7; frente a
mediana, 98,29 hpm, IQR, 10,5) y momento de aparicion de blastocisto (mediana, 108,04 hpm, IQR, 11,50; frente a mediana, 104,71
hpm, IQR, 11,35). Sin embargo, la morfocinética del embrién no se correlacioné con el grado de mosaicismo o con una configuracion
de mosaicismo que fuera apta para la transferencia de embriones.

Conclusiones: El tiempo morfocinético de los embriones mosaico se superpone con el de los embriones euploides y aneuploides, lo que
puede reflejar su identidad genética y de desarrollo tnica. Aunque esto sugiere que los embriones en mosaico no son simplemente un
subproducto de un diagnéstico erroneo, se necesitan mas estudios para revelar la verdadera identidad de este tipo particular de embrion.
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Supplemental Figure 1 Kinetic embryo development by incubator. The x-axis indicates morphokinetic variables. The
y-axis indicates time expressed in hours postmicroinjection (hpm).
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Supplemental Figure 2 Distribution of morphokinetic timings in potentially transferrable and non-transferrable
mosaics. Boxplot shows median, first and third quartiles, minimum, maximum, and mean values (cross). Tests were
Kruskal-Wallis and Bonferroni post hoc. The same letters for each parameter indicate homogeneous subsets. *P <.05;
*xxP < .001.
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Supplemental Methods
Time-lapse culture

Geri and Embryoscope incubators were programmed to acquire images of each embryo every 5 or 15 minutes through
7 or 11 different focal planes, respectively. Embryos were cultured to the blastocyst stage in Geri dishes (Genea
Biomedx, Australia) or EmbryoSlides (Vitrolife, Sweden). Geri dishes were filled with 80 puL of Gems medium under
a 4-mL overlay of mineral oil. EmbryoSlides were filled with 28 pL of Gems medium under a 1.5-mL overlay of
mineral oil. TLI slides were incubated overnight to enable pre-equilibration to incubator conditions.

Embryo grading

Blastocysts were graded according to the extent of blastocoel expansion, cellularity and organization of the TE, and
size, shape, and compaction degree of the ICM. Blastocysts graded “A” had a prominent ICM with many compacted
cells, accompanied by a smooth and cohesive TE epithelium. Blastocysts graded “B” had fewer TE cells and a
discernible ICM. Blastocysts graded “C” either displayed very few TE cells or had not yet commenced expansion.
Grade “D” was given to either blastocysts showing signs of degeneration or embryos that had not yet commenced
blastulation.

Embryo biopsy

Briefly, all embryos underwent assisted hatching on day 3 using laser technology (Fertilase, Octax). Hatched embryos
were placed in fresh medium and cultured until day 5 or 6 of development. After viewing under an inverted
microscope, blastocysts were held firmly with a holding pipette on the opposite site where TE cells were herniating.
TE cells were carefully drawn into the biopsy pipette by applying gentle suction while applying short laser pulses.
Detachment of TE cells was achieved after 4-5 laser pulses.
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Supplemental Tables

Aneuploidy type n %
Autosomal aneuploidy 674 94.53%
Whole chromosome aneuploidy 578 81.07%
1 chromosome (single) 314 44.04%
2-5 chromosomes (complex) 236 33.10%
>6 chromosomes (chaotic) 28 3.93%
Segmental aneuploidy (=10 MB) 61 8.56%
Whole chromosome + segmental aneuploidy 35 4.91%
Sex chromosome aneuploidy 21 2.95%
‘Whole chromosome aneuploidy 17 2.38%
X0 9 1.26%
XXX 2 0.28%
XXY 6 0.84%
Segmental aneuploidy (=10 MB) 4 0.56%
Autosomal + sex chromosome aneuploidy 18 2.52%
Total 713 100%

Supplemental Table 1. Classification of aneuploid embryos per type of abnormality.
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Effect Term Estimate SE Statistic P Conf.low Conf.high
Fixed (Intercept) 0.0252 0.2439 -0.3801 0.7038 0.0000 4,42E+11
Fixed 2 10.580 0.3740 0.1596 0.8732 0.5292 2,12E+05
Fixed 3 0.8086 0.2430 -0.7068 0.4797 0.4486 1,46E+05
Fixed t5 10.478 0.1930 0.2536 0.7998 0.7303 1,50E+05
Fixed t6 10.209 0.2494 0.0846 0.9326 0.6325 1,65E+05
Fixed t7 10.517 0.1827 0.2902 0.7716 0.7482 1,48E+05
Fixed t8 10.407 0.1071 0.3879 0.6981 0.8506 1,27E+05
Fixed t9+ 0.9532 0.1234 -0.3704 0.7111 0.7395 1,23E+05
Fixed t™M 0.9897 0.1516 -0.0675 0.9462 0.7330 1,34E+05
Fixed tSC 0.9130 0.1398 -0.5948 0.5520 0.6763 1,23E+05
Fixed tSB 11.824 0.2589 0.7654 0.4440 0.7699 1,82E+05
Fixed tB 09117 0.1837 -0.4588 0.6464 0.6143 1,35E+05

Supplemental Table 2. Logistic mixed model for incubator comparison. Estimate indicates odds ratio effect over the
probability to belong to Embryoscope incubator. Conf.low and conf.high indicate odds ratio 95% confidence interval.
A significant P-value rejected the null hypothesis OR~1. SE, standard error; t2-t9+, timing of division to 2-9+ cells;
tM, timing of morula; tSC, timing of start of compaction; tSB, timing of start of blastulation; tB, timing of blastocyst
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pKS pLev  pKW pANV
tPB2 1.2¢-5  0.949  0.465 -
tPNa 3.3e-23  0.190  0.042 -
tPNf 8.7e-15  0.113  0.268 -
2 4.43e-19  0.084 0.467 -
3 4.05e-7 _ 0.507 _ 0.331 -
t4 5.7e-21 _ 0.044  0.121 -
t5 5.0e-6 0428 0.598 -
t6 1.03e-16 _ 0.110  0.478 -
t7 9.87e-28  0.062  0.345 -
t8 3.82e-49 0495 0.108 -
t9 8,00E-06 _ 0.116 _ 0.920 -
tSC* 0.200 0.010__0.016 -

tM? 0.200 0.067 - 0.060
tDC 5.63e-30  0.668  0.579 -
tSB*** 0.007 0.014 2.89e-7 -
tB*** 1.33e-9  0.018 5.77e-8 -
ECCI1=t2-tPNF__ 4.1e-186 0.217 _ 0.670 -
ECC2=t4-t2 9.49¢-90 0479  0.137 -
ECC3=t5-t3 2.07e-92  0.023  0.743 -
s2=t4—t3 1.87e-291 0.116_ 0.107 -
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Supplemental Table 3. Distribution and statistical analysis of morphokinetic timing. Comparison of euploid, low-
degree mosaic, high-degree mosaic, and aneuploid embryos. *Parametric distribution. *P<0.05; ***P<0.001. pKS, P-
value Kolmogorov-Smirnov test; pLev, P-value Levene’s test; pKW, P-value Kruskal-Wallis test; pANV, P-value
one-way ANOVA test; tPB2, timing of extrusion of the second polar body; tPNa, timing of pronuclear appearance;
tPNf, timing of pronuclear fading; t2—t9, timing of division to 2-9 cells; tSC, timing of start of compaction; tM, timing
of morula; tDC, timing of duration of compaction (tDC=tM-tSC); tSB, timing of start of blastulation; tB, timing of

blastocyst; ECC1-ECC3, duration of first—third embryo cell cycles; s2, synchrony of ECC2.
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Mosaic results after
preimplantation genetic testing
for aneuploidy may be
accompanied by changes in global
gene expression

A. Martin®, A. Mercader®?, F. Dominguez?, A. Quifionero?,
M. Perez?, R. Gonzalez-Martin®, A. Delgado?, A. Mifsud?,
A. Pellicer** and M. J. De Los Santos“*

*IVI-RMA Foundation, Health Research Institute La Fe, Valencia, Spain, ?IVI-RMA Valencia, Valencia, Spain,
*IVI-RMA Rome, Rome, Italy

Aneuploidy in preimplantation embryos is a major cause of human reproductive
failure. Unlike uniformly aneuploid embryos, embryos diagnosed as diploid-
aneuploid mosaics after preimplantation genetic testing for aneuploidy (PGT-A)
can develop into healthy infants. However, the reason why these embryos achieve
full reproductive competence needs further research. Current RNA sequencing
techniques allow for the investigation of the human preimplantation
transcriptome, providing new insights into the molecular mechanisms of
embryo development. In this prospective study, using euploid embryo gene
expression as a control, we compared the transcriptome profiles of inner cell
mass and trophectoderm samples from blastocysts with different levels of
chromosomal mosaicism. A total of 25 samples were analyzed from
14 blastocysts with previous PGT-A diagnosis, including five low-level mosaic
embryos and four high-level mosaic embryos. Global gene expression profiles
visualized in cluster heatmaps were correlated with the original PGT-A diagnosis.
In addition, gene expression distance based on the number of differentially
expressed genes increased with the mosaic level, compared to euploid
controls.  Pathways involving apoptosis, mitosis, protein degradation,
metabolism, and mitochondrial energy production were among the most
deregulated within mosaic embryos. Retrospective analysis of the duration of
blastomere cell cycles in mosaic embryos revealed several mitotic delays
compared to euploid controls, providing additional evidence of the mosaic
status. Overall, these findings suggest that embryos with mosaic results are not
simply a misdiagnosis by-product, but may also have a genuine molecular identity
that is compatible with their reproductive potential.

KEYWORDS

embryonic mosaicism, RNA sequencing, preimplantation genetic testing for aneuploidy,
next-generation sequencing, blastomere cell cycle
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1 Introduction

Preimplantation genetic testing for aneuploidy (PGT-A) enables
the identification of embryos carrying chromosomal alterations after
in vitro fertilization (IVF). Embryos with uniform aneuploidies,
resulting from meiotic errors during gametogenesis, are deselected
for transfer due to the high risk of adverse clinical outcomes
(Capalbo et al, 2022). Intermediate chromosome copy-number
values in trophectoderm (TE) biopsies are often interpreted as
evidence of chromosomal mosaicism (Paulson and Treff, 2020).
Embryos with putative diploid-aneuploid mosaicism, which
originates have the
potential to develop into healthy offspring (McCoy, R. C., 2017;
Ireff and Marin, 2021; Greco et al,, 2023). However, the clinical
management of these embryos remains the subject of an intense
debate.

Retrospective cohort studies involving large data sets of embryo
transfers have suggested that mosaic embryos have a reduced

from mitotic errors after fertilization,

developmental potential compared to their euploid peers, and
that the level and type of mosaicism can determine reproductive
outcomes (Abhari and Kawwass, 2021). However, prospective non-
selection studies have shown that mosaic embryos with less than
50% of aneuploid cells in the TE biopsy have equivalent
developmental potential compared to fully euploid ones (Capalbo
)21; Wang et al., 2021).

This view is supported by several systematic reviews and meta-
analyses that have used the Newcastle-Ottawa scale to assess the
quality of non-randomized studies (Mourad et al., 2021; Ma et al,,
2022). Importantly, these studies agree that transferring a mosaic
embryo entails a low risk of confirming the abnormal karyotype in
the ensuing pregnancy. In fact, reports on this matter are limited
(Kahraman et al., 2(
2023).

In line with the debate, a recent position statement issued by the
PGDIS on the management of embryonic mosaicism indicates that
the decision to transfer a mosaic embryo can be prioritized either
based on the level of mosaicism or the type of mosaicism (Leigh
et al, 2022). Conversely, the ESHRE Working Group on
Chromosomal formulating  specific
recommendations to the transfer of high-level mosaic embryos
due to the absence of robust clinical data (De Rycke et al,, 2022).

Two major hypotheses have been proposed to explain why
mosaic embryo transfers are compatible with positive pregnancy
outcomes and the delivery of healthy offspring.

The first hypothesis considers that mosaicism is overestimated
by false positive diagnoses. This notion is primarily supported by
studies involving embryo disaggregation, which have demonstrated

et al,, 2021; Tiegs et al., 2C

)20; Schlade-Bartusiak et al., 2022; Greco et al.,

Mosaicism  avoids

low concordance rates of the mosaic result among the diagnostic TE
biopsy, the inner cell mass (ICM) and/or the remaining TE cells
(Popovic et al,, 2020; Capalbo et al,, 2021; Marin et al., 2021).
Furthermore, even diagnostic platforms validated for detecting
mosaicism may not fully account for the technical noise
introduced by TE biopsies, potentially  be
misinterpreted as a biological signal, leading to false positive
diagnoses of mosaicism (Treff and Marin, 2021).

The second hypothesis supports the ability of mosaic embryos to
self-correct. Reversion of aneuploidy appears to be a rare
phenomenon in human embryos, given the low frequency of

which  can
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uniparental disomy at the blastocyst stage (Gueye et al, 2014;
Taylor et al, 2014). Rather, a more-supported view of self-
correction may be the negative selection of aneuploid cells during
embryonic development through mechanisms of cell competition,
such as apoptosis or differential cell proliferation (Bolton et al., 2016;
Baker, 2020; Singla et al., 2020; Coticchio et al., 2021).

Against this background, there is an overriding need to study the
biological implications of mosaic findings on the specific functions
of the preimplantation embryo. RNA-sequencing (RNA-seq)
techniques can be used to measure relative changes in gene
expression across multiple experimental conditions (Ura et al.,
2022). Conveniently, the optimization of library preparation
protocols for use with low input samples has paved the way for
the study of the human preimplantation transcriptome (Tang, F.
et al,, 2009; Islam et al., 2011; Ramskold et al., 2012; Picelli et al.,
2014; Hwang et al., 2018).

In view of recent findings suggesting that moderate levels of
mosaicism in the TE biopsy are not detrimental for embryo
development (Capalbo et al., 2022), it is paramount to investigate
whether such mosaic findings are accompanied by changes in global
gene expression, compared to embryos having fully euploid
karyotypes. Here, we wused RNA-seq to compare the
transcriptome profiles of ICM and TE samples from embryos
diagnosed as euploid, low-level mosaic and high-level mosaic
after PGT-A. The of pathways specifically
deregulated in embryos with different of putative
mosaicism may shed new light on the mechanisms leading to
their reproductive competence.

identification
levels

2 Material and methods
2.1 Ethical approval

The study was approved by the National Commission of Human
Reproduction (CNRHA), the general direction of research,
innovation, technology, and quality and by our institutional
review board, the ethics committee of Clinical Research IVI-
RMA Valencia (#1710-VLC-102-MD), which complies with
Spanish law on assisted reproductive technologies (14/2006) and
biomedical research (14/2007).

2.2 Study design and population

This prospective cohort study was conducted on a total of
14 blastocysts donated to research by 12 couples who underwent
IVF treatment with intracytoplasmic sperm injection (ICSI) and
PGT-A at IVI-RMA (Valencia, Spain). The study cohort included
blastocysts classified as euploid (n = 5), low-level euploid-aneuploid
mosaic (n = 5) and high-level euploid-aneuploid mosaic (n = 4) after
PGT-A. All participants provided written informed consent.

The mean age of patients providing oocytes and sperm was
35.8 £ 5.3 and 36.5 * 6.2 years, respectively. Indications for PGT-A
included advanced female age (=35years) (41.7% = 5/12),
implantation failure (25% = 3/12), male factor (8.3% = 1/12),
previous chromosomopathy (8.3% = 1/12) and multiple
indications (16.7% = 2/12).
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2.3 Ovarian stimulation and in vitro
fertilization

Controlled ovarian stimulation was performed using GnRH
antagonist protocol, as described elsewhere (Labarta et al., 2018).
Recombinant hCG (rhCG) (Ovitrelle, Merck Serono, Germany) or
GnRH agonist (Decapeptyl, Ipsen Pharma, France) was
administered to trigger ovulation, and transvaginal oocyte
retrieval was performed 36 h after thCG or GnRH agonist
administration. Oocyte retrieval, denudation, and ICSI were
performed according to standard clinical practice at Instituto
Valenciano de Infertilidad (Alegre et al, 2019). Embryos were
incubated in Gems culture medium (Genea Biomedx, Australia)
under mineral oil at 37°C, 6% CO,, and 5% O, (balanced with N,) up
to the blastocyst stage.

2.4 Preimplantation genetic testing for
aneuploidy

All embryos underwent assisted hatching on day 3 using laser
technology (Fertilase”, Octax, Sweden). On days 5 or 6, embryo
quality was assessed according to guidelines from the Spanish
Association for the Study of Biology of Reproduction, with slight
modifications (Ardoy et al., 2008). Embryos that developed beyond a
full blastocyst (graded A, B, or C) were considered for biopsy, which
was performed by the pulling method (Aoyama and Kato, 2020).
After biopsy, blastocysts were vitrified by the Kitazato method
(Kuwayama, 2007; Cobo et al., 2009).

PGT-A was performed by next-generation sequencing (NGS)
(Igenomix, Spain). Library construction, DNA sequencing and
bioinformatic analysis were performed using the Ion ReproSeq
PGS kit, Ton Chef Instrument, Ton S5 System and Ion Reporter
software (Thermo Fisher Scientific, United States). An internal
algorithm validated by Igenomix was used for mosaicism calling
(Garcia-Pascual et al, 2020). TE biopsies were classified as i)
Euploid:  <30% of aneuploid cells; ii) Low-level
1-2 chromosomes aneuploid in 30%-<50% cells; and iii) High-
level mosaic: 1-2 chromosomes aneuploid in 50%-<70% cells.

mosaic:

Segmental and/or sex chromosomal mosaicism were not detected.

2.5 Collection of inner cell mass and
trophectoderm samples

Blastocyst warming was performed by the Kitazato method
(Kuwayama, 2007; Cobo et al, 2009). Following re-expansion,
blastocysts were placed under an inverted microscope and held
firmly with a holding pipette (SHP-120B-35 Sunlight Medical,
United States). The ICM was identified as a group of cohesive,
oval-shaped cells located inside the embryo. An ICM biopsy was
performed by the pulling method, whereby cells were carefully
drawn into a biopsy pipette (SBB-30Z-30 Sunlight Medical,
United States) by applying gentle suction and 4-5 laser pulses of
3.1 milliseconds (Aoyama and Kato, 2020). The ICM biopsy and the
remaining TE were separately collected from 14 blastocysts into
RNAse-free PCR tubes containing 2 uL of 10X reaction buffer
(SMART-Seq v4 Ultra-Low Input RNA kit for Sequencing,
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Takara Bio, United States), which were immediately stored at
-80°C until processing (Figure 1A). Table 1 summarizes the main
characteristics of the embryos included in the study.

2.6 Library preparation and RNA sequencing

Total RNA was extracted from 28 samples using a SMART-Seq
V4 Ultra-Low Input RNA Sequencing kit (Takara Bio,
United States) that uses oligo (dT) priming. ¢cDNA was
synthesized with 3'SMART-Seq CDS primer 1I (Takara Bio,
United States) and PCR-amplified (17 cycles) from 10 pg of RNA
following manufacturer’s instructions. Amplified cDNA was
purified using AMPure XP magnetic beads (Illumina,
United States). After confirming cDNA integrity on
2,100 Bioanalyzer (Agilent Technologies, United States), 1 ng of
cDNA per sample were fragmented, and libraries were constructed
using NexteraXT DNA sample preparation (Illumina, United States)

a

according to manufacturer’s instructions. Samples were quantified
using Qubit dsDNA Quantitation Assay (Thermo Fisher Scientific,
United States), and three samples were excluded due to poor cDNA
quality. An RNA pool was generated with 25 samples using equal
concentration (5nM) of RNA per sample. Barcodes and adapters
were included in the library to sequence and identify all samples.
Sequencing was performed in duplicate in a single run using an
Tllumina NovaSeq 6000 S1 platform (Illumina, United States) with a
200-nucleotide read length in a paired-end design (100-bp
fragments). FastQC was used for checking the quality of the raw
sequence data. Fragments that did not meet quality requirements
were trimmed using Trimmomatic (Bolger et al., 2014). Alignment
and quantification were performed using the Salmon algorithm
(reference genome GRCh38) (Patro et al, 2017). An average of
54, 238, 594 reads were sequenced per sample, and 83.8% were
successfully mapped (Figure 1B). Raw counts were directly used for
differential gene expression analysis.

2.7 Bioinformatic analysis

Correlation studies, principal component analysis (PCA) and
differential gene expression analysis were performed with the
DESeq2 package (Love et al, 2014). Venn diagrams were
generated with the software EVenn (Chen et al, 2021). Volcano
plots were generated with the software VolcaNoseR (Goedhart and
Luijsterburg, 2020). The fgsea algorithm was used for functional
enrichment analysis on Kyoto Encyclopedia of Genes and Genomes
(KEGG) pathways and Gene Ontology (GO) terms; i.e., Biological
Process (GO-BP), Molecular Function (GO-MF) and Cellular
Component (GO-CC) (Korotkevich et al, 2019). Enrichment
scores (ES) were calculated as the degree to which each gene set
was overrepresented at the top or bottom of the ranked list of genes
in the expression dataset. Normalized enrichment scores (NES) were
obtained after normalization across the analyzed gene sets. Gene set
enrichment results were analyzed using the tool EnrichmentMap in
Cytoscape (Shannon et al., 2003).

Six different comparisons were analyzed: (C-1) TE of euploid
blastocysts (1 = 4) vs. TE of low-level mosaic blastocysts (1 = 5); (C-
2) TE of euploid blastocysts (n = 4) vs. TE of high-level mosaic
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RNA-sequencing. (A) Study design. A single trophectoderm (TE) biopsy was analysed by next-generation sequencing (NGS). Blastocysts were
classified as i) euploid (EU): <30% aneuploid cells, ii) low-level mosaic (LM): 30%-<50% aneuploid cells, and iii) high-level mosaic (HM): 50%-<70%

aneuploid cells. The remaining TE (grey cells) and the inner cell mass (ICM)

(black celis) were separately collected from each blastocyst and analysed by

RNA sequencing (RNA-seq). (B) Transcriptome sequencing reads of TE and ICM samples. Trimmed reads were obtained through the elimination of
adapter sequences and the removal of poor-quality bases from input reads. Mapped reads were aligned to the reference genome.

TABLE 1 Study

Embryo number
EUL (08)
EU2 (11)
EU3 (13)
EU4 (20)
EUS (22)
LM (04)
LM2 (16)
LM3 (19)
LM4 (24)
LMS (26)
HML (03)
HM2 (06)
HM3 (14)

HM4 (18)
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and embryo

PGT-A was

Grade®

NGS (% of aneuploi

Y next i ing (mosaic range defined between 30%-70% aneuploid
cells). * Days post-fertilization. ® Embryo quality assessed according to guidelines from the Spanish Association for the Study of Biology of Reproduction (ASEBIR).

(<30%)

(<30%)
(<30%)
(<30%)
(<30%)
+6 (30%-50%), =7 (30%-50%)
~22 (30%-50%)
+4 (30%-50%)
+8 (30%-50%), ~22 (30%-50%)
+12 (30%-50%), +20 (30%-50%)
+4 (50%-70%)
+8 (50%-70%)
+19 (50%-70%)

~20 (50%-70%)

04

52

PGT- EeSH
Euploid
Euploid
Euploid
Euploid
Euploid

Low-level mosaic

Low-level mosaic

Low-level mosaic

Low-level mosaic

Low-level mosaic

High-level mosaic

High-level mosaic

High-level mosaic

High-level mosaic
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blastocysts (1 = 4); (C-3) TE of low-level mosaic blastocysts (1 = 5)
vs. TE of high-level mosaic blastocysts (1 = 4); (C-4) ICM of euploid
blastocysts (n = 5) vs. ICM of low-level mosaic blastocysts (n = 3);
(C-5) ICM of euploid blastocysts (n = 5) vs. ICM of high-level
mosaic blastocysts (n = 4); and (C-6) ICM of low-level mosaic
blastocysts (1 = 3) vs. ICM of high-level mosaic blastocysts (n = 4).

2.8 Validation of RNA-seq by
quantitative PCR

To corroborate gene expression data from RNA-seq, cDNA
samples from each comparison group were analyzed by quantitative
real-time PCR (qRT-PCR) on a StepOnePlus system (Applied
Biosystems, United States) using Power-Up SYBR green (Thermo
Fisher Scientific, United States). Duplicate cDNA amplifications
were performed on the same cDNA samples used in RNA-seq
(primer descriptions provided in Supplementary Table S1).

Six genes were randomly selected amongst the top differentially-
expressed genes, based on their fold change, statistical significance
and inclusion within significantly-enriched functions in the context
of embryo development:

i) Rho GTPase Activating Protein 36 (ARHGAP36): FC = 8.1;
padj = 1.5E-04 (C-1).

ii) Neural EGFL Like 1 (NELLI): FC = -7.9; padj = 1.8E-03 (C-1)
and FC = -8.6; padj = 1.2E-06 (C-2).

iii) Neurotrophic Receptor Tyrosine Kinase 3 (NTRK3): FC = 5.5;
padj = 2.9E-04 (C-4).

iv) Cadherin 5 (CDH5): FC = 8.2; padj = 6.6E-03 (C-5) and FC =
8.3; padj = 8.5E-03 (C-6).

v) Vimentin (VIM): FC = -8.8; padj = 2.1E-04 (C-5).

vi) Laminin Subunit Gamma 3 (LAMC3): FC = —4.5; padj = 1.2E-05
(C-6).

Selected genes are highlighted in Supplementary Figure SI.
These genes were found in several GO annotation classes in
order to avoid bias towards a particular function, and were
related to embryonic cell growth, differentiation and survival
(ARHGAP36; NELLI; NTRK3; VIM), as well as to cell migration,
adhesion and organization of cells into tissues during embryogenesis
(CDH5; LAMC3).

Gene expression levels were normalized to the housekeeping
gene glyceraldehyde-3-phosphate dehydrogenase (GAPDH) and
quantified by the AACT method. Fold change was calculated as
the normalized gene expression (2A (~ACT)) in each sample divided
by the normalized gene expression (2A (-~ACT)) in a random
reference sample.

2.9 Analysis of blastomere cell cycles by time
lapse imaging

The development of low-level mosaic embryos (1 = 4) and high-
level mosaic embryos (1 = 4) was retrospectively analyzed from the
1- to 8- cell stage by means of time lapse imaging (TLI). The timings
of 8 direct morphokinetic variables (expressed in hours after ICSI)
were annotated: extrusion of the second polar body (tPB2); division
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t02,3,4,5,6,7,and 8 cells (t2, t3, t4, t5, t6, t7, and t8). Duration of
blastomere cell cycles were calculated as indirect morphokinetic
variables (expressed in hours) as described by (Grau et al., 2015):
duration of the first blastomere cell cycle (ccl = t2-tPB2); duration of
the second cell cycle of the first blastomere to cleave from the 2- to
the 3-cell stages (cc2a = t3-t2); duration of the second cell cycle of
the second blastomere to cleave from the 2- to the 4-cell stages
(cc2b = t4-t2); mean cc2 (cc2m) as the mean of cc2a and cc2b;
duration of the third cell cycle of the first (cc3a), second (cc3b), third
(cc3c), and fourth (cc3d) blastomeres to cleave to the 5-, 6-, 7-, and
8-cell stages, respectively. Importantly, tracking blastomere origin
was necessary to determine cc3a, cc3b, cc3c, and cc3d. Mean cc3
(cc3m) was calculated as the mean of cc3a, cc3b, cc3c, and cc3d.
Since TLI videos were not available for the same euploid embryos
used in the RNA-seq study, morphokinetic timings of putative
mosaic embryos were compared to those from a random subset
of 25 embryos of similar morphological quality which had been
diagnosed as euploid with the same NGS protocol and analyzed in a
previous study (Martin et al., 2021).

2.10 Statistical analysis

Differential gene expression analysis was performed using the
parametric Wald test with Benjamini-Hochberg adjustment
(padj). Genes with padj <0.05 and a log2FoldChange (FC)
of +2 were considered significantly differentially expressed
(DEGs). GO terms and KEGG pathways with padj<0.05 were
considered significantly deregulated. Validation analyses were
performed by using a two-tailed t-test for independent samples,
where p < 0.05 was considered statistically significant. Data
analysis and figure preparation were performed in R and
GraphPad Prism 9 (GraphPad Software, United States).
Morphokinetic timings were compared by one-way ANOVA
and Bonferroni post hoc, and variables were expressed as
mean + standard deviation.

3 Results

3.1 Comparison of global gene expression
profiles

We first analyzed the differences in global gene expression
across the six comparisons using PCA and cluster heatmaps. In
the PCA, we observed that the dominant expression patterns
captured by the first two principal components were not related
to the original PGT-A result. Samples were only minimally
separated by the PGT-A diagnosis when comparing euploid
embryos to high-level mosaic embryos, both in TE comparisons
and in ICM comparisons (Supplementary Figure S2). In contrast, in
the cluster heatmaps, samples were grouped according to the PGT-A
diagnosis in all comparisons, and expression vectors for samples
within the same cluster were much more similar than those for
samples from different clusters (Supplementary Figure S3). Only
one TE sample collected from a low-level mosaic embryo was
clustered in a different group (Supplementary Figure S3A).
Notably, the TE samples of low-level mosaic embryos and high-
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Analysis of differentially expressed genes. (A—B) Number of differentially expressed genes (DEGs). DEGs are upregulated (blue) or downregulated
(red) in the first comparison factor. (C~D) Biotype of DEGs. (E~F) Venn diagram of overlap between DEGs.

level mosaic embryos showed the greatest degree of similarity
(Supplementary Figure S3C).

3.2 Analysis of differentially expressed genes

Next, we identified the statistically significant DEGs across the
six comparisons. We observed that the number of DEGs increased in
both the TE (Figure 2A) and the ICM (Figure 2B) when comparing
euploid embryos to low-level mosaic embryos (33 DEGs in the TE
and 36 DEGs in the ICM) and high-level mosaic embryos (55 DEGs
in the TE and 57 DEGs in the ICM). However, no statistically
significant DEGs were found between the TE of low-level mosaic
embryos and high-level mosaic embryos, indicating that the
differences observed between both groups were not statistically
significant. In contrast, 40 DEGs were found between the ICM
samples of low-level and high-level mosaic embryos. A volcano plot
was used to represent the differential expression of genes between
groups (Supplementary Figure S1).

Most of the DEGs found were protein coding, accounting for
76 out of 88 (86.4%) DEGs in TE comparisons (Figure 2C) and
114 out of 133 (85.7%) DEGs in ICM comparisons (Figure 2D),
while the rest were categorized as pseudogenes. The full list of DEGs
is provided in Supplementary Table S2.

Next, we used the Venn diagram to identify overlapping and
unique statistically significant DEGs. A total of 17 DEGs were found
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commonly significantly deregulated (upregulated or downregulated)
when comparing euploid embryos to both low-level mosaic embryos
and high-level mosaic embryos, respectively (Supplementary Table
$3). 10 out of the 17 DEGs were deregulated in the TE (Figure 2F),
and 7 DEGs were deregulated in the ICM (Figure 2F).

In addition, 10 DEGs were found commonly significantly
deregulated in the ICM of high-level mosaic embryos, compared
to the ICM of both euploid and low-level mosaic embryos
(Supplementary Table S4). Finally, a total of 40 DEGs were
found exclusively significantly deregulated in the ICM of high-
embryos euploid  embryos
(Supplementary Table S5).

level  mosaic compared  to

3.3 Functional enrichment analysis

3.3.1 Trophectoderm cells

Since the TE cells of low-level mosaic embryos and high-level
mosaic embryos had similar gene expression profiles (0 DEGs), we
expected to find commonly deregulated pathways compared to
euploid embryos. Indeed, gene set enrichment analysis revealed
124 terms that were commonly significantly deregulated in the TE of
both low-level mosaic embryos and high-level mosaic embryos,
compared to euploid controls. 85 out of the 124 (68.6%)
deregulated terms were GO-Biological Process (GO-BP), 27
(21.8%) were GO-Cellular Component (GO-CC), 7 (5.6%) were
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Gene set enrichment analysis of trophectoderm samples. Enrichment map of gene sets significantly downregulated in the trophectoderm (TE) of
low-level mosaic embryos (LM) (green panels) and high-level mosaic embryos (HM) (yellow panels) compared to the TE of euploid (EU) embryos. Nodes
represent gene ontology biological processes. Node color intensity correlates with the FDR g-value, the more intense the greater statistical significance
of the difference of expression. Node size represents the number of genes in the gene set. Edges represent overlap between gene sets, and edge
width represents the number of genes that overlap.
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Analysis of the duration of blastomere cell cycles. Blastomere cleavage was tracked in euploid embryos (EU) (n = 25), low-level mosaic embryos (LM)

(n=

4) and high-level mosaic embryos (HM) (n = 4). Box plot shows median, first and third quartiles, minimum, maximum and mean values. The same

letters for each parameter indicate homogeneous subsets. *p < 0.05; **p < 0.01.

GO-Molecular Function (GO-MF), and 5 (4%) were KEGG
pathways. These included chromosome segregation, ERAD
pathway, regulation of apoptotic signaling pathway, and steroid
biosynthesis (Supplementary Table $6).

Indeed, the enrichment map of terms significantly deregulated
in the TE samples of mosaic embryos revealed a global disruption of
pathways involved in the regulation of apoptosis, mitosis, telomere
maintenance, biosynthesis of lipids and degradation of proteins,
when compared to euploid controls (Figure 3). Other disrupted
pathways included those involved in WNT intercellular signaling
and in the generation of precursor metabolites and energy through
the TCA cycle.

3.3.2 Inner cell mass cells

Unlike the response observed in TE cells, we found only
12 common terms, mainly involved in mitochondrial function,
to be significantly deregulated in the ICM of low-level and high-
level embryos, compared to euploid controls. The extent of
disruption of mitochondrial pathways, as measured by the
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number and statistical significance of downregulated terms,
was greater in high-level mosaic embryos than in low-level
mosaic embryos when compared to euploid controls
(Figure 4A).

In fact, gene set enrichment analysis revealed key significant
transcriptome differences (134 terms) between the ICM of low-level
and high-level mosaic embryos (Supplementary Table S7). Out of
the 134 terms, 130 (97%) were upregulated in low-level mosaic
embryos and were related to energy production, cellular respiration,
embryonic development, cell migration and adhesion, metabolism
of organic compounds, regulation of apoptosis, and inflammatory

response (Figure 4B).

3.4 Validation of RNA-seq results by
quantitative PCR

qRT-PCR was performed on a selection of DEGs (ARHGAP36,
NELL1, NTRK3, VIM, CDH5, and LAMCS3) to validate the findings
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of the RNA-seq experiment (Supplementary Figure S4). The
results of the qRT-PCR analysis were consistent with those of
RNA-seq, demonstrating significant differences in the expression
of two of the six genes evaluated (ARHGAP36 and NELLI), and
similar trends in the remaining four genes (NTRK3, VIM, CDH5,
and LAMC3). The lack of statistical significance in these genes may
be due to natural variations in gene expression between individual
samples.

3.5 Analysis of blastomere cell cycles by time
lapse imaging

The duration of ccl and cc3m was significantly longer in both
low-level mosaic embryos (1 = 4) (ccl = 25.23 + 5.49 h, p = 0.004;
cc3m = 18.02 £ 2.19 h, p = 0.02) and high-level mosaic embryos (n =
4) (ccl =24.07 £ 4.97 h, p = 0.027; cc3m = 17.72 £ 6.13 h, p = 0.03),
compared to euploid embryos (1 = 25) (ccl =19.89 + 1.68 h; cc3m =
13.68 + 2.05h). No significant morphokinetic differences were
found between low-level mosaic embryos and high-level mosaic
embryos (Figure 5).

4 Discussion

Most RNA-seq studies of the human preimplantation
transcriptome have focused on investigating the transcriptional
networks that govern the delineation of early cell lineages (Xue
etal., 2013; Yan et al., 2013; Blakeley et al., 2015; Petropoulos et al.,
2016; Boroviak et al., 2018; Stirparo et al., 2018; Meistermann et al.,
2021). Other studies have attempted to identify molecular markers
of embryonic competence by correlating transcriptome profiles
with clinical variables related to human embryonic development,
such as ploidy status or live birth potential (Kirkegaard et al., 2015;
Licciardi et al., 2018; Groff et al., 2019; Ntostis et al., 2019; Sanchez-
Ribas et al., 2019; Starostik et al., 2020). Furthermore, some groups
have developed protocols for digital karyotyping based on gene
expression data (Macaulay et al., 2015; Weissbein et al., 2016; Fan

etal, 2018), some of which have been optimized for the detection
of mosaic abnormalities (Griffiths et al., 2017; Starostik et al.,
2020). These approaches are fundamental to understanding the
molecular mechanisms of embryonic development and
implantation capacity.

Transcriptome analysis of human preimplantation embryos has
revealed a link between aneuploidy and different manifestations of
cellular stress. Stress responses involving the deregulation of
pathways related to cell proliferation, DNA damage, apoptosis,
protein degradation, and mitochondrial energy metabolism have
been reported in different types of samples, including whole
embryos, TE biopsies, and even single cells (Regin et al,, 2022).
These findings underscore the complex interplay between
aneuploidy and cellular stress, and suggest that the molecular
underlying this relationship are
However, while the stress caused by the presence of aneuploid
cells may compromise early development, it does not necessarily
induce embryonic arrest, as both meiotic and mitotic errors can
persist to the blastocyst stage (McCoy et al., 2015).

mechanisms multifaceted.
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To the best of our knowledge, only one previous study has
assessed the transcriptome profile of blastocysts diagnosed as mosaic
after NGS-based PGT-A (Maxwell et al, 2022). In such study, global
gene expression was progressively disrupted from euploid embryos
(used as a control for comparisons) to mosaic embryos (with
chromosomal copy numbers ranging from 20% to 80% in the TE
biopsy) and aneuploid embryos (which shared the same aneuploid
chromosomes as mosaic embryos).

Our aim was to investigate the impact of different levels of
putative mosaicism on the gene expression profile of human
blastocysts. In contrast to the previous study, all embryos were
subjected to the same NGS protocol and were separated into ICM
and TE fractions before RNA-seq analysis. We believe this approach
to be more informative considering the critically different roles
played by the ICM and the TE in promoting embryogenesis and the
of implantation, respectively.
Additionally, in line with recent observations regarding the
reproductive capabilities of mosaic embryos (Capalbo et al,
2022), we used a threshold of 50% to differentiate between low-
level and high-level mosaic embryo populations.

One important difference between our study and the previous
work (Maxwell et al., 2022) is that we were unable to obtain low-level
and high-level mosaic embryos with the same aneuploidies. This can
be attributed to the low incidence of mosaicism at the blastocyst
stage and the uncertainty surrounding the management of mosaic

initiation and maintenance

embryos, which led us to contact only those patients with
supernumerary embryos and favorable clinical outcomes to
participate in our research. Although three out of the four
aneuploidies of high-level mosaic embryos were also present in
low-level mosaic embryos, our data may be biased by chromosome-
specific gene expression. To minimize this confounding effect, we
performed gene set enrichment maps and identified global
transcriptome responses to multiple aneuploidies, rather than
analyzing the effects of each aneuploidy separately.

In our cohort, we found no significant association between PCAs
and PGT-A categories. However, cluster heatmaps revealed a clear
separation of samples according to the original diagnosis in all
comparisons. The day of embryo biopsy, as well as the
morphological grade of embryos, were similarly distributed across
the experimental groups. This suggests that, despite the potential
effect of natural variations in gene expression of individual samples
or factors with undefined roles in embryo development, the original
mosaic diagnoses were predictive of the remaining embryonic
fractions.

These findings are supported by the identification of
morphokinetic delays in several cell cycle timings within the
same mosaic embryos analyzed by RNA-seq. It has been
demonstrated that mitotic errors during early cell divisions
can result in slower cleavage and longer cell cycles (Chavez
2012), potentially due the spindle assembly
checkpoint stalling mitosis caused by incorrect chromatid
alignments (Regin et al., 2022). Interestingly, the duration of
cell cycles in embryos with both low-level and high-level mosaic
results have been studied in detail, and timings have been found
to overlap with those of euploid and aneuploid embryos (Martin
et al, 2021). However, a more effective strategy for identifying
cell cycle delays by TLI and providing clues about the presence of
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mosaicism is to track blastomere divisions individually (Grau
et al.,, 2015).

Compared to euploid embryos, which were used as control, the
gene expression distance based on the number of DEGs increased
with level of mosaicism. This increase was statistically significant
only in ICM samples, whereas the TE samples from low-level and
high-level mosaic embryos displayed virtually equivalent gene
expression profiles. Several genes related to embryo development
were commonly found to be significantly deregulated in mosaic
embryos, compared to euploid controls. These included ICM-
related genes, such as TRIM36 (which has been linked to
chromosomal instability when overexpressed) (Miyajima et al,
2009) and SPATA20 (which is impaired in infertile patients)
(Omolaoye et al, 2022); as well as TE-related genes such as
NELLI (which plays a role in protein modification and cellular
metabolism in human preimplantation embryos) (Sun et al., 2022).

Accordingly, gene set enrichment analysis revealed a common
set of pathways that were significantly deregulated in mosaic
embryos compared to euploid controls. These pathways included
those deregulated in TE cells such as apoptosis, cell proliferation,
metabolism and protein degradation, as well as pathways
deregulated in ICM cells, which were primarily related to
mitochondrial function. These pathways were similar to those
found in the previous study (Maxwell et al, 2022). Additionally,
our findings align with previous observations demonstrating that,
although the impact of mosaicism on gene expression is largely
dependent on the affected chromosomes (Licciardi et al, 2018;
Ntostis 2019; Sanchez-Ribas al, 2019),
reproducible effects may exist regardless of the
chromosomal aberration (Sheltzer, 2013; Zhu et al., 2018).

The deregulation of pathways involved in apoptosis and cell
proliferation study  supports  previous
immunofluorescence studies performed in the mouse, which indicate
that mosaic embryos undergo apoptosis and anti-proliferative
mechanisms during the blastocyst stage (Bolton et al,, 2016; Singla
etal, 2020). Interestingly, in human embryos, these mechanisms appear
to occur more frequently in the TE than in the ICM, as opposed to
mouse embryos (Victor et al, 2019), which is also consistent with our
findings. It is indeed possible that the incidence of apoptosis in human
TE cells has been underestimated by the use of a single pluripotency

et al, et some

specific

observed in  our

marker (Victor et al,, 2019), since such cells can retain the expression of
pluripotency genes even after blastocyst expansion (Gerri et al,, 2020).
Furthermore, the deregulation of p53 may serve as a specific indicator of
chromosome segregation errors in apoptotic pathways (Tang, Y. et al,
2011).

Moreover, the perturbation of metabolic processes observed in the
TE of mosaic embryos may be attributed to the altered stoichiometry
of enzymes and their regulators caused by aneuploidy (Zhu et al,
2018; Chunduri and Storchovd, 2019; Groff et al, 2019). The
disruption of pathways involved in protein degradation by the
ubiquitin-proteasome system in the TE of mosaic blastocysts
suggests proteotoxic stress resulting from the accumulation of
unfolded proteins, which is a well-known consequence of
transcriptome deregulation (Walter and Ron, 2011). Additionally,
deregulation of telomere elongation pathways in the TE might reflect
potential differences in telomere maintenance dynamics across cell
lineages, as reported in other studies (Igbal et al,, 2011; Varela et al,
2011; Kalmbach et al,, 2014).
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At the ICM level, pathways related to mitochondria were found to
be commonly deregulated in both low-level and high-level mosaic
embryos, when compared to euploid controls. The presence of
aneuploid cells in the embryo could lead to mitochondrial
dysfunction through various mechanisms. For instance, trisomy
21 can alter the expression of genes involved in mitochondrial
biogenesis and function, which in turn can result in mitochondrial
defects (Izzo et al, 2018). Additionally, chromosomal alterations can
lead to the accumulation of reactive oxygen species, which can disrupt
mitochondrial membrane potential, reduce ATP production, and
impair the electron transport chain, ultimately leading to cellular
stress (Zhu et al,, 2018).

Unlike what was observed in TE cells, the gene expression
profiles of low-level mosaic embryos and high-level mosaic
embryos differed significantly at the ICM level. This difference in
gene expression involved the significant upregulation of the genes
ALDH2, GPX2, and CDH5 in low-level mosaic embryos. These
genes are key for embryo implantation and pregnancy (Zhou et al.,
1997; Roland-Zejly et al., 2011; Sata et al.,, 2012; Kinnear et al., 2019).
Indeed, they belong to the “embryo implantation universe”
proposed by (Sanchez-Ribas et al, 2019). Intriguingly, these
genes were also significantly upregulated in euploid embryos
compared to high-level mosaic embryos, but their expression
levels were comparable between euploid embryos and low-level
mosaic embryos. A similar expression pattern was observed in
the hypoblast marker SOX1I7, supporting the notion that
aneuploidy can alter cell fate decisions during early embryonic
development and lead to defects in cell-lineage formation
(Shahbazi et al., 2020).

Consistently, pathways involving the formation of the primary
germ layer, endoderm development, energy production, metabolism
of organic compounds, and regulation of apoptosis were
significantly upregulated in the ICM of low-level mosaic embryos
compared to high-level mosaic embryos.

Taken together, these findings challenge the notion that
embryos with mosaic results are simply a by-product of
misdiagnosis due to false positive mosaic calls. While this might
be the most common scenario, the reproductive potential of these
embryos may also be explained by the complex interplay of
molecular mechanisms which become deregulated in the presence
of aneuploid cells. Our findings also suggest that within mosaic
embryos, those with low-level mosaicism may exhibit transcriptome
profiles more closely resembling those of euploid embryos, while
high-level mosaic embryos represent a distinct biological category
characterized by molecular features indicative of a greater extent and
burden of the cellular stress arising from aneuploidy. These findings
align well with current perspectives on the reproductive potential of
mosaic embryos, and contribute to the growing body of evidence
suggesting that low and high levels of mosaicism after PGT-A
deserve distinct clinical management.

Some limitations of our study should be acknowledged. First,
given the difficulty of obtaining embryos with the highest
morphological quality for research purposes, our analysis was
restricted to embryos graded B or C. In addition, global gene
expression may exhibit high heterogeneity even among high-
quality embryos at the same developmental stage (Shaw et al.,
2013; Ntostis et al,, 2019). This means that our results may not
be generalizable to other embryo populations, especially those with
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higher morphological scores. Furthermore, beyond the potential
effect of chromosome-specific gene expression, the impact of mosaic
aneuploidies on global transcriptome profiles may be confounded by
specific adaptive
extraordinary plasticity of early human development (Coticchio
al, 2021). Finally, while transcriptomics can serve as a
sensitive indicator of cellular stress, it provides little to no
information on protein activity. Therefore, our results should be
interpreted with caution, and further studies focusing on protein are
necessary to confirm these findings.

In conclusion, our study demonstrates that mosaic results
following PGT-A may be accompanied by significant alterations
in gene expression across blastocyst compartments as well as by
significant delays in cell cycle timings during the first mitotic
divisions. The level of mosaicism was associated with the extent
of transcriptome deregulation, and pathways involving apoptosis,
mitosis, protein degradation, metabolism, and mitochondrial energy
production were among the most deregulated within mosaic

mechanisms, particularly considering the

et

embryos. We believe that these findings contribute towards the
molecular characterization of mosaic embryos and offer new
insights into the factors that determine their developmental
potential.
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Supplementary Figure 1. Volcano plot of significantly differentially expressed genes (DEGs). (A-C)

Trophectoderm comparisons (TE). (D-F) Inner cell mass comparisons (ICM). The number of DEGs are indicated for
each comparison. Red: DEGs downregulated in the first comparison factor. Blue: DEGs upregulated in the first
comparison factor. DEGs selected for validation by quantitative PCR are highlighted. EU: euploid. LM: low-level

mosaic. HM: high-level mosaic.
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Supplementary Figure 2. Principal Component Analysis. (A-C) Trophectoderm comparisons (TE). (D-F) Inner
cell mass comparisons (ICM). EU: euploid. LM: low-level mosaic. HM: high-level mosaic.
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Supplementary Figure 3. Heatmap and hierarchical clustering. (A-C) Trophectoderm comparisons (TE). (D-F)
Inner cell mass comparisons (ICM). Normalized counts were obtained by dividing the raw counts of each gene by the
size factor, which was calculated by the median ratio method. Yellow lines represent higher abundance, and blue lines
represent lower abundance compared with the other condition. EU: euploid. LM: low-level mosaic. HM: high-level
mosaic.
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Supplementary Figure 4: Validation of RNA-seq by quantitative PCR. The expression levels of the selected genes
ARHGAP36, NELL1, NTRK3, CDHS, VIM and LAMC3 were validated by quantitative PCR, quantified by the
AACT method and expressed as fold regulation. Statistical analysis was performed by using a t-test for independent
samples (two-tailed). *p<0.05; **p<0.01; ***p<0.001 were considered statistically significant. ICM: inner cell mass;

TE: trophectoderm; EU: euploid; LM: low-level mosaic; HM: high-level mosaic.
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1.2 Supplementary Tables

Supplementary Table 1. List of primer sequences used for the validation of the RNA-seq results by quantitative

PCR. FW, forward primer; RV, reverse primer.

Name Primer sequence ( 5'->3")
NTRK3 FW GTGAGTCCCACACCTCCTATC
NTRK3 RV AAGCAGCAAGTCCAACTGCTA
CDHS5 FW CCAGCCCAAAGTGTGTGAGA
CDHS5 RV TGGTATGCTCCCGGTCAAAC
VIM FW GTGGACCAGCTAACCAACGA
VIM RV GCCAGAGACGCATTGTCAAC
LAMC3 FW AGCAATGTCCGTCCTGCTAC
LAMC3 RV CCCCTCCGTCAAAGTCAGTC
ARHGAP36 FW ACTTGGCCTTGGTGTTTGGA
ARHGAP36 RV ATCATGGCACGGACCACATT
NELL1 FW CTTTGGGATGGACCCTGACC
NELL1 RV TCACATGAGGAGCTGCATGG
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Supplementary Table 2. List of all differentially expressed genes found across the six comparisons analyzed.
Genes with a Benjamini-Hochberg adjusted p-value (padj) < 0.05 and a log2foldchange of +2 was considered
significantly differentially expressed. log2FoldChange > 0 indicates significant upregulation in the first comparison
factor. EU: euploid. LM: low-level mosaic. HM: high-level mosaic. TE: trophectoderm. ICM: inner cell mass.

Fraction | Comparison Gene symbol Gene biotype | log2FoldChange padj
TE (C-1) EU-LM ARHGAP36 protein coding 8,06 1,50E-04
TE (C-1) EU-LM KLF4P1 pseudogene 2,27 1,90E-02
TE (C-1) EU-LM PAGES protein coding 5,1 1,90E-02
TE (C-1) EU-LM MTND6P4 pseudogene 4,15 2,60E-02
TE (C-1) EU- LM RPP21 protein coding 3,47 2,70E-02
TE (C-1) EU-LM GUSBP4 pseudogene 2,08 3,00E-02
TE (C-1) EU-LM DGKK protein coding 4,86 3,30E-02
TE (C-1) EU-LM CXorf49 protein coding 4,08 4,10E-02
TE (C-1) EU-LM RBMY1J protein coding -10,55 5,30E-06
TE (C-1) EU-LM RPL7P16 pseudogene -7,11 1,00E-04
TE (C-1) EU-LM RBMYIF protein coding -9,13 1,50E-04
TE (C-1) EU-LM RBMY1B protein coding -9,54 1,50E-04
TE (C-1) EU-LM CNR1 protein coding -3,25 2,20E-04
TE (C-1) EU-LM TXLNGY pseudogene -11,76 3,60E-04
TE (C-1) EU-LM AC004556.3 protein coding -6,12 4,20E-04
TE (C-1) EU-LM LYRM9 protein coding -4,53 5,80E-04
TE (C-1) EU-LM KLHL3 protein coding -5,42 6,30E-04
TE (C-1) EU-LM TSPY10 protein coding -8,86 6,30E-04
TE (C-1) EU-LM NELL1 protein coding -7,86 1,80E-03
TE (C-1) EU-LM LRRCI17 protein coding -6,73 4,80E-03
TE (C-1) EU-LM NLRP13 protein coding -4,58 8,20E-03
TE (C-1) EU- LM TSPY1 protein coding -8,59 8,20E-03
TE (C-1) EU-LM RBMY2FP pseudogene -7,62 1,00E-02
TE (C-1) EU-LM PKDCC protein coding -4,04 1,20E-02
TE (C-1) EU-LM HAL protein coding -7,41 1,70E-02
TE (C-1) EU-LM COL24A1 protein coding -6,56 1,80E-02
TE (C-1) EU-LM RBMY1E protein coding -6,73 1,80E-02
TE (C-1) EU-LM CPNE4 protein coding -4,27 1,90E-02
TE (C-1) EU-LM KBTBD3 protein coding -2,18 2,10E-02
TE (C-1) EU-LM MAGEAS protein coding -6,44 2,60E-02
TE (C-1) EU-LM THBS4 protein coding -4,12 2,70E-02
TE (C-1) EU-LM IGKC protein coding -2,08 4,00E-02
TE (C-1) EU-LM NCR1 protein coding -7,34 4,50E-02
TE (C-2) EU-HM SKA1 protein coding 22,93 1,20E-07
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TE (C-2) EU-HM SLC6A9 protein coding 3,73 9,40E-05
TE (C-2) EU-HM 1L32 protein coding 4,68 2,50E-04
TE (C-2) EU-HM MTND4P12 pseudogene 2,93 7,00E-04
TE (C-2) EU-HM ASS1 protein coding 2,9 1,20E-03
TE (C-2) EU-HM TIMP3 protein coding 5,19 1,20E-03
TE (C-2) EU-HM DGKK protein coding 4,79 6,70E-03
TE (C-2) EU-HM TRPV2 protein coding 5,64 1,60E-02
TE (C-2) EU-HM TMEM176B protein coding 5,69 2,00E-02
TE (C-2) EU-HM RASGRP1 protein coding 3,07 2,00E-02
TE (C-2) EU-HM C4orf33 protein coding 2,42 2,90E-02
TE (C-2) EU-HM ITPRIP protein coding 3,26 3,10E-02
TE (C-2) EU-HM CYPI19A1 protein coding 4,601 3,50E-02
TE (C-2) EU-HM POGLUTI1 protein coding 2,42 3,50E-02
TE (C-2) EU-HM LOXL4 protein coding 7,78 3,80E-02
TE (C-2) EU-HM CHSTS protein coding -3,95 1,70E-09
TE (C-2) EU-HM ATP8A1 protein coding -3,77 5,30E-07
TE (C-2) EU-HM NELL1 protein coding -8,61 1,20E-06
TE (C-2) EU-HM ABCALl protein coding -4,29 2,40E-05
TE (C-2) EU-HM CCN2 protein coding -2,26 4,50E-04
TE (C-2) EU-HM TSPY8 protein coding -9,53 7,90E-04
TE (C-2) EU-HM RSPO2 protein coding -4,47 9,40E-04
TE (C-2) EU-HM TSPY1 protein coding -9,24 1,20E-03
TE (C-2) EU-HM AC013268.1 pseudogene -7,4 1,20E-03
TE (C-2) EU-HM PKHDILL1 protein coding -4,53 1,90E-03
TE (C-2) EU-HM GABRA3 protein coding -6,16 2,50E-03
TE (C-2) EU-HM ADCYS5 protein coding -5,08 2,50E-03
TE (C-2) EU-HM CPNE4 protein coding -5,57 2,80E-03
TE (C-2) EU-HM ZP4 protein coding -3,85 1,10E-02
TE (C-2) EU-HM GYG2P1 pseudogene -4,05 1,10E-02
TE (C-2) EU-HM TSPY9P protein coding -8,46 1,40E-02
TE (C-2) EU-HM RPL7P16 pseudogene -7,35 1,40E-02
TE (C-2) EU-HM TEX101 protein coding -5,48 1,60E-02
TE (C-2) EU-HM MAGEAS8 protein coding -8,25 2,00E-02
TE (C-2) EU-HM TXLNGY pseudogene -12,2 2,00E-02
TE (C-2) EU-HM SLC30A8 protein coding -3,93 2,00E-02
TE (C-2) EU-HM ACO008758.1 protein coding -8,11 2,00E-02
TE (C-2) EU-HM GRIN2B protein coding -5,98 2,70E-02
TE (C-2) EU-HM LEF1 protein coding -3,94 2,90E-02
TE (C-2) EU-HM CD37 protein coding -3,19 2,90E-02
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TE (C-2) EU-HM HBZ protein coding -7,22 2,90E-02
TE (C-2) EU-HM SHISAL2B protein coding -6,65 2,90E-02
TE (C-2) EU-HM TSPY3 protein coding -8,1 2,90E-02
TE (C-2) EU-HM MARCHEF2 protein coding -2,05 3,10E-02
TE (C-2) EU-HM TNFRSF10C protein coding -6,97 3,10E-02
TE (C-2) EU-HM GAGE2E protein coding -8,04 3,10E-02
TE (C-2) EU-HM EBF1 protein coding -53 3,30E-02
TE (C-2) EU-HM PIMREG protein coding -4,33 3,30E-02
TE (C-2) EU-HM PHACTR3 protein coding -3,52 3,80E-02
TE (C-2) EU-HM SRRM3 protein coding -5,72 3,80E-02
TE (C-2) EU-HM NLRP13 protein coding -4,2 3,80E-02
TE (C-2) EU-HM PDGFRL protein coding -3,48 4,10E-02
TE (C-2) EU-HM RBMY2FP pseudogene -7,86 4,10E-02
TE (C-2) EU-HM TDRD6 protein coding -2,36 4,10E-02
TE (C-2) EU-HM RBMY1] protein coding -10,76 4,30E-02
ICM (C-4) EU-LM GJB4 protein coding 22,53 3,70E-09
ICM (C-4) EU-LM PPP1R11 protein coding 25,41 3,70E-09
ICM (C-4) EU-LM ADGRDI1 protein coding 3,01 1,40E-06
ICM (C-4) EU-LM HTR2C protein coding 8,54 7,10E-06
ICM (C-4) EU-LM MTND4P12 pseudogene 2,58 2,00E-04
ICM (C-4) EU-LM NTRK3 protein coding 5,54 2,90E-04
ICM (C-4) EU-LM WWCI1 protein coding 2,16 1,10E-03
ICM (C-4) EU-LM SVEP1 protein coding 5,64 1,10E-03
ICM (C-4) EU-LM PORCN protein coding 2,16 4,70E-03
ICM (C-4) EU-LM CHMP1B2P pseudogene 4,21 4,80E-03
ICM (C-4) EU-LM MLYCD protein coding 2,34 4,90E-03
ICM (C-4) EU-LM C100rf90 protein coding 8,38 5,30E-03
ICM (C-4) EU-LM MTNDI1P32 pseudogene 7,45 5,30E-03
ICM (C-4) EU-LM AL590764.2 protein coding 8,57 5,50E-03
ICM (C-4) EU-LM NOTCH2NLB protein coding 2,02 6,40E-03
ICM (C-4) EU-LM SLCI12A7 protein coding 2,58 1,30E-02
ICM (C-4) EU-LM LRRC6 protein coding 2,32 1,40E-02
ICM (C-4) EU-LM AC080023.2 pseudogene 8,52 2,10E-02
ICM (C-4) EU-LM BX664615.2 protein coding 8,42 2,60E-02
ICM (C-4) EU-LM ANK1 protein coding 3,93 3,50E-02
ICM (C-4) EU-LM SPATA20 protein coding 8,33 3,80E-02
ICM (C-4) EU-LM ANKK1 protein coding 9,57 3,80E-02
ICM (C-4) EU- LM RNF14P1 pseudogene 7,71 4,00E-02
ICM (C-4) EU-LM RPL10P9 pseudogene 6,35 4,80E-02
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ICM (C-4) EU-LM AC004556.3 protein coding -6,54 3,10E-71
ICM (C-4) EU-LM BOC protein coding -8,02 7,00E-05
ICM (C-4) EU-LM TRIM36 protein coding -7,32 1,40E-03
ICM (C-4) EU-LM FCGRT protein coding -5,36 1,80E-03
ICM (C-4) EU-LM AHNAK2 protein coding -7,49 2,00E-02
ICM (C-4) EU-LM H2BCI15 protein coding -2,1 2,70E-02
ICM (C-4) EU-LM PCDH9 protein coding -3,01 3,50E-02
ICM (C-4) EU-LM PIK3R2 protein coding -2,38 3,70E-02
ICM (C-4) EU-LM TSPAN31 protein coding -2,64 3,80E-02
ICM (C-4) EU-LM PMAIP1 protein coding -2,05 4,00E-02
ICM (C-4) EU-LM CNNM2 protein coding -2,22 4,00E-02
ICM (C-4) EU-LM RBMY1J protein coding -9,24 4,10E-02
ICM (C-5) EU-HM PLAU protein coding 22,33 2,50E-11
ICM (C-5) EU-HM TRIM43 protein coding 22,19 3,60E-11
ICM (C-5) EU-HM GAGEI12C protein coding 24,64 9,60E-11
ICM (C-5) EU-HM LRRC20 protein coding 21,61 1,70E-09
ICM (C-5) EU-HM DRD2 protein coding 21,42 4,70E-09
ICM (C-5) EU-HM ANXAL protein coding 22,62 5,80E-09
ICM (C-5) EU-HM TRIM49D1 protein coding 8,63 5,00E-07
ICM (C-5) EU-HM IFITM1 protein coding 3,13 1,50E-05
ICM (C-5) EU-HM SMLR1 protein coding 9,37 1,00E-04
ICM (C-5) EU-HM CPXM2 protein coding 6,91 3,30E-04
ICM (C-5) EU-HM SLC28A1 protein coding 7,45 3,30E-04
ICM (C-5) EU-HM GPX2 protein coding 4,15 7,40E-04
ICM (C-5) EU-HM SLPI protein coding 5,58 9,10E-04
ICM (C-5) EU-HM KLK13 protein coding 5,44 1,40E-03
ICM (C-5) EU-HM GVINP1 pseudogene 3,67 1,40E-03
ICM (C-5) EU-HM GLRX protein coding 3,94 1,70E-03
ICM (C-5) EU-HM HNRNPAI1P21 pseudogene 6,1 2,00E-03
IcCM (C-5) EU-HM RPL10P9 pseudogene 7,86 2,10E-03
ICM (C-5) EU-HM MTNDG6P4 pseudogene 4,89 3,70E-03
ICM (C-5) EU-HM AP000356.3 pseudogene 7,74 3,70E-03
ICM (C-5) EU-HM MSTO2P pseudogene 7,59 4,00E-03
ICM (C-5) EU-HM ALDH2 protein coding 2,22 6,60E-03
ICM (C-5) EU-HM CDHS5 protein coding 8,18 6,00E-03
ICM (C-5) EU-HM C100rf90 protein coding 7,01 6,60E-03
ICM (C-5) EU-HM SEPTING protein coding 6,61 6,70E-03
ICM (C-5) EU-HM HNRNPAIP16 pseudogene 6,8 9,60E-03
ICM (C-5) EU-HM GPR1 protein coding 2,89 1,00E-02
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ICM (C-5) EU-HM AC093809.1 pseudogene 7,58 1,00E-02
ICM (C-5) EU-HM SLC6A9 protein coding 3,81 1,10E-02
ICM (C-5) EU-HM SPATA20 protein coding 7,24 2,80E-02
ICM (C-5) EU-HM CAMKV protein coding 7,53 2,80E-02
ICM (C-5) EU-HM SOX17 protein coding 6,08 3,10E-02
ICM (C-5) EU-HM MTI1H protein coding 3,07 3,30E-02
ICM (C-5) EU-HM APOBEC3C protein coding 5,48 3,30E-02
ICM (C-5) EU-HM PRDM11 protein coding 5,78 3,40E-02
ICM (C-5) EU-HM PAPOLB protein coding 8,01 3,90E-02
ICM (C-5) EU-HM GBA3 pseudogene 7,34 4,10E-02
ICM (C-5) EU-HM VCY1B protein coding -27,01 4,80E-13
ICM (C-5) EU-HM DLK2 protein coding -3,38 3,10E-05
ICM (C-5) EU-HM CCK protein coding -8,54 4,10E-05
ICM (C-5) EU-HM TXLNGY pseudogene -11,89 4,70E-05
ICM (C-5) EU-HM ACVRIC protein coding -4,83 7,30E-05
ICM (C-5) EU-HM VIM protein coding -8,8 2,10E-04
ICM (C-5) EU-HM FCGRT protein coding -5,31 2,00E-03
ICM (C-5) EU-HM JAG1 protein coding -2,79 4,50E-03
ICM (C-5) EU-HM ITIH6 protein coding -8,88 4,50E-03
ICM (C-5) EU-HM MORC1 protein coding -8,12 5,30E-03
ICM (C-5) EU-HM TSPY1 protein coding -8,77 5,30E-03
ICM (C-5) EU-HM CNNM2 protein coding -2,37 6,60E-03
ICM (C-5) EU-HM ARHGEF28 protein coding -6,27 8,30E-03
ICM (C-5) EU-HM TRIM36 protein coding -6,53 1,40E-02
ICM (C-5) EU-HM H2BC20P pseudogene -4,64 1,50E-02
ICM (C-5) EU-HM CXCL16 protein coding -2,78 2,10E-02
ICM (C-5) EU-HM NELLI protein coding -5,25 3,30E-02
ICM (C-5) EU-HM | NPHP3-ACADI1 | protein coding -7,2 4,00E-02
ICM (C-5) EU-HM PON1 protein coding -4,46 4,10E-02
ICM (C-5) EU-HM RBMY1J protein coding -10,68 4,40E-02
ICM (C-6) LM-HM PLAU protein coding 9,75 8,40E-05
ICM (C-6) LM-HM PIMREG protein coding 6,69 8,40E-05
ICM (C-6) LM-HM BOC protein coding 8,19 3,20E-04
ICM (C-6) LM-HM GPX2 protein coding 5,39 5,70E-04
ICM (C-6) LM-HM SMLR1 protein coding 9,29 8,50E-04
ICM (C-6) LM-HM PIK3R5 protein coding 8,21 1,70E-03
ICM (C-6) LM-HM LGALS2 protein coding 6,97 6,70E-03
ICM (C-6) LM-HM CDHS5 protein coding 8,31 8,50E-03
ICM (C-6) LM-HM LMLN2 protein coding 7,86 1,00E-02
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ICM (C-6) LM-HM PKIA protein coding 8,38 1,10E-02
ICM (C-6) LM-HM ALDH2 protein coding 2,92 1,40E-02
ICM (C-6) LM-HM MTMRI11 protein coding 9,44 1,50E-02
ICM (C-6) LM-HM TRIM17 protein coding 5,16 1,50E-02
ICM (C-6) LM-HM GYPC protein coding 6,34 1,70E-02
ICM (C-6) LM-HM FGA protein coding 8,35 3,60E-02
ICM (C-6) LM-HM SOX17 protein coding 6,02 3,90E-02
ICM (C-6) LM-HM PYCRI1 protein coding 2,17 4,40E-02
ICM (C-6) LM-HM TMEM107 protein coding 2,18 4,50E-02
ICM (C-6) LM-HM DLK2 protein coding -4,65 1,80E-10
ICM (C-6) LM-HM GAGE2E protein coding -23,77 9,80E-07
ICM (C-6) LM-HM GAGEI2F protein coding -4,03 4,80E-06
ICM (C-6) LM-HM LAMC3 protein coding -4,49 1,20E-05
ICM (C-6) LM-HM PKHDILI1 protein coding -5,98 1,20E-05
ICM (C-6) LM-HM HTR2C protein coding -9,28 2,00E-04
ICM (C-6) LM-HM SULT4A1 protein coding -8,73 2,20E-04
ICM (C-6) LM-HM BX842568.1 pseudogene -8,44 3,20E-04
ICM (C-6) LM-HM CCK protein coding -8,84 8,50E-04
ICM (C-6) LM-HM APOC4 protein coding -9,17 3,10E-03
ICM (C-6) LM-HM RNF144B protein coding -6,28 3,20E-03
ICM (C-6) LM-HM IL22RA1 protein coding -5,79 3,90E-03
ICM (C-6) LM-HM PONI1 protein coding -5,1 9,50E-03
ICM (C-6) LM-HM GAGE12] protein coding -2,94 1,50E-02
ICM (C-6) LM-HM ITIH6 protein coding -9,19 1,70E-02
ICM (C-6) LM-HM KDM4E protein coding -4,39 1,70E-02
ICM (C-6) LM-HM PGGHG protein coding -8,11 1,80E-02
ICM (C-6) LM-HM CIQTNF9 protein coding -6,49 2,20E-02
ICM (C-6) LM-HM DNASEILI protein coding -5,43 3,10E-02
ICM (C-6) LM-HM AC016582.1 pseudogene -5,22 3,30E-02
IcCM (C-6) LM-HM ZNF19 protein coding -3,02 3,80E-02
ICM (C-6) LM-HM | CCL15-CCL14 | protein coding -8,76 3,90E-02
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Supplementary Table 3. List of commonly differentially expressed genes found between euploid embryos (EU)
and both low-level mosaic embryos (LM) and high-level mosaic embryos (HM). Genes with a Benjamini-
Hochberg adjusted p-value (padj) < 0.05 and a log2foldchange of +2 was considered significantly differentially
expressed. log2FoldChange > 0 indicates significant upregulation in the first comparison factor.

NES padj
Fraction | Category Gene Set Enrichment Term (€1 (€2) (&) (€2)
EU-LM | EU-HM | EU-LM | EU-HM

G0:0090630-activation of gtpase

TE BP activity

1,67 1,8 | 2,99E-02 | 1,46E-02

GO0:0019882-antigen processing and

TE BP .
presentation

1,5 1,58 1,90E-02 | 2,59E-02

G0:0042590-antigen processing and
TE BP presentation of exogenous peptide 1,62 1,73 4,03E-02 | 4,53E-02
antigen via mhc class i

TE BP GO:0198738-cell cell signaling by wnt 1,58 1,35 3,36E-04 | 3,62E-02

TE BP (G0:0044839-cell cycle g2 m phase 1,8 1,57 | 8,91E-05 | 1,32E-02
transition

TE BP GO:0006884-cell volume homeostasis 1,79 1,89 2,38E-02 | 4,37E-02

TE BP GO:0006520—cgllular amino acid 152 1,95 1.28E-02 | 1,66E-05
metabolic process

GO:0042180-cellular ketone metabolic

TE BP 1,48 1,64 | 4,63E-02 | 2,10E-02
process
G0:0022412-cellular process involved
TE BP in reproduction in multicellular -1,53 -1,51 6,40E-03 | 2,64E-02
organism

GO:0071453-cellular response to

TE BP 1,88 1,57 6,32E-05 | 1,18E-02
oxygen levels

TE BP G0:0035967-cellular response to 1,78 1,85 | 1,78E-03 | 3,58E-03

topologically incorrect protein
TE BP GO:1902476-chloride transmembrane 164 178 | 323602 | 3.71B-02
transport

TE BP G0:0007059-chromosome segregation 1,5 1,43 6,75E-03 | 3,54E-02

TE BP GO:0016569—cpval§nt chromatin 1.81 1.42 2.93E-07 | 2,13E-02
modification

TE BP G‘O:005090'6—detect10n of stlmulus 1,61 172 | 6.62E-03 | 2.51E-03

involved in sensory perception

TE BP GO:OOlOZSG-endqmembrane system 159 1,73 5.53E-04 | 4.86E-05
organization

TE BP GO:0030968-end0pl'asm1c reticulum 178 1.89 3.96E-03 | 4.94E-03

unfolded protein response
TE BP GO0:0036503-crad pathway 1,66 1,74 2,16E-02 | 3,62E-02
TE BP GO:0097191Textr1n51c apoptotic 1,65 1,63 1.93E-03 | 1.33E-02
signaling pathway
TE BP G0:0009566-fertilization -1,55 -1,9 4,95E-02 | 5,01E-04
TE BP G0:0048144-fibroblast proliferation 1,75 1,66 1,30E-02 | 4,53E-02
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TE BP G0:0006091-g§nerat10n of precursor 1.4 1.65 1.54E-02 | 1.26E-04
metabolites and energy
TE BP GO0:0007281-germ cell development -1,56 -1,54 1,30E-02 | 3,62E-02
TE BP G0:0007030-golgi organization 1,68 1,64 9,88E-03 | 4,07E-02
TE BP G0:0007249-i kgppab kinase nf kappab 1.57 169 1.06E-02 | 5.77E-03
signaling
TE BP GO:0097193;1ntr1nslc apoptotic 1.52 1,45 1.38E-02 | 4.83E-02
signaling pathway
TE BP G0:0048232-male gamete generation -1,74 -1,72 8,16E-06 | 1,95E-05
TE BP GO:0033619-memb'rane protein 1.84 1.87 1.53E-02 | 3.35E-02
proteolysis
TE BP G0O:0000070-mitotic sister chromatid 1.83 1.79 6.59E-04 | 4,79E-03
segregation
TE BP G0:0034660-ncrna metabolic process 2,3 1,36 1,26E-07 | 4,53E-02
TE BP (G0:1902332 negative regulation of |y 7 |y 51 || 36E.06 | 4,43E-03
intracellular signal transduction
TE BP G0:0043409-negative regulation of 1.9 1,56 2.29E-04 | 4.83E-02
mapk cascade
TE BP GO0:0042326-negative .regulatlon of 1.66 138 2.20E-04 | 3.54E-02
phosphorylation
TE BP GO:0038061-nik nf kappab signaling 1,92 1,77 3,30E-04 | 9,49E-03
TE BP GO:OO36499—pe-rk mediated unfolded 1.86 2.04 4.99E-02 | 2.81E-02
protein response
TE BP GO:0009896—p0§1t1ve regulation of 1.8 1,54 3.81E-06 | 4,79E-03
catabolic process
TE BP G0:0043 1}23—p051t1ve regulgtlon.ofl 1.68 1.66 3.60E-03 | 1,70E-02
kappab kinase nf kappab signaling
TE BP GO:00457§2—p0s1t1ye regulation of 1.92 1,58 2.20E-05 | 2.87E-02
protein catabolic process
TE BP GO:0045862-p051t1ve' regulation of 178 151 1.34E-05 | 1.36E-02
proteolysis
GO:1903052-positive regulation of
TE BP proteolysis involved in cellular protein 1,81 1,61 2,23E-03 | 4,48E-02
catabolic process
GO:1901522-positive regulation of
TE BP transcription from' rna polymerase ii 1,95 1.94 2.83E-02 | 4.76E-02
promoter involved in cellular response
to chemical stimulus
G0O:2000060-positive regulation of
TE BP ubiquitin dependent protein catabolic 1,86 1,66 2,78E-03 | 4,53E-02
process
TE BP GO:OO43687—posF tran.slatlonal protein 1,55 1,44 2.84E-03 | 3.00E-02
modification
TE BP GO:0010498-pr'oteasoma1 protein 1.87 178 1.26E-07 | 5.28E-06
catabolic process
TE BP G0:0034502-protein localization to 211 1.81 2.20E-04 | 2.11E-02
chromosome
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TE BP GO:0070646-prote'm modification by 17 1,44 4.62E-04 | 431E-02
small protein removal
TE BP (G0:0007265-ras protein signal 142 | 147 | 1,38E-02 | 1,54E-02
transduction
TE BP GO:20012‘33—r9gulat10n of apoptotic 1,79 1,61 1,13E-05 | 1,59E-03
signaling pathway
TE BP G0:1902749-regulation of cell cycle g2 1.86 1,64 1.35E-04 | 1,16E-02
m phase transition
TE BP GO:19033'62—regu1aF10n of cellular 1.85 1.68 3.39E-05 | 4.43E-03
protein catabolic process
TE BP GO:00455'40-regul§t|on of cholesterol 1.97 241 1L11E-02 | 1,06E-04
biosynthetic process
TE BP G0:0033044-regulqt10r} of chromosome 17 15 3.03E-04 | 1,726-02
organization
TE BP GO:OOSlOQOTrggulatlon of dpg binding 1,44 161 1.30E-02 | 721E-04
transcription factor activity
TE BP G0:2000278-regulation of dna 1,68 1,66 | 1,59E-02 | 4,12E-02
biosynthetic process
TE BP GO:200123‘6—r‘egula.t10n of extrinsic 175 173 2.59E-03 | 1.61E-02
apoptotic signaling pathway
TE BP (G0:0046890-regulation oflipid 173 | 194 | 3,13E-03 | 4,65E-04
biosynthetic process
TE BP G0:001921 6-r§gulat10n of lipid 1.41 1,49 3.13E-02 | 1,70E-02
metabolic process
TE BP GO:(-)0-19219—regulat10n ofnqcleobase 1,69 136 9.17E-06 | 3,62E-02
containing compound metabolic process
TE BP GO:0061 13§-regulatiqn of proteasomal 1.91 175 132E-04 | 442E-03
protein catabolic process
GO:0032434-regulation of proteasomal
TE BP ubiquitin dependent protein catabolic 1,94 1,74 3,70E-04 | 1,39E-02
process
TE BP GO:0042176—regulatlon of protein 1.92 1,68 1.31E-07 | 5.26E-04
catabolic process
TE BP (G0:0071900-regulation of protein 132 | 135 |4.95E-02 |4,53E-02
serine threonine kinase activity
TE BP GO0:003 1647—regglat10n of protein 1.47 159 3.156-02 | 6,836-03
stability
TE BP GO:0010469-regu1at1(.)n‘of signaling 1,51 1.6 5.18E-03 | 7.26E-04
receptor activity
TE BP GO:0033045-.regu1at10n ‘of sister 1.64 1.8 3.15E-02 | 1,63E-02
chromatid segregation
TE BP GO:0062012-regulat'lon of small 172 177 1.16E-04 | 1.26E-04
molecule metabolic process
TE BP GO:OOSQSIO—regglatlon of steroid 1.9 227 3.60E-03 | 4.12E-05
biosynthetic process
TE BP G010019218—regulatlon of steroid 1,72 2.12 5.32E-03 | 2.57E-04
metabolic process
TE BP GO:20()0058—regulat10n ofublqumn 1.89 1.69 2.84E-04 | 2,59E-02
dependent protein catabolic process
TE BP (G0:0030111-regulation of wnt 162 | 141 | 8,07E-04 | 483E-02
signaling pathway
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TE BP GO:0034976-|"esponse to endoplasmic 1.68 1.96 9.68E-04 | 5.28E-06
reticulum stress
TE BP G0:0009408-response to heat 1,69 1,62 3,76E-03 | 3,62E-02
TE BP G0:0009314-response to radiation 1,47 1,54 6,74E-03 | 2,51E-03
TE BP GO:00359§6—resp0nse to Fopologlcally 1.87 2.06 3.27E-04 | 7.64E-06
incorrect protein
TE BP G0:0034612-response to tumor necrosis 1,44 1,43 3.56E-02 | 4.92E-02
factor
TE BP GO:0007606-§ensoq perception of 1,59 176 5.05E-03 | 1,08E-03
chemical stimulus
TE BP GO:0007608-sensory perception of 154 163 | 3.14E-02 | 1.49E-02
smell
TE BP GO:0000819—S15t§r chromatid 1,84 178 3.08E-04 | 3,60E-03
segregation
TE BP G0:0006694-steroid biosynthetic 1.85 232 6.02E-04 | 3.83E-07
process
TE BP GO:0008202-steroid metabolic process 1,46 1,92 2,12E-02 | 5,28E-06
TE BP GO:0016126-sterol biosynthetic process 2,11 2,55 3,36E-04 | 9,98E-07
TE BP G0:0032200-telomere organization 1,71 1,61 6,21E-03 | 4,24E-02
TE BP GO:0006099-tricarboxylic acid cycle 2,16 2,09 1,42E-03 | 6,76E-03
TE BP G0:0030433-ubiquitin dependent erad 1.68 178 4.95E-02 | 2.87E-02
pathway
TE BP GO:0019058-viral life cycle 1,69 1,5 3,18E-04 | 1,63E-02
TE CcC GO:0015629-actin cytoskeleton 1,26 1,41 3,92E-02 | 1,27E-02
TE CcC GO:0101031-chaperone complex 2,12 1,89 3,63E-03 | 4,93E-02
TE CcC G0:0034707-chloride channel complex -1,78 -1,77 1,60E-02 | 4,45E-02
TE CcC GO:0098687-chromosomal region 1,73 1,62 6,83E-05 | 4,48E-03
TE cc GO:0000775-chr0m0501ne centromeric 142 151 4.60E-02 | 321E-02
region
TE CcC G0:0097014-ciliary plasm -1,7 -1,64 | 9,60E-03 | 3,98E-02
TE cc G0O:0031461-cullin ring ubiquitin ligase 1.8 1,66 8.13E-04 | 1.51E-02
complex
TE CcC GO0:0031045-dense core granule -1,99 -2,09 | 5,76E-03 | 8,01E-03
TE CcC GO:1905369-endopeptidase complex 1,6 1,85 2,54E-02 | 1,76E-02
TE CcC G0:0044440-endosomal part 1,72 1,5 1,78E-06 | 4,48E-03
TE CC GO:0101002-ficolin 1 rich granule 1,69 1,92 7,00E-03 | 2,91E-03
TE cc G0:0031300-intrinsic component of 1,43 1.56 1,79E-02 | 421E-03
organelle membrane
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TE CcC G0:0000776-kinetochore 1,43 1,53 4,40E-02 | 4,33E-02
TE CcC GO0:0005770-late endosome 1,61 1,64 3,70E-03 | 4,72E-03
TE CC G0:0031902-late endosome membrane 1,66 1,57 9,95E-03 | 3,48E-02
TE CC GO:0043202-lysosomal lumen 1,54 1,85 3,29E-02 | 8,56E-03
TE CC GO:0005759-mitochondrial matrix 1,77 1,85 1,20E-06 | 1,31E-06
TE CC GO:0005635-nuclear envelope 1,59 1,46 9,24E-05 | 1,20E-02
TE CcC GO0:0034399-nuclear periphery 2,04 1,55 2,21E-05 | 4,33E-02
TE CcC GO:0016607-nuclear speck 1,7 1,37 4,45E-05 | 3,98E-02
TE CC GO:0055037-recycling endosome 1,5 1,6 2,66E-02 | 1,76E-02
TE CcC GO0:0005819-spindle 1,51 1,46 4,24E-03 | 1,76E-02
TE CC GO0:1990351-transporter complex -1,47 -1,5 1,55E-02 | 1,81E-02
TE CC GO:0000151-ubiquitin ligase complex 1,75 1,56 6,41E-05 | 9,71E-03
TE CC GO:0005775-vacuolar lumen 1,48 1,53 2,33E-02 | 4,53E-02
TE CC GO:0005774-vacuolar membrane 1,79 1,53 3,05E-06 | 4,48E-03
TE CcC G0:0031983-vesicle lumen 1,41 1,61 1,88E-02 | 4,48E-03
TE MF G0:0005254-chloride channel activity -1,64 -1,75 2,64E-02 | 3,19E-02
TE MF GO:00Osziig'::;arf;l;“clzrviltifand gated |y 76 | 182 | 1LISE-02 | 1,62E-02
TE MF GO:0030594—neur9tr.ansmitter receptor 174 -1.66 7.44E-03 | 3.89E-02
activity
TE MF G0:0004984-olfactory receptor activity -1,6 -1,54 1,16E-02 | 2,61E-02
TE MF GO:0022?;2;‘;2?223?3:;;"“1}’““‘3 133 | -145 | 4,51E-02 | 2,43E-02
TE MF GO0:0030545-receptor regulator activity -1,53 -1,6 2,58E-03 | 1,25E-03
TE MF GO:0022835—trans¥nitter gated channel 2,03 2.1 1,59E-03 | 1.25E-03
activity
TE KEGG 00020_KEGG-citrate cycle tca cycle 2,39 2,26 1,85E-05 | 5,74E-04
TE KEGG 11266_KEGG-lysosome 1,93 1,81 5,32E-04 | 4,98E-03
TE KEGG 13 380£f$&“;‘:§:§3§ ligand 21,66 | -1,53 | 2,39E-03 | 1,80E-02
TE KEGG 5872_KEGG-steroid biosynthesis 2,02 2,32 1,28E-02 | 4,47E-04
TE KEGG 19428_KEGG-wnt signaling pathway 1,59 1,49 2,12E-02 | 4,34E-02
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Supplementary Table 4. List of commonly differentially expressed genes found in inner cell mass (ICM)
samples between high-level mosaic embryos (HM) and both low-level mosaic embryos (LM) and euploid
embryos (EU). Genes with a Benjamini-Hochberg adjusted p-value (padj) < 0.05 and a log2foldchange of +2 was
considered significantly differentially expressed. log2FoldChange > 0 indicates significant upregulation in the first

comparison factor.

1' frontiers

log2FoldChange padj
Fraction Gene symbol Gene biotype (C-5) (C-6) (C-5) (C-6)

EU-HM | LM-HM | EU-HM LM-HM
ICM PLAU protein coding 22,33 9,75 2,46E-11 8,37E-05
ICM DLK2 protein coding -3,38 -4,65 3,09E-05 1,76E-10
IcM CCK protein coding -8,54 -8,84 4,12E-05 | 8,47E-04
ICM SMLRI1 protein coding 9,37 9,29 1,03E-04 8,47E-04
ICM GPX2 protein coding 4,15 5,39 7,44E-04 5,74E-04
ICM ITIH6 protein coding -8,88 -9,19 4,52E-03 1,65E-02
ICM ALDH2 protein coding 2,22 2,92 6,61E-03 1,40E-02
ICM CDH5 protein coding 8,18 8,31 6,61E-03 8,49E-03
IcM SOX17 protein coding 6,08 6,02 3,13E-02 | 3,90E-02
ICM PONI1 protein coding -4,46 -5,1 4,08E-02 | 9,51E-03

Supplementary Table 5. List of exclusively differentially expressed genes found in inner cell mass (ICM)
samples between euploid embryos (EU) and high-level mosaic embryos (HM). Genes with a Benjamini-Hochberg
adjusted p-value (padj) < 0.05 and a log2foldchange of +2 was considered significantly differentially expressed.

log2FoldChange > 0 indicates significant upregulation in the first comparison factor.

Fraction Comparison Gene symbol Gene biotype log2FoldChange padj
ICM (C-5) EU-HM VCY1B protein coding -27,01 4,80E-13
ICM (C-5) EU-HM TRIM43 protein coding 22,19 3,55E-11
ICM (C-5) EU-HM GAGE12C protein coding 24,64 9,64E-11
ICM (C-5) EU-HM LRRC20 protein coding 21,61 1,75E-09
ICM (C-5) EU-HM DRD2 protein coding 21,42 4,71E-09
ICM (C-5) EU-HM ANXAL1 protein coding 22,62 5,80E-09
ICM (C-5) EU-HM TRIM49D1 protein coding 8,63 5,01E-07
ICM (C-5) EU-HM IFITM1 protein coding 3,13 1,46E-05
ICM (C-5) EU-HM TXLNGY pseudogene -11,89 4,67E-05
ICM (C-5) EU-HM ACVRIC protein coding -4,83 7,32E-05
ICM (C-5) EU-HM VIM protein coding -8,8 2,11E-04
ICM (C-5) EU-HM CPXM2 protein coding 6,91 3,26E-04
ICM (C-5) EU-HM SLC28A1 protein coding 7,45 3,26E-04
ICM (C-5) EU-HM SLPI protein coding 5,58 9,06E-04
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ICM (C-5) EU-HM KLK13 protein coding 5,44 1,36E-03
ICM (C-5) EU-HM GVINP1 pseudogene 3,67 1,36E-03
ICM (C-5) EU-HM GLRX protein coding 3,94 1,69E-03
ICM (C-5) EU-HM | HNRNPAI1P21 pseudogene 6,1 2,04E-03
ICM (C-5) EU-HM MTND6P4 pseudogene 4,89 3,68E-03
ICM (C-5) EU-HM AP000356.3 pseudogene 7,74 3,75E-03
ICM (C-5) EU-HM MSTO2P pseudogene 7,59 3,95E-03
ICM (C-5) EU-HM JAGI protein coding -2,79 4,52E-03
ICM (C-5) EU-HM MORCI1 protein coding -8,12 5,35E-03
ICM (C-5) EU-HM TSPY1 protein coding -8,77 5,35E-03
ICM (C-5) EU-HM SEPTING protein coding 6,61 6,69E-03
ICM (C-5) EU-HM ARHGEF28 protein coding -6,27 8,34E-03
ICM (C-5) EU-HM HNRNPAIPI16 pseudogene 6,8 9,60E-03
ICM (C-5) EU-HM GPR1 protein coding 2,89 1,01E-02
ICM (C-5) EU-HM AC093809.1 pseudogene 7,58 1,01E-02
ICM (C-5) EU-HM SLC6A9 protein coding 3,81 1,09E-02
ICM (C-5) EU-HM H2BC20P pseudogene -4,64 1,55E-02
ICM (C-5) EU-HM CXCL16 protein coding -2,78 2,15E-02
ICM (C-5) EU-HM CAMKV protein coding 7,53 2,83E-02
ICM (C-5) EU-HM NELLI protein coding -5,25 3,32E-02
ICM (C-5) EU-HM MTI1H protein coding 3,07 3,32E-02
ICM (C-5) EU-HM APOBEC3C protein coding 5,48 3,32E-02
ICM (C-5) EU-HM PRDM11 protein coding 5,78 3,35E-02
ICM (C-5) EU-HM PAPOLB protein coding 8,01 3,94E-02
ICM (C-5) EU-HM Egggi'l protein coding 72 4,05E-02
ICM (C-5) EU-HM GBA3 pseudogene 7,34 4,08E-02

Supplementary Table 6. List of commonly significantly deregulated terms from functional enrichment analysis
found in trophectoderm (TE) samples between euploid embryos (EU) and both low-level mosaic embryos (LM)
and high-level mosaic embryos (HM). padj: Benjamini-Hochberg adjusted p-value. KEGG: Kyoto Encyclopedia of
Genes and Genomes; GO: gene ontology; BP: biological process; CC: cellular component; MF: molecular function.
Normalized enrichment score (NES) > 0 indicates overrepresentation of the term in the first comparison factor.

NES padj
Fraction | Category | Gene Set Enrichment Term (C1) (C2) (C1) (C2)
EU-LM | EU-HM EU-LM EU-HM
TE BP G0:0090630-activation of | 1.8 2,99E-02 | 1,46E-02
gtpase activity
TE BP GO:0019882-antigen 1,5 1,58 1,90E-02 | 2,59E-02
processing and presentation
G0:0042590-antigen
TE BP processing and presentation | o, 1,73 4,03E-02 | 4,53E-02
of exogenous peptide antigen
via mhc class i
TE BP GO:0198738-cell cell 1,58 1,35 3,36E-04 | 3,62E-02
signaling by wnt
TE BP G0:0044839-cell cycle g2 m 1.8 1,57 8,91E-05 | 1,32E-02
phase transition
TE BP GO:0006884-cell volume 1,79 1,89 2,38E-02 | 4,37E-02
homeostasis
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TE BP G0:0006520-cellular amino |, 5, 1,95 | 1,28E-02 | 1,66E-05
acid metabolic process
TE BP GO0:00421 80—.cellular ketone 1,48 1.64 4.63E-02 | 2.10E-02
metabolic process
GO:0022412-cellular process
TE BP involved in reproduction in -1,53 -1,51 6,40E-03 2,64E-02
multicellular organism
TE BP (0:0071453-cellular 1,88 1,57 | 632E-05 | 1,18E-02
response to oxygen levels
G0:0035967-cellular
TE BP response to topologically 1,78 1,85 1,78E-03 | 3,58E-03
incorrect protein
TE BP (0:1902476-chloride 1,64 | 178 | 3.23E-02 | 371E-02
transmembrane transport
TE BP (G0:0007039-chromosome L5 143 | 6,75E-03 | 3,54E-02
segregation
TE BP GO:0016569-covalent 1,81 142 | 2,93B-07 |2,13E-02
chromatin modification
G0:0050906-detection of
TE BP stimulus involved in sensory -1,61 -1,72 6,62E-03 2,51E-03
perception
TE pp | G0:0010256-endomembrane | 5, 1,73 | 553E-04 | 4,86E-05
system organization
GO0:0030968-endoplasmic
TE BP reticulum unfolded protein 1,78 1,89 3,96E-03 | 4,94E-03
response
TE BP GO:0036503-erad pathway 1,66 1,74 2,16E-02 3,62E-02
TE BP GO:0097191-extrinsic 1,65 1,63 1,93E-03 | 1,33E-02
apoptotic signaling pathway
TE BP GO:0009566-fertilization -1,55 -1,9 4,95E-02 | 5,01E-04
TE BP GO:0048144-fibroblast 1,75 1,66 | 130E-02 |4,53E-02
proliferation
GO:0006091-generation of
TE BP precursor metabolites and 1,4 1,65 1,54E-02 1,26E-04
energy
TE BP (G0:0007281-germ cell 1,56 | -154 | 130E-02 | 3,62E-02
development
TE BP G0:0007030-golgi 1,68 1,64 | 9.88E-03 | 4,07E-02
organization
TE pp | G0:0007249-ikappab kinase | 5, 169 | 106E-02 |577E-03
nf kappab signaling
TE BP G0:0097193-intrinsic 1,52 1,45 1,38E-02 | 4,83E-02
apoptotic signaling pathway
TE BP G0:0048232-male gamete | | 4, 21,72 | 8,16E-06 | 1,95E-05
generation
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TE

BP

GO:0033619-membrane
protein proteolysis

1,53E-02

3,35B-02

TE

BP

GO:0000070-mitotic sister
chromatid segregation

6,59E-04

4,79E-03

TE

BP

G0:0034660-ncrna
metabolic process

1,26E-07

4,53E-02

TE

BP

GO:1902532-negative
regulation of intracellular
signal transduction

1,36E-06

4,43E-03

TE

BP

G0O:0043409-negative
regulation of mapk cascade

2,29E-04

4,83E-02

TE

BP

GO:0042326-negative
regulation of phosphorylation

1,38

2,22E-04

3,54E-02

TE

BP

GO0:0038061-nik nf kappab
signaling

1,77

3,30B-04

9,49E-03

TE

BP

GO0:0036499-perk mediated
unfolded protein response

2,04

4,99E-02

2,81E-02

TE

BP

G0:0009896-positive
regulation of catabolic
process

1,54

3,81E-06

4,79E-03

TE

BP

GO:0043123-positive
regulation of i kappab kinase
nf kappab signaling

1,66

3,60E-03

1,70E-02

TE

BP

GO:0045732-positive
regulation of protein
catabolic process

2,22E-05

2,87E-02

TE

BP

GO:0045862-positive
regulation of proteolysis

1,34E-05

1,36E-02

TE

BP

G0:1903052-positive
regulation of proteolysis
involved in cellular protein
catabolic process

2,23E-03

4,48E-02

TE

BP

GO:1901522-positive
regulation of transcription
from rna polymerase ii
promoter involved in cellular
response to chemical
stimulus

1,94

2,83E-02

4,76E-02

TE

BP

G0:2000060-positive
regulation of ubiquitin
dependent protein catabolic
process

1,66

2,78E-03

4,53E-02

TE

BP

GO0:0043687-post
translational protein
modification

1,44

2,84E-03

3,00E-02

TE

BP

GO0:0010498-proteasomal
protein catabolic process

1,78

1,26E-07

5,28E-06
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TE

BP

G0:0034502-protein
localization to chromosome

2,11

2,22E-04

2,11E-02

TE

BP

GO:0070646-protein
modification by small protein
removal

4,62E-04

4,31E-02

TE

BP

GO0:0007265-ras protein
signal transduction

1,42

1,47

1,38E-02

1,54E-02

TE

BP

GO:2001233-regulation of
apoptotic signaling pathway

1,79

1,61

1,13E-05

1,59E-03

TE

BP

GO:1902749-regulation of
cell cycle g2 m phase
transition

1,86

1,64

1,35E-04

1,16E-02

TE

BP

GO:1903362-regulation of
cellular protein catabolic
process

3,39E-05

4,43E-03

TE

BP

G0:0045540-regulation of
cholesterol biosynthetic
process

1,11E-02

1,06E-04

TE

BP

G0:0033044-regulation of
chromosome organization

3,03E-04

1,72E-02

TE

BP

GO:0051090-regulation of
dna binding transcription
factor activity

1,44

1,30E-02

7,21E-04

TE

BP

G0O:2000278-regulation of
dna biosynthetic process

1,68

1,59E-02

4,12E-02

TE

BP

GO:2001236-regulation of
extrinsic apoptotic signaling
pathway

1,75

2,59E-03

1,61E-02

TE

BP

G0O:0046890-regulation of
lipid biosynthetic process

3,13E-03

4,65E-04

TE

BP

GO0:0019216-regulation of
lipid metabolic process

3,13E-02

1,70E-02

TE

BP

GO0:0019219-regulation of
nucleobase containing
compound metabolic process

9,17E-06

3,62E-02

TE

BP

GO:0061136-regulation of
proteasomal protein catabolic
process

1,32E-04

4,42E-03

TE

BP

G0:0032434-regulation of
proteasomal ubiquitin
dependent protein catabolic
process

1,94

3,70E-04

1,39E-02

TE

BP

G0O:0042176-regulation of
protein catabolic process

1,92

1,31E-07

5,26E-04

TE

BP

GO0:0071900-regulation of
protein serine threonine
kinase activity

1,32

4,95E-02

4,53E-02
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TE BP G0:0031647-regulation of | ,; 1,59 | 3,I5E-02 | 6,83E-03
protein stability
TE BP G0:0010469-regulation of |, 5, 1,6 5,18E-03 | 7,26E-04
signaling receptor activity
TE BP G0:0033045-regulation of 1,64 1.8 3,15E-02 | 1,63E-02
sister chromatid segregation
GO:0062012-regulation of
TE BP small molecule metabolic 1,72 1,77 1,16E-04 1,26E-04
process
TE BP G0:0050810-regulation of 1,9 227 3,60E-03 | 4,12E-05
steroid biosynthetic process
TE BP GO:0019218-regulation of 1,72 2,12 532E-03 | 2,57E-04
steroid metabolic process
G0:2000058-regulation of
TE BP ubiquitin dependent protein 1,89 1,69 2,84E-04 | 2,59E-02
catabolic process
TE BP G0:0030111-regulation of 1,62 1,41 8,07E-04 | 4,83E-02
wnt signaling pathway
TE BP (G0:0034976-response to 1,68 1,96 9,68E-04 | 5,28E-06
endoplasmic reticulum stress
TE BP GO:OOO94ES;‘°'SP°““ to 1,69 1,62 3,76E-03 | 3,62B-02
TE BP G0:0009314-response to 147 1,54 | 6,74E-03 | 2.51E-03
radiation
GO:0035966-response to
TE BP topologically incorrect 1,87 2,06 3,27E-04 7,64E-06
protein
TE BP G0:0034612-response to 1,44 1,43 3,56E-02 | 4,92E-02
tumor necrosis factor
GO:0007606-sensory
TE BP perception of chemical -1,59 -1,76 5,05E-03 1,08E-03
stimulus
TE BP G0:0007608-sensory 1,54 1,63 3,14E-02 | 1,49E-02
perception of smell
TE BP GO:0000819-sister 1,84 1,78 | 3.08E-04 | 3.60E-03
chromatid segregation
TE BP G0:0006694-steroid 1,85 2,32 6,02E-04 | 3,83E-07
biosynthetic process
TE BP G0:0008202-steroid 1,46 1,92 2,12E-02 | 5,28E-06
metabolic process
TE BP G0:0016126-sterol 2,11 2,55 3,36E-04 | 9,98E-07
biosynthetic process
TE BP G0:0032200-telomere 1,71 1,61 6,21E-03 | 4,24E-02
organization
TE BP GO:0006099-tricarboxylic |, ;¢ 2,09 1,42E-03 | 6,76E-03
acid cycle
TE BP G0:0030433-ubiquitin 1,68 1,78 495E-02 | 2,87E-02
dependent erad pathway
TE BP GO0:0019058-viral life cycle 1,69 1,5 3,18E-04 1,63E-02
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TE cc G0:0015629-actin 1,26 1,41 3,92E-02 | 1,27E-02
cytoskeleton
TE cc G0:0101031-chaperone 2,12 1,89 3,63E-03 | 4,93E-02
complex
TE cc G0:0034707-chloride -1,78 1,77 1,60E-02 | 4,45E-02
channel complex
TE cc G0:0098687-chromosomal 1,73 1,62 6,83E-05 | 4,48E-03
region
TE cc G0:0000775-chromosome 1,42 1,51 4,60E-02 | 3,21E-02
centromeric reglon
TE cc GO:0097014-ciliary plasm 1,7 1,64 9,60E-03 | 3,98E-02
TE cc G0:0031461-cullin ring 1,8 1,66 8,13E-04 | 1,51E-02
ubiquitin ligase complex
TE cc G0:0031045-dense core -1,99 2,0 576E-03 | 8,01E-03
granule
TE cc | GO:1905369-endopeptidase |y ¢ 1,85 | 2,54E-02 | 1,76E-02
complex
TE cc GO:0044440-endosomal part | 1,72 1,5 1,78E-06 | 4,48E-03
TE cc G0:0101002-ficolin 1 rich 1,69 1,92 7,00E-03 | 2,91E-03
granule
G0:0031300-intrinsic
TE CcC component of organelle 1,43 1,56 1,79E-02 | 4,21E-03
membrane
TE cc GO:0000776-kinetochore 1,43 1,53 4,40E-02 | 4,33B-02
TE cc GO:0005770-late endosome | 1,61 1,64 3,70B-03 | 4,72E-03
TE cc | GO:0031902ate endosome | g 1,57 | 9.95E-03 | 348E-02
membrane
TE cc G0:0043202-lysosomal 1,54 1,85 3,29B-02 | 8,56E-03
lumen
TE cc G0:0005759-mitochondrial 1,77 1,85 1,20E-06 | 1,31E-06
matrix
TE cc G0:0005635-nuclear 1,59 1,46 9.24E-05 | 1,20E-02
envelope
TE cc G0:0034399-nuclear 2,04 1,55 221E-05 | 4,33E-02
periphery
TE CcC GO:0016607-nuclear speck 1,7 1,37 4,45E-05 3,98E-02
TE cc G0:0055037-recycling 1,5 1,6 2,66E-02 | 1,76E-02
endosome
TE cC GO:0005819-spindle 1,51 1,46 424E-03 | 1,76E-02
TE cc GO:1990351-transporter 147 15 1,556-02 | 1.81E-02
complex
TE cc GO:0000151-ubiquitin ligase 175 156 6AIE-05 | 9.71E-03
complex
TE cc GO:0005775-vacuolar lumen | 1,48 1,53 2,33B-02 | 4,53E-02
TE cc G0:0005774-vacuolar 1,79 1,53 3,05E-06 | 4,48E-03
membrane
TE cc GO:0031983-vesicle lumen 1,41 1,61 1,88E-02 | 4,48E-03
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TE MF G0:0005254-chloride 1,64 1,75 2,64E-02 | 3,19E-02
channel activity
G0:0005230-extracellular
TE MF ligand gated ion channel -1,76 -1,82 1,18E-02 1,62E-02
activity
GO0:0030594-
TE MF neurotransmitter receptor -1,74 -1,66 7,44E-03 3,89E-02
activity
TE MF G0:0004984-olfactory 1,6 -1,54 1,IGE-02 | 2,61E-02
receptor activity
GO:0022803-passive
TE MF transmembrane transporter -1,33 -1,45 4,51E-02 | 2,43E-02
activity
TE MF G0:0030545-receptor 1,53 1,6 2,58E-03 | 1,25E-03
regulator activity
TE MF G0:0022835-transmitter 2,03 21 1,59E-03 | 1.25E-03
gated channel activity
TE KEGG | 00020_KEGG-citrate cycle | 59 226 1,85E-05 | 5,74E-04
tca cycle
TE KEGG 11266 KEGG-lysosome 1,93 1,81 5,32E-04 | 4,98E-03
TE KEGG | 13380 KEGG-neuroactive | ) oo -1,53 2,39E-03 | 1,80E-02
ligand receptor interaction
TE KEGG 3872_KEGG-steroid 2,02 2,32 1,28E-02 | 4,47E-04
biosynthesis
TE KEGG | 9428 KEGG-wntsignaling | ) 5, 1,49 2,12E-02 | 4,34E-02
pathway

Supplementary Table 7. List of significantly deregulated terms from functional enrichment analysis found in
inner cell mass (ICM) samples between low-level mosaic embryos (LM) and high-level mosaic embryos (HM).
padj: Benjamini-Hochberg adjusted p-value. KEGG: Kyoto Encyclopedia of Genes and Genomes; GO: gene ontology;
BP: biological process; CC: cellular component; MF: molecular function. Normalized enrichment score (NES) > 0
indicates overrepresentation of the term in the first comparison factor.

Fraction Comparison Category Gene Set Enrichment Term NES padj
oM C6 (LM-HM) BP GO:0006613—cotranslat10nal protein 273 1.28E-07
targeting to membrane
M €6 (LM-HM) BP GO:QO72599-estab11shmept of protein 26 1.28E-07
localization to endoplasmic reticulum
IcM C6 (LM-HM) BP GO:0006612-protein targeting to 234 1.28E-07
membrane
GO:0000184-nuclear transcribed mrna
ICM C6 (LM-HM) BP catabolic process nonsense mediated 2,34 | 3,12E-07
decay
M €6 (LM-HM) BP GO:0070972-pr0t'e1n lgcahzanon to 231 | 3.12E07
endoplasmic reticulum
ICM C6 (LM-HM) BP GO:0006605-protein targeting 1,86 | 5,90E-07
M €6 (LM-HM) BP GO:00901§0-e§tab11shment of protein 196 | 7.66E-07
localization to membrane
oM C6 (LM-HM) BP GO§001'5980-energ?/ derivation by 1.86 | 1,03E-04
oxidation of organic compounds
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IcM C6 (LM-HM) BP GO:0001655-urogenital system 1.81 1.03E-04
development
ICM C6 (LM-HM) BP G0O:0006091 -generation of precursor 155 | 7.86E-04
metabolites and energy
ICM C6 (LM-HM) BP G0:0022409-positive rfegulatlon of cell 1.8 7.86E-04
cell adhesion
oM C6 (LM-HM) BP GO:OO60602—brgnch elongation of an 23 1,02E-03
epithelium
IC™M C6 (LM-HM) BP GO0:0045333-cellular respiration 1,79 | 1,92E-03
ICM C6 (LM-HM) BP GO0:0072001-renal system development 1,7 1,92E-03
ICM C6 (LM-HM) BP GO0:0006413-translational initiation 1,79 | 1,92E-03
IcM C6 (LM-HM) BP GO:20012_33—r§gulat10n of apoptotic 16 2.25E-03
signaling pathway
ICM C6 (LM-HM) BP GO:0019080-viral gene expression 1,77 | 2,29E-03
IcM C6 (LM-HM) BP GO:0022407—regulgtlon of cell cell 16 3.34E-03
adhesion
ICM C6 (LM-HM) BP G0:0003401-axis elongation 2,24 | 3,92E-03
IcM C6 (LM-HM) BP GO:0051186-cofactor metabolic 152 | 4.636-03
process
ICM C6 (LM-HM) BP GO0:0061326-renal tubule development | 1,97 | 5,33E-03
ICM C6 (LM-HM) BP GO:0000956—nu61§ar transcribed mrna 171 | 6.28E-03
catabolic process
M C6 (LM-HM) BP GO:0001667—?meb01dal type cell 153 | 6.96E-03
migration
ICM C6 (LM-HM) BP G0:0050727-regulation of 1,62 | 6,96E-03
inflammatory response
M C6 (LM-HM) BP GO:OOOl763—m0rphogenems ofa 172 | 7.09E-03
branching structure
ICM C6 (LM-HM) BP G0:0050821-protein stabilization 1,72 | 8,19E-03
M C6 (LM-HM) BP GO:1901605—q1pha amino acid 17 1.04E-02
metabolic process
ICM C6 (LM-HM) BP G0:0050673-epithelial cell 1,52 | 1,21E-02
proliferation
IcM C6 (LM-HM) BP GO:0045785-p051t1v§ regulation of cell 152 1.21E-02
adhesion
ICM C6 (LM-HM) BP GO:0052547-regL}lgtlon of peptidase 15 137E-02
activity
Ic™M C6 (LM-HM) BP GO:0072028-nephron morphogenesis 1,89 | 1,38E-02
IcM C6 (LM-HM) BP GO:0048754-braqch1ng morphogenesis 175 | 1.54E-02
of an epithelial tube
ICM C6 (LM-HM) BP G0:0022900-electron transport chain 1,67 | 1,54E-02
ICM C6 (LM-HM) BP GO:0007369-gastrulation 1,65 | 1,54E-02
ICM C6 (LM-HM) BP GO:0090103-cochlea morphogenesis 2,08 | 1,65E-02
oM C6 (LM-HM) BP GO:0030850-prostate gland 203 | 1,65E-02
development
oM C6 (LM-HM) BP GO:0019216-r§gulatlon of lipid 149 | 1.78E-02
metabolic process
Ic™M C6 (LM-HM) BP GO:0061053-somite development 1,9 1,78E-02
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oM C6 (LM-HM) BP GO:OOf15'834-p051t1.ve regulation of 171 1.79E-02
lipid metabolic process
Ic™M C6 (LM-HM) BP GO:0072079-nephron tubule formation | 2,05 | 1,89E-02
IcM C6 (LM-HM) BP GO:0016054-organic acid catabolic 155 | 1.89E-02
process
GO:0007156-homophilic cell adhesion
IcCM C6 (LM-HM) BP via plasma membrane adhesion -1,75 | 1,90E-02
molecules
M C6 (LM-HM) BP GO:0060192-negatlye.regulatlon of 204 | 2.06E-02
lipase activity
oM C6 (LM-HM) BP GO:003434'10-resp0nse to type i 183 | 228602
interferon
IcM €6 (LM-HM) BP GO:0060512-prostaFe gland 5 2.96E-02
morphogenesis
ICM C6 (LM-HM) BP GO0:0098754-detoxification 1,75 | 3,15E-02
IcM €6 (LM-HM) BP GO:0072171-mes0nephrlc tubule 187 | 3.30E-02
morphogenesis
ICM C6 (LM-HM) BP G0:0042060-wound healing 1,37 | 3,30E-02
ICM €6 (LM-HM) BP GO:0043434-response to peptide 143 | 3.34E-02
hormone
IcM C6 (LM-HM) BP GO:0048546—d1gest1'V63 tract 191 | 3.34E-02
morphogenesis
ICM C6 (LM-HM) BP G0:0048732-gland development 1,39 | 3,34E-02
IcM C6 (LM-HM) BP GO:1904035—regulgtlon of epithelial 182 | 3.34E-02
cell apoptotic process
M C6 (LM-HM) BP GO:003017$—negatlve regulation of wnt 155 | 335602
signaling pathway
ICM C6 (LM-HM) BP GO:0006119-oxidative phosphorylation | 1,67 | 3,35E-02
ICM C6 (LM-HM) BP G0:0009617-response to bacterium 1,36 | 3,35E-02
M €6 (LM-HM) BP GO:0035270-endocrine system 17 3.35E-02
development
M C6 (LM-HM) BP G0:0009636-response to toxic 138 | 335602
substance
ICM C6 (LM-HM) BP GO0:0048645-animal organ formation 1,84 | 3,42E-02
ICM C6 (LM-HM) BP GO:0070555-response to interleukin 1 1,55 | 3,42E-02
M €6 (LM-HM) BP GO:0019731-antibacterial humoral 198 | 3.51E-02
response
ICM C6 (LM-HM) BP GO0:0060914-heart formation 1,96 | 3,51E-02
oM C6 (LM-HM) BP G0:0002526-acute inflammatory 178 | 3.52E-02
response
ICM C6 (LM-HM) BP GO0:0031016-pancreas development 1,77 | 3,52E-02
M €6 (LM-HM) BP GO:1903039-positive regulgtlon of 156 | 3.526-02
leukocyte cell cell adhesion
ICM C6 (LM-HM) BP G0:0090102-cochlea development 1,87 | 3,62E-02
ICM C6 (LM-HM) BP GO0:0006401-rna catabolic process 1,43 | 3,62E-02
ICM C6 (LM-HM) BP GO0:0051604-protein maturation 1,52 | 3,65E-02
ICM C6 (LM-HM) BP GO:0009Q66—aspanfite family amino 189 | 3.67B-02
acid metabolic process
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GO:0031338-regulation of vesicle

Ic™M C6 (LM-HM) BP . 1,97 | 3,75E-02
fusion
ICM C6 (LM-HM) BP GOA:0035357-perox1AsomEf proliferator 195 | 3.78B-02
activated receptor signaling pathway
ICM C6 (LM-HM) BP G0:0001704-formation of primary 165 | 3.80B-02
germ layer
oM C6 (LM-HM) BP GO:0060562—ep1the!1a1 tube 15 3.82E-02
morphogenesis
IC™M C6 (LM-HM) BP G0:0009060-aerobic respiration 1,77 | 3,91E-02
M C6 (LM-HM) BP GO:OO43062—extr‘ace}Iular structure 141 | 3.946-02
organization
ICM C6 (LM-HM) BP G0:0032355-response to estradiol 1,66 | 3,94E-02
M C6 (LM-HM) BP GO0:0031018-endocrine pancreas 1.89 | 3.96E-02
development
IC™M C6 (LM-HM) BP G0:0007492-endoderm development 1,74 | 3,96E-02
M C6 (LM-HM) BP G0:0071887-leukocyte apoptotic 173 | 3.968-02
process
M C6 (LM-HM) BP GO:OO31647—regl}lgt10n of protein 15 4.11E-02
stability
M C6 (LM-HM) BP GO:0042773-atp synthesis coupled 169 | 4.12E-02

electron transport

oM C6 (LM-HM) BP GO:0006520-cqllular amino acid 1.5 421E-02
metabolic process

GO:0071542-dopaminergic neuron

ICM C6 (LM-HM) BP differentiation 1,9 | 4,21E-02
GO:0051154-negative regulation of
ICM C6 (LM-HM) BP striated muscle cell differentiation 195 | 4.21E-02
ICM C6 (LM-HM) BP GO:0051051-negative regulation of 139 | 421B-02
transport

ICM C6 (LM-HM) BP GO:0016485-protein processing 1,57 | 4,21E-02

ICM C6 (LM-HM) BP GO:0010632—regl}latlgn of epithelial 153 | 421B-02
cell migration

IcM C6 (LM-HM) BP GO:0009069—ser1n.e family amino acid 192 | 421E-02

metabolic process
IcM C6 (LM-HM) BP GO:004239$—cellular modlﬁed amino 1.9 4.576-02
acid biosynthetic process

ICM C6 (LM-HM) BP G0:0060993-kidney morphogenesis 1,75 | 4,57E-02

M C6 (LM-HM) BP G0:0072009-nephron epithelium 164 | 4.57E-02
development

M C6 (LM-HM) BP GO:2000108—p051t1ve' regulation of 185 | 4.57E-02

leukocyte apoptotic process

ICM C6 (LM-HM) BP GO:0043542-endothelial cell migration 1,48 | 4,60E-02

ICM C6 (LM-HM) BP GO:0006635-fatty acid beta oxidation 1,72 | 4,60E-02

ICM C6 (LM-HM) BP (G0:0001823-mesonephros 1,72 | 4,60E-02
development

Ic™M C6 (LM-HM) BP GO:0090130-tissue migration 1,47 | 4,60E-02

cM C6 (LM-HM) BP G0:00341 1§—p051tlve regulat.lon of 1.4 | 4.836-02

heterotypic cell cell adhesion
M C6 (LM-HM) BP GO0:0009142-nucleoside triphosphate 171 | 4.89E-02

biosynthetic process
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ICM C6 (LM-HM) BP GO:003%%3[;“:;2;{5:"““ to 1,53 | 4,90E-02
Ic™M C6 (LM-HM) CcC GO:0022626-cytosolic ribosome 2,53 | 2,15E-08
ICM C6 (LM-HM) CcC GO:0044391-ribosomal subunit 2,33 | 2,15E-08
ICM C6 (LM-HM) cC GO:0005840-ribosome 2,13 | 2,15E-08
ICM C6 (LM-HM) CcC GO:0015934-large ribosomal subunit 2,18 | 5,94E-06
M €6 (LM-HM) cc GO:O()22625—cystl(i;i)llliict large ribosomal 238 | 8.43E-06
M €6 (LM-HM) cc GO:()044455-mitc;<;k;;)ndrial membrane 172 | 5.61E-04
oM C6 (LM-HM) cc 60:0098798-$;;i2§ndria] protein 171 | 5.61E-04
ICM C6 (LM-HM) CcC G0:0044445-cytosolic part 1,67 | 2,18E-03
IcM C6 (LM-HM) cc Goﬁfzﬁfﬁé;;‘r':)i;'r'l‘tgi’&gial 1,78 | 2,22E-03
ICM C6 (LM-HM) CcC GO0:0015935-small ribosomal subunit 2 2,22E-03
oM C6 (LM-HM) cc GO:0005788-e1111¢liI<I)11;lrz;1smic reticulum 158 | 3.06E-03
ICM €6 (LM-HM) cc G020022627—cy;(l)1;<1>lltilcitsmall ribosomal 204 | 3.88E-03
ICM C6 (LM-HM) cC GO0:0031983-vesicle lumen 1,56 | 3,88E-03
IcCM C6 (LM-HM) CcC GO:0043194-axon initial segment -1,92 | 2,57E-02
ICM C6 (LM-HM) CcC GO:0043235-receptor complex -1,51 | 2,57E-02
ICM C6 (LM-HM) cC GO:0070469-respirasome 1,68 | 2,57E-02
ICM C6 (LM-HM) CcC GO:0098803-respiratory chain complex | 1,71 | 3,60E-02
ICM C6 (LM-HM) CC GO0:0005759-mitochondrial matrix 1,36 | 4,25E-02
ICM C6 (LM-HM) cc Gozogzgiﬁﬁﬁ‘;f:nfgiﬁasmic 1,84 | 4,54B-02
oM C6 (LM-HM) MF GO:0003735—srtiI};)lt)cst(1)1rr;i constituent of 254 | 7.46E-08
ICM C6 (LM-HM) MF G0:0051082-unfolded protein binding 1,89 | 8,46E-03
ICM C6 (LM-HM) MF G0:0009055-¢lectron transfer activity 1,84 | 2,32E-02
ICM C6 (LM-HM) KEGG KEGG_03010-ribosome 2,66 | 1,74E-08
ICM C6(LM-HM) | KEGG KEGp%Sofhlfr(;']‘;i‘iLd:ﬁ"e 1,98 | 1,09E-04
ICM C6 (LM-HM) KEGG KEGG_05012-parkinsons disease 1,91 | 5,06E-04
ICM C6 (LM-HM) KEGG KEGG_05016-huntingtons disease 1,71 | 5,24E-03
ICM C6 (LM-HM) KEGG KEGG_05010-alzheimers disease 1,73 | 6,41E-03
IcM C6(LM-HM) | KEGG KEGG—OO?H %;f;‘ﬁ‘s‘:l andproline |y o3| 738503
ICM C6 (LM-HM) KEGG KEGG 03320-ppar signaling pathway 1,75 | 1,93E-02
Ic™M C6 (LM-HM) KEGG KEGG_05200-pathways in cancer 1,42 | 2,28E-02
ICM C6 (LM-HM) KEGG KEGG_00310-lysine degradation 1,82 | 2,86E-02
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ICM C6 (LM-HM) KEGG KEGG_00650-butanoate metabolism 1,85 | 3,65E-02
ICM C6 (LM-HM) KEGG KEGG_05215-prostate cancer 1,63 | 3,65E-02
ICM C6 (LM-HM) KEGG KEGG_00620-pyruvate metabolism 1,74 | 3,94E-02
KEGG_00563-
ICM C6 (LM-HM) KEGG glycosylphosphatidylinositol gpi anchor | -1,79 | 4,54E-02
biosynthesis
ICM C6 (LM-HM) | KEGG KEGG_00260-glycine serine and 1,8 | 4,62B-02
threonine metabolism
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ABSTRACT

STUDY QUESTION: Are there cell lineage-related differences in the apoptotic rates and differentiation capacity of human blastocysts
diagnosed as euploid, mosaic, and aneuploid after preimplantation genetic testing for aneuploidy (PGT-A) based on concurrent copy
number and genotyping analysis?

SUMMARY ANSWER: Trophectoderm (TE) cells of mosaic and aneuploid blastocysts exhibit significantly higher levels of apoptosis
and significantly reduced differentiation capacity compared to those of euploid blastocysts.

WHAT IS KNOWN ALREADY: Embryos diagnosed as mosaic after PGT-A can develop into healthy infants, yet understanding the rea-
sons behind their reproductive potential requires further research. One hypothesis suggests that mosaicism can be normalized
through selective apoptosis and reduced proliferation of aneuploid cells, but direct evidence of these mechanisms in human embryos
is lacking. Additionally, data interpretation from studies involving mosaic embryos has been hampered by retrospective analysis
methods and the high incidence of false-positive mosaic diagnoses stemming from the use of poorly specific PGT-A platforms.

STUDY DESIGN, SIZE, DURATION: Prospective cohort study performing colocalization of cell-lineage and apoptotic markers by
immunofluorescence (IF). We included a total of 64 human blastocysts donated to research on Day 5 or 6 post-fertilization (dpf) by
43 couples who underwent in vitro fertilization treatment with PGT-A at IVI-RMA Valencia between September 2019 and October
2022. A total of 27 mosaic blastocysts were analyzed.

PARTICIPANTS/MATERIALS, SETTING, METHODS: The study consisted of two phases: Phase I (caspase-3, n =53 blastocysts): n=13
euploid, n=22 mosaic, n=18 aneuploid. Phase II (terminal deoxynucleotidyl transferase dUTP nick end labelling (TUNEL), n=11
blastocysts): n=2 euploid, n =5 mosaic, n =4 aneuploid. Following donation for research, vitrified blastocysts were warmed, cultured
until re-expansion, fixed, processed for IF, and imaged using confocal microscopy. For each blastocyst, the following cell counts were
conducted: total cells (DAPI+), TE cells (GATA3+), inner cell mass (ICM) cells (GATA3—-/NANOG+), and apoptotic cells (caspase-3+ or
TUNEL+). The incidence of apoptosis was calculated for each blastocyst by dividing the number of caspase-3+ cells (Phase I) or
TUNEL+ cells (Phase II) by the number of TE or ICM cells. Statistical analysis was performed according to data type and distribution
(P <0.05 was considered statistically significant).

MAIN RESULTS AND THE ROLE OF CHANCE: Phase I: Mosaic blastocysts displayed a similar number of total cells (49.6 + 15 cells at
5 dpf; 58.8+16.9 cells at 6 dpf), TE cells (38.8+13.7 cells at 5 dpf; 49.2 + 16.2 cells at 6 dpf), and ICM cells (10.9+4.2 cells at 5 dpf; 9.7 +7.1
cells at 6 dpf) compared to euploid and aneuploid blastocysts (P> 0.05). The proportion of TE cells retaining NANOG expression in-
creased gradually from euploid blastocysts (9.7% = 63/651 cells at 5 dpf; 0% =0/157 cells at 6 dpf) to mosaic blastocysts (13.1% =104/
794 cells at 5 dpf; 3.4% =12/353 cells at 6 dpf) and aneuploid blastocysts (27.9% = 149/534 cells at 5 dpf; 4.6% =19/417 cells at 6 dpf)
(P <0.05). At the TE level, caspase-3+ cells were frequently observed (39% =901/2310 cells). The proportion of caspase-3+ TE cells was
significantly higher in mosaic blastocysts (44.1% + 19.6 at 5 dpf; 43% + 16.8 at 6 dpf) and aneuploid blastocysts (45.9% + 16.1 at 5 dpf;
49% + 15.1 at 6 dpf) compared to euploid blastocysts (26.6% + 16.6 at 5 dpf; 17.5% + 14.8 at 6 dpf) (P < 0.05). In contrast, at the ICM level,
caspase-3+ cells were rarely observed (1.9% = 11/596 cells), and only detected in mosaic blastocysts (2.6% = 6/232 cells) and aneuploid
blastocysts (2.5% =5/197 cells) (P >0.05). Phase II: Consistently, TUNEL+ cells were only observed in TE cells (32.4% = 124/383 cells).
An increasing trend was identified toward a higher proportion of TUNEL+ cells in the TE of mosaic blastocysts (37.2% + 21.9) and
aneuploid blastocysts (39% + 41.7), compared to euploid blastocysts (23% + 32.5), although these differences did not reach statistical
significance (P >0.05).

Received: September 28, 2023. Revised: November 29, 2023. Editorial decision: January 16, 2024.
© The Author(s) 2024. Published by Oxford University Press on behalf of European Society of Human Reproduction and Embryology. All rights reserved.
For permissions, please email: journals.permissions@oup.com
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LIMITATIONS, REASONS FOR CAUTION: The observed effects on apoptosis and differentiation may not be exclusive to aneuploid
cells. Additionally, variations in aneuploidies and unexplored factors related to blastocyst development and karyotype concordance

may introduce potential biases and uncertainties in the results.

‘WIDER IMPLICATIONS OF THE FINDINGS: Our findings demonstrate a cell lineage-specific effect of aneuploidy on the apoptotic
levels and differentiation capacity of human blastocysts. This contributes to unravelling the biological characteristics of mosaic
blastocysts and supports the concept of clonal depletion of aneuploid cells in explaining their reproductive potential.

STUDY FUNDING/COMPETING INTEREST(S): This work was funded by grants from Centro para el Desarrollo Tecnoldgico Industrial
(CDTI) (20190022) and Generalitat Valenciana (APOTIP/2019/009). None of the authors has any conflict of interest to declare.
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Introduction

Despite significant advances in reproductive technology, assisted
human reproduction remains remarkably inefficient. According
to the latest report from the European Society of Human
Reproduction and Embryology (ESHRE) on IVF monitoring, clini-
cal pregnancy rates per transfer have plateaued at around 34%
(European IVF Monitoring Consortium for ESHRE et al., 2023). One
major cause of this inefficiency is embryonic aneuploidy, a condi-
tion of karyotype imbalance involving the loss or gain of one or
more chromosomes. Meiotic aneuploidy is caused by errors in
chromosome segregation during gametogenesis, leading to em-
bryos composed entirely of chromosomally abnormal cells
(Hassold and Hunt, 2001). In contrast, mitotic aneuploidy arises
from errors during post-zygotic cell divisions, resulting in em-
bryos with a mixture of euploid and aneuploid cells, a status
known as mosaicism (Levy et al., 2021).

Preimplantation genetic testing for aneuploidy (PGT-A) ena-
bles the identification of embryos with chromosomal alterations
after IVF. Embryos with uniform aneuploidies are deselected for
transfer since they lead to implantation failure, miscarriage, and
congenital anomalies (Capalbo et al., 2022). Conversely, embryos
with mosaic aneuploidies rarely result in aneuploid pregnancies
(Kahraman et al., 2020; Schlade-Bartusiak et al., 2022; Greco et al.,
2023) but are rather associated with normal development and
the birth of healthy babies (Abhari and Kawwass, 2021; Capalbo
et al.,, 2021; Mourad et al., 2021; Treff and Marin, 2021; Viotti et al.,
2021; Ma et al., 2022; Viotti et al., 2023). However, the reasons
for the reproductive potential of mosaic embryos require further
investigation.

Two main hypotheses are under consideration. On the one
hand, it has been proposed that mosaic embryos have some
intrinsic capacity for self-correction, which may occur through
selective apoptosis and reduced proliferation of aneuploid cells
(Baker, 2020; Coticchio et al., 2021; Regin et al., 2022). Although di-
rect evidence of these mechanisms in human embryos is lacking,
time-lapse imaging studies have shown that mitotic errors dur-
ing early embryonic divisions lead to slower cleavage and longer
cell cycles (Chavez et al., 2012; Lee et al., 2019; Martin et al., 2023).
Consistently, transcriptome studies have demonstrated that em-
bryonic aneuploidy leads to deregulation of genes and pathways
associated with cell proliferation, apoptosis, and autophagy
(Vera-Rodriguez et al., 2015; Licciardi et al., 2018; Sanchez-Ribas
etal., 2019; Maxwell et al., 2022; Martin et al., 2023).

On the other hand, it has been suggested that mosaic results
based solely on the identification of intermediate chromosomal
copy number profiles in trophectoderm (TE) biopsies lead to
false positive diagnoses. Indeed, studies performing multifocal
blastocyst biopsies have demonstrated that most mosaic
results remain confined to a single TE sample (Popovic et al.,
2020; Capalbo et al., 2021; Marin et al., 2021; Girardi et al., 2023).

In addition, mosaic results can be indistinguishable from techni-
cal noise superimposed on euploid or aneuploid profiles (Treff
and Marin, 2021). Moreover, given the uncertainty surrounding
these findings, embryos with mosaic results are typically
deprioritized for transfer (Abhari and Kawwass, 2021; Cheng
et al., 2022; Leigh et al., 2022). Therefore, compelling evidence
indicates that the outcomes of mosaic embryo transfers have
been confounded by the misdiagnosis of euploid and aneuploid
embryos and a selection bias toward patients with poor
reproductive prognosis (Treff and Marin, 2021).

Novel PGT-A methods integrate both copy number and single
nucleotide polymorphism (SNP) genotyping data analysis, which
has made it possible to distinguish between meiotic and mitotic
aneuploidies in TE samples (Rana et al., 2023). These platforms
have revealed that more than 30% of embryos diagnosed as
mosaic based solely on copy number profiles display at least one
error of meiotic origin, indicating the presence of uniform aneu-
ploidies (Popa et al., 2023). Since the detection of mitotic-origin
aneuploidy more accurately predicts mosaicism in the remaining
embryo, these methods offer an unparalleled opportunity to
investigate the molecular mechanisms responsible for the repro-
ductive potential of mosaic embryos.

Here, we performed immunofluorescence (IF) and confocal
imaging to compare the cell lineage-specific incidence of
apoptosis among blastocysts diagnosed as euploid, mosaic, and
aneuploid by a novel PGT-A platform that integrates copy
number and SNP genotyping data analysis. The differential
expression of apoptotic markers in mosaic embryos may shed
new light on the impact of mitotic aneuploidy on embryo viability
at the stage when the first lineage segregation occurs.

Materials and methods

Ethical approval

The study was approved by the National Commission of Human
Reproduction (CNRHA), the general direction of research, innova-
tion, technology, and quality, and by our institutional review
board, the ethics committee of Clinical Research IVI-RMA
Valencia (No. 1710-VLC-102-MD), which complies with Spanish
law on assisted reproductive technologies (14/2006) and biomedi-
cal research (14/2007). All participants provided written informed
consent prior to their inclusion in the study, and the research
procedures were carried out in compliance with the Declaration
of Helsinki.

Study population and design

This prospective cohort study was performed on a total of
64 human blastocysts with previous PGT-A diagnosis on Day 5 or
6 post-fertilization (dpf). Blastocysts were donated to research by
43 couples who underwent IVF treatment with ICSI at IVI-RMA
(Valencia, Spain) between September 2019 and October 2022.
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The mean age of patients providing oocytes and sperm was 34.8 +
6.3 and 38.3+7.4years, respectively. Indications for PGT-A in-
cluded advanced maternal age, recurrent miscarriage, recurrent
implantation failure, and aneuploidy screening.

The study was divided into two phases (Fig. 1). In the first
phase, we analyzed the expression of the apoptotic marker ac-
tive/cleaved caspase-3 on a total of 53 blastocysts: n=13 euploid
(n=11at5dpf, n=2at 6 dpf), n=22 mosaic (n=16 at 5 dpf;n=6
at 6 dpf), and n=18 aneuploid (n=11 at 5 dpf; n=7 at 6 dpf)
(Table 1). In the second phase, we analyzed the level of DNA frag-
mentation, a hallmark of late-stage apoptosis, by performing ter-
minal deoxynucleotidyl transferase dUTP nick end labelling
(TUNEL) staining on a total of 11 blastocysts: n=2 euploid (n=1
at 5 dpf; n=1at 6 dpf), n=5mosaic (n=4 at 5 dpf, n=1at 6 dpf),
and n=4 aneuploid (n=4 at 5 dpf) (Supplementary Table S1).

IVF-related procedures

Ovarian stimulation, oocyte retrieval, and ICSI were performed
as described previously by Bori et al. (2022). Embryo culture was
performed in Gems culture medium (Genea Biomedx, Australia)

IRB approval I

!

Identification of patients meeting inclusion criteria
1CSI, PGT-A cycles with supernumerary embryos
Patients with favorable clinical outcomes

Exclusion criteria
IVF cycles, PGT-M and PGT-SR cycles
Poor fertilization or embryo development

44 PGT-A cycles with TE biopsy
64 embryos

{

NGS report
Euploid (n=15)
Mosaic (n=27)

Aneuploid (n=22)

43 couples consented to research donation
Study enroliment

| Blastocyst warming, culture and fixation (n=64) |

Phase I (n=53) | Phase II (n=11)
Caspase-3 activity DNA fragmentation
NANOG NANOG
GATA3 GATA3
Caspase-3 TUNEL
DAPI DAPL

{ l

Confocal imaging
Total cells: DAPI+
TE cells: GATA3+
ICM cells: GATA3-/NANOG +
Apoptotic cells: Caspase-3+ () or TUNEL+ (I

C ization of cell-li totic markers

ge and

Figure 1. Study flowchart. IRB, Institutional Review Board; PGT-A,
preimplantation genetic testing for aneuploidy; PGT-M, preimplantation
genetic testing for monogenic diseases; PGT-SR, preimplantation genetic
testing for structural rearrangements; NGS, next-generation sequencing;
TE, trophectoderm; ICM, inner cell mass.

under mineral oil at 37°C, 6% CO,, and 5% O, (balanced with N»)
from the zygote to the blastocyst stage. Embryo quality was
assessed according to guidelines from the Association for the
Study of Reproductive Biology (ASEBIR), with slight modifications
(Ardoy et al., 2008).

Preimplantation genetic testing for aneuploidy

At 3 dpf, embryos underwent assisted hatching by laser technol-
ogy (Octax NavilLase™, Sweden). The day of embryo biopsy
depended exclusively on blastocyst quality and pace of develop-
ment. Only embryos that developed beyond a full blastocyst with
a defined inner cell mass (ICM) and a cohesive TE epithelium
(grade A, B, or C in the ASEBIR scoring system) were considered
eligible for biopsy. Blastocysts not reaching the guide mark at
5 dpf (116 +2h post-fertilization (hpf)) were given one more day
in culture and were biopsied at 6 dpf (140 + 2 hpf) if meeting the
established criteria

A TE biopsy was performed by the pulling method (Aoyama
and Kato, 2020). Approximately five to eight TE cells with visible
nuclei opposite the ICM were drawn into a biopsy pipette by ap-
plying gentle suction and 4-5 intercellular laser pulses (intensity
1.8ms, diameter 13 pm). Aspirated TE cells were collected into
DNase-free polymerase chain reaction tubes using UV-sterilized
material and sterile gloves. Biopsy samples were labelled, stored
at -20°C, and shipped to a reference genetics laboratory.
Biopsied blastocysts were moved back to culture and vitrified fol-
lowing the Kitazato protocol (Kuwayama, 2007; Cobo et al., 2009).

The method used for PGT-A is known as PGTseq and is based
on targeted next-generation sequencing (NGS). It employs multi-
plex targeted PCR to amplify regions on all 24 chromosomes, fol-
lowed by massive parallel sequencing of the resulting amplicons.
Targeted NGS specifically examines areas of the genome that can
accurately assess whole chromosome aneuploidy without intro-
ducing artifacts. The test was validated, and its performance
characteristics were determined by Juno Genetics (Tiegs
etal, 2021).

Briefly, the genetic material of the biopsied cells was
extracted, amplified, and sequenced. To determine the chromo-
somal constitution of the biopsied sample, the relative number of
DNA fragments derived from each chromosome was considered.
The PGTseq software generated a graph representing the
chromosome copy numbers in the sample. The mosaic range was
defined as intermediate copy number variations between 30%
and 70%. In addition, a custom SNP genotyping assay was per-
formed in parallel on every biopsy. The analysis of polymorphic
markers scattered across the genome allowed for a second, inde-
pendent confirmation of chromosomal copy numbers and assis-
ted in detecting mosaicism and DNA contamination in the biopsy
(Supplementary Fig. S1).

The PGTseq assay detected all forms of haploidy and triploidy
(including XXX triploidy, which is missed by NGS alone), while
balanced structural chromosome rearrangements and uniparen-
tal disomy were not detected.

Embryo fixation and immunofluorescence

Blastocysts donated to research were warmed using the Kitazato
method (Kuwayama, 2007; Cobo et al.,, 2009) and cultured until
re-expansion (2-4h) in Gems culture medium (Genea Biomedx,
Australia) under mineral oil at 37°C, 6% CO,, and 5% O, (bal-
anced with N,). Following re-expansion, blastocysts were washed
for 2min in PBS (D8537, Sigma, USA) and fixed in a freshly pre-
pared PBS solution containing 4% paraformaldehyde (15710,
EMS, USA) for 20min at room temperature (RT). Fixed embryos
were washed twice for 2min in a PBS solution containing 0.1%
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Table 1. Study population and characteristics of embryos analyzed by caspase-3 staining.

Grade Grade
ASEBIR® TE

Grade
IcM

Embryo Day of
D analysis®

EUO1 5
EU02
EU03
EU04
EUO05
EU06
EUO07
EU08
EU09
EU10
EU11
EU12
EU13
MO01

[GRON NG RG RV RV RV RV RV RV RV, RV
WOEOONONNWWwEwww
WOFTOOONNW W W@
WOWWOWWoWwWwwww

MO02
MO03
MO04
MO05
MO06
MO07
MO08
MO09
MO10
MO11
MO12
MO13
MO14
MO15
MO16
MO17
MO18
MO19
MO20
MO21
MO22
ANO1
ANO2
ANO3
AN04
ANOS
ANO06
ANO7
ANO8
ANO09
AN10
AN11
AN12
AN13
AN14
AN15
AN16
AN17
AN18

R RN SRV RV RV RV RC RV RV RV RV RV o e N N NV R RV RV RV RV RV RV VRV RV RV RU RO R
NONFEEEENNNORFEIFIEEEONONIEIEOONNNONNO T M E W W w
ON0NEEEIEITOOONFTPIIFIETIOOONFTITOOOONOHOONFT T IHEEE
T ) O > Y 09 > 9 Y Y > U9 09 09 B8 b9 b9 U9 09 () 9 B9 D> 09 09 9 D> B9 b9 U9 U9 9 9 69 OO U9 09 9

?  Days post-fertilization

PGT-A NGS
Hatching diagnosis (% mosaicism)
Yes Euploid <30%
No Euploid <30%
Yes Euploid <30%
Yes Euploid <30%
Yes Euploid <30%
Yes Euploid <30%
No Euploid <30%
No Euploid <30%
Yes Euploid <30%
No Euploid <30%
No Euploid <30%
Yes Euploid <30%
Yes Euploid <30%
Yes Mosaic +3(30%), +4(30%), +12(40%),
+17(30%), +21(30%)
No Mosaic Y (30%), +7(40%), +10(40%)
Yes Mosaic —X(30%)
No Mosaic —8(40%)
No Mosaic —14(40%), —19(40%)
Yes Mosaic —14(40%)
Yes Mosaic —16(30%)
Yes Mosaic +6p(30%)
Yes Mosaic —2(30%), =7(30%)
No Mosaic —-3(70%), —4(30%)
Yes Mosaic —22(40%)
No Mosaic —6(40%), +7(40%)
Yes Mosaic —12p(40%), +129(40%)
Yes Mosaic —2(40%)
No Mosaic —-2(70%)
Yes Mosaic —10(30%)
Yes Mosaic —X(50%), +3(40%), —1p(50%), —1q(40%)
No Mosaic —3(50%)
Yes Mosaic +8(60%)
No Mosaic —3(30%), —16(40%), —18(50%)
Yes Mosaic +4q(30%)
Yes Mosaic +9p(50%)
Yes Aneuploid +16(>70%)
No Aneuploid +1(>70%), +17(>70%)
No Aneuploid +22(>70%)
Yes Aneuploid —22(>70%)
No Aneuploid +15(>70%)
Yes Aneuploid —21(>70%)
No Aneuploid +2(>70%)
No Aneuploid +15(>70%)
No Aneuploid —4q(>70%)
Yes Aneuploid +10(>70%)
Yes Aneuploid +16(>70%)
Yes Aneuploid —-16(>70%), +22(>70%)
No Aneuploid —-8(>70%)
No Aneuploid —22(>70%)
No Aneuploid +15(>70%)
Yes Aneuploid —20(>70%)
Yes Aneuploid =Yp(>70%), =Yq(>70%)
No Aneuploid —7(>70%)

®  Embryo quality assessed according to guidelines from the Spanish Association for the Study of Biology of Reproduction (ASEBIR). TE, trophectoderm; ICM,
inner cell mass; PGT-A, preimplantation genetic testing for aneuploidy; NGS, next-generation sequencing.

Tween-20 (P9416, Sigma, USA). Embryos were permeabilized in
PBS containing 0.5% Triton X-100 (T8787, Sigma, USA) for 30 min
at RT. Permeabilized embryos were washed three times for 2min
in PBS containing 0.1% Tween-20 and 2% BSA (A9647, Sigma,
USA). Embryos were then incubated in blocking buffer (PBS con-
taining 5% BSA) for 4h at 4°C. Primary antibodies were incubated
overnight at 4°C in blocking buffer: goat anti-NANOG 1:80
(AF1997, R&D-Systems, USA), mouse anti-GATA3 1:100
(MAB6330, R&D-Systems, USA), rabbit anti-caspase-3 (active/
cleaved) 1:1000 (NB10056113, Novus Biologicals, USA). Secondary

antibodies were incubated for 1h at RT in blocking buffer: Alexa
Fluor 647 Donkey anti-goat 1:500 (ab150135, Abcam, UK), Alexa
Fluor 568 Donkey anti-mouse 1:500 (ab175700, Abcam, UK),
Alexa Fluor 488 Donkey anti-rabbit 1:500 (ab150061, Abcam, UK).
In addition, embryos were stained with 165uM DAPI (D8417,
Merck, Germany) for 15min at RT to reveal nuclei.

For TUNEL staining, blastocysts were incubated in 12pl of
TUNEL reaction mixture (In Situ Cell Death Detection Kit, Roche,
Germany) for 1h at 37°C in humid conditions after the incubation
with secondary antibodies.
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Confocal imaging

Stained blastocysts were placed in glass-bottom dishes (Nunc
Glass Bottom Dish, Fisher Scientific, USA) in 15ul drops of PBS
containing 2% BSA overlaid with mineral oil (Ferticult™,
Fertipro, Belgium) and imaged with an FV1000 confocal micro-
scope using the software FV10-ASW 4.2b (Olympus, Japan).

Confocal imaging was accomplished by capturing a z-series
stack of 3-um-thick optical sections encompassing the whole
blastocyst. A virtual channel was set up to image all fluorescent
signals simultaneously, and a Kalman filter was applied to re-
duce high-gain noise. A 40x oil immersion lens was used
for imaging.

The 635-, 559-, and 488-nm laser wavelengths of a light-
emitting diode (LED) were used to image Alexa Fluor 647, Alexa
Fluor 568, and Alexa Fluor 488, respectively. The 405-nm laser
wavelength of a LED was used to visualize DAPI staining. The
488-nm laser wavelength of a LED was used to visualize TUNEL+
nuclei. Laser acquisition parameters, including laser intensity
(LI), high voltage (HV), and offset, were adjusted to compensate
for the loss of fluorescent signal due to the presence of the zona
pellucida, and two laser configurations were established: (i) non-
hatching blastocysts: 635 nm (LI=43.6%, HV =685, offset=14),
559 nm (LI=56%, HV=700, offset=8), 488 nm (LI=40%,
HV =585, offset=289), 405 nm (LI=47.8%, HV =950, offset=11);
(i) hatching/hatched blastocysts: 635 nm (LI=43.6%, HV =670,
offset=34), 559 nm (LI=56%, HV=595, offset=8), 488 nm
(LI=40%, HV=520, offset=89), 405 nm (LI=47.8%,
HV =770, offset = 25).

Colocalization of cell-lineage and

apoptotic markers

Z-stack projection files in the OIF format were visualized with
the software FV10-ASW 4.2b (Olympus, Japan), and fluorescent
channels were analyzed for each blastocyst. The analysis was
conducted in a blinded fashion, as images were assigned a nu-
merical code unrelated to blastocyst classification. For each blas-
tocyst, the following cell counts were performed: number of total
cells (DAPI+), number of TE cells (GATA3+), number of ICM cells
(GATA3-/NANOG+), and number of apoptotic cells (caspase-3+).
Individual focal planes were assessed to confirm the colocaliza-
tion of cell markers. The incidence of apoptosis was calculated
for each blastocyst by dividing the number of caspase-3+ cells by
the number of TE or ICM cells. The level of DNA fragmentation
was calculated for each blastocyst by dividing the number of
TUNEL+ cells by the number of TE or ICM cells. Three-
dimensional (3D) confocal z-stacks were reconstructed using
Imaris software (Bitplane, Oxford Instrument Company, USA)
(Video 1).

Statistical analysis

The sample size was not pre-defined, and embryos were homoge-
neously allocated into different experimental rounds according
to the day of the biopsy, embryo quality, and PGT-A diagnosis.
Qualitative data were analyzed using chi-square or Fisher exact
tests depending on expected frequencies. The distribution char-
acteristics of quantitative variables were visualized in histograms
and analyzed using Kolmogorov-Smirnov and Levene's tests
(Supplementary Table S2). Quantitative data that presented a
normal distribution were analyzed using an ANOVA test.
Quantitative data that did not present a normal distribution were
analyzed using a Kruskal-Wallis test. Continuous variables were
expressed as mean =+ standard deviation. Data were analyzed us-
ing 95% confidence levels (P<0.05 was considered statistically

Video 1. Three-dimensional confocal z-stack reconstruction of a
human blastocyst with apoptotic trophectoderm cells. Imaris software
was used to colocalize cell-lineage and apoptotic markers. GATA3+ cells
are represented in red, NANOG+ cells in pink, and Caspase-3+ cells

in green.

significant) with SPSS (v26, IBM Corporation). Figures were made
in GraphPad Prism (v9, GraphPad Software). The number of cells
or embryos analyzed (n), statistical tests, and P-values are all
stated in each figure or figure legend.

Results

Immunostaining for DAPI, NANOG, and GATA3 markers was per-
formed on all 64 blastocysts (47 blastocysts at 5 dpf and 17 blas-
tocysts at 6 dpf). We identified a total of 3387 DAPI+ cells (2369
cells at 5 dpf and 1018 cells at 6 dpf), 1138 NANOG+ cells (930
cells at 5 dpf and 208 cells at 6 dpf), and 2693 GATA3+ cells (1851
cells at 5 dpf and 842 cells at 6 dpf). Additionally, 53 out of the 64
blastocysts (38 blastocysts at 5 dpf and 15 blastocysts at 6 dpf)
were stained for caspase-3, revealing a total of 912 caspase-3+
cells (604 cells at 5 dpf and 308 cells at 6 dpf). The remaining
11 blastocysts (9 blastocysts at 5 dpf and 2 blastocysts at 6 dpf)
were stained for TUNEL, uncovering a total of 124 TUNEL+ cells
(99 cells at 5 dpf and 25 cells at 6 dpf).

Phase I: caspase-3 staining

Total cell counts

We first determined the mean total cell counts by analyzing
DAPI staining. Blastocysts analyzed at 5 dpf and 6 dpf exhibited
similar total cell counts (51.9+16 cells and 60.5+21.9 cells, re-
spectively) (P> 0.05). Furthermore, at 5 dpf, total cell counts were
comparable among euploid blastocysts (59.2+20.6 cells), mosaic
blastocysts (49.6 + 15 cells), and aneuploid blastocysts (48.5+14.2
cells) (P>0.05). Similarly, at 6 dpf, no significant differences in to-
tal cell counts were found among euploid blastocysts (78.5+0.7
cells), mosaic blastocysts (58.8 + 16.9 cells), and aneuploid blasto-
cysts (59.6 +23.5 cells) (P> 0.05) (Supplementary Fig. S2A).

Analysis of NANOG and GATA3 expression

Next, we examined the expression of the cell-lineage markers
NANOG and GATA3. On the one hand, the proportion of
NANOG+ cells decreased significantly from 38.2% (755/1979
cells) at 5 dpf to 20.3% (188/927 cells) at 6 dpf (P <0.0001). On the
other hand, the proportion of GATA3+ cells increased signifi-
cantly from 77.8% (1540/1979 cells) at 5 dpf to 83.1% (770/927
cells) at 6 dpf (P <0.01). Consistently, the proportion of GATA3+/
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Figure 2. Analysis of NANOG and GATA3 ex the bl

st stage. (A) Percent of NANOG+ cells. (B) Percent of GATA3+ cells. (C)

Percent of GATA3+/NANOG+ cells. Blue, grey, and red bars show euploid, mosaic, and aneuploid embryos, respectively. The values below each bar (n)
indicate the number of cells analyzed. The values displayed within each bar indicate the number of positive cells. The values displayed above each bar
indicate the percent of positive cells. 5 dpf, Day 5 post-fertilization; 6 dpf, Day 6 post-fertilization. Data were analyzed using chi-square or Fisher exact
tests at the 95% confidence level. *P < 0.05; **P < 0.01; ****P < 0.0001; ns, not significant.

NANOG+ cells decreased significantly from 16% (316/1979 cells)
at 5 dpf to 3.3% (31/927 cells) at 6 dpf (P < 0.0001).

Interestingly, when stratifying by genetic status, only in aneu-
ploid blastocysts did the proportion of GATA3+ cells fail to in-
crease significantly from 5 dpf to 6 dpf (P>0.05) (Fig. 2).
Furthermore, at 5 dpf, aneuploid blastocysts displayed a signifi-
cantly higher proportion of GATA3+/NANOG+ cells (27.9% =149/
534 cells) compared to mosaic blastocysts (13.1% = 104/794 cells)
and euploid blastocysts (9.7%=63/651 cells) (P<0.0001).
Similarly, at 6 dpf, the proportion of GATA3+/NANOG+ cells was
significantly higher in aneuploid blastocysts (4.6% =19/417 cells)

and mosaic blastocysts (3.4% = 12/353 cells) compared to euploid
blastocysts (0% = 0/157 cells) (P < 0.05) (Fig. 3)

Remarkably, a similar effect was observed when blastocysts
were further stratified based on their expected viability according
to the type of aneuploid chromosome(s). The highest proportion
of GATA3+/NANOG+ cells was found in aneuploid blastocysts
containing only non-viable aneuploidies (17.7% =168/951 cells),
while the lowest proportions of GATA3+/NANOG+ cells were ob-
served in euploid blastocysts (7.8% =63/808 cells) and mosaic
blastocysts containing only viable aneuploidies (2.5% = 2/81 cells)
(P<0.01). Additionally, the proportion of GATA3+/NANOG+ cells
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Figure 3. Persi: of NANOG exp ion in trophectoderm cells. (A) Day 5 post-fertilization (5 dpf). (B) Day 6 post-fertilization (6 dpf). Blue, grey,
and red bars show euploid, mosaic, and aneuploid embryos, respectively. The values below each bar (n) indicate the number of cells analyzed. The
values displayed within each bar indicate the number of positive cells. The values displayed above each bar indicate the percent of positive cells
Pairwise comparisons of proportions by chi-square test at the 95% confidence level. *P < 0.05; **P < 0.01; ****P < 0.0001. (C) Representative images of
human embryos analyzed at different developmental stages and immunostained for NANOG and GATA3. Arrowheads indicate cells coexpressing
GATA3 and NANOG. Scale bars, 20 pm.

was significantly lower in mosaic blastocysts containing only mosaic blastocysts containing a mixture of viable and non-viable
non-viable aneuploidies (9.3% =80/856 cells) compared to their aneuploidies displayed a similar proportion of GATA3+/
aneuploid counterparts (17.7% = 168/951 cells) (P < 0.001). Finally, NANOG+ cells (16.2%=34/210 cells) compared to aneuploid
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blastocysts ~ containing  only  non-viable  aneuploidies
(17.7% =168/951 cells) (P>0.05), which can be attributed to the
higher number of chromosomes affected in the mosaic group
(Supplementary Fig. S3A) (Table 1).

Quantification of TE and ICM cells

Then, we quantified TE cells as GATA3+ cells and ICM cells as
GATA3—-/NANOG+ cells. Blastocysts analyzed at 6 dpf exhibited
a significantly higher number of GATA3+ cells (51.3+18.7 TE
cells) compared to those analyzed at 5 dpf (40.5+14.5 TE cells)
(P<0.05). In contrast, the numbers of GATA3-/NANOG+ cells
remained virtually unchanged (11.6 +4.6 ICM cells at 5 dpf; 10.5 =
5 ICM cells at 6 dpf) (P> 0.05).

When considering the chromosomal constitution, we observed
that, at 5 dpf, euploid blastocysts displayed similar numbers of
GATA3+ cells and GATA3-/NANOG+ cells (45.6+17.6 TE cells;
13.5+4 ICM cells) compared to mosaic blastocysts (38.8+13.7 TE
cells; 10.9+4.2 ICM cells) and aneuploid blastocysts (38+11.8 TE
cells; 10.5+5.1 ICM cells) (P> 0.05). Similarly, at 6 dpf, no signifi-
cant differences were found in the number of GATA3+ cells and
GATA3-/NANOG+ cells among euploid blastocysts (69.5+2.1 TE
cells; 9+2.8 ICM cells), mosaic blastocysts (49.2 +16.2 TE cells; 9.7
+7.11CM cells), and aneuploid blastocysts (48+21.6 TE cells; 11.6
+3.2 ICM cells) (P> 0.05) (Supplementary Fig. S2B and C).

Analysis of caspase-3 expression in TE cells

Next, to identify TE cells undergoing early apoptotic events, we
analyzed the expression of the apoptotic marker caspase-3 in
these cells. Overall, apoptosis was a frequent phenomenon in TE
cells. In fact, out of the 2310 TE cells analyzed, 901 (39%) were
caspase-3+. Remarkably, 192 (21.3%) of these 901 apoptotic TE
cells were GATA3+/NANOG+, while the remaining 709 cells
(78.7%) were GATA3+/NANOG-.

The incidence of apoptosis in TE cells was significantly associ-
ated with the PGT-A diagnosis. At 5 dpf, a significantly higher
proportion of caspase-3+ TE cells was observed in mosaic blasto-
cysts (44.1% + 19.6) and aneuploid blastocysts (45.9% + 16.1)
compared to euploid blastocysts (26.3% + 17) (P<0.05) (Fig. 4A)
(Video 1). At 6 dpf, a similar increasing trend was observed when
comparing the proportion of caspase-3+ TE cells among euploid
blastocysts (17.5% + 14.8), mosaic blastocysts (43% = 16.8), and
aneuploid blastocysts (49% = 15.1). However, these differences
did not reach statistical significance (P> 0.05) (Fig. 4B).

Interestingly, the incidence of apoptosis in TE cells was also
correlated with the type of aneuploid chromosome(s). Although
the proportion of caspase-3+ TE cells showed significant differ-
ences only between euploid blastocysts (24.9% + 16.4) and aneu-
ploid blastocysts containing only non-viable aneuploidies (47.1%
+ 15.3) (P<0.05), an increasing trend was observed across all in-
termediate categories. Notably, this trend almost reached statis-
tical significance when comparing euploid blastocysts to mosaic
blastocysts containing only non-viable aneuploidies (43.9% =
18.2) (P=0.06) (Supplementary Fig. S3B).

Analysis of caspase-3 expression in ICM cells
Subsequently, we applied a similar analysis to identify ICM cells
experiencing early apoptotic events by assessing their caspase-3
expression. In contrast to what was observed in TE cells, apoptosis
was an exceedingly rare event in ICM cells. Indeed, only 11 (1.9%)
out of the 596 ICM cells analyzed were caspase-3+ (P < 0.0001).
Although the incidence of apoptosis in ICM cells was not signif-
icantly associated with the PGT-A diagnosis (P> 0.05), euploid
blastocysts were the only group lacking any caspase-3+ ICM cells
(0/149 cells at 5 dpf; 0/18 cells at 6 dpf). In contrast, six caspase-

3+ ICM cells were found in mosaic blastocysts (1.7% =3/174 cells
at 5 dpf; 5.2% =3/58 cells at 6 dpf), and five caspase-3+ ICM cells
were found in aneuploid blastocysts (0.9% =1/116 cells at 5 dpf;
4.9% =4/81 cells at 6 dpf), respectively (Fig. 5).

Phase II: TUNEL assay

Due to the limited number of blastocysts included in this study
phase, especially after scrutiny by ploidy status and dpf, the
analysis of the immunostaining markers DAPI, NANOG, and
GATA3 was conducted solely to confirm the differential occur-
rence of apoptosis between human TE and ICM cells. For this pur-
pose, we performed the TUNEL assay to assess the level of DNA
fragmentation (a marker of late-stage apoptosis) on an additional
cohort of 11 blastocysts.

Consistently, out of the 98 ICM cells analyzed, none (0%) were
found to be TUNEL+, whereas 124 out of the 383 TE cells ana-
lyzed (32.4%) were TUNEL+ (P<0.0001) (Supplementary Fig.
S4A). Despite the small sample size, a non-significant increasing
trend was observed toward higher levels of DNA fragmentation
in the TE of mosaic blastocysts (37.2% + 21.9) and aneuploid blas-
tocysts (39% = 41.7), compared to euploid blastocysts (23% + 32.5)
(P>0.05) (Supplementary Fig. S4B).

Discussion

Advances in sequencing technologies have revolutionized our un-
derstanding of the complexity and plasticity of the human embry-
onic genome (Coticchio et al, 2021). Successful embryonic
development relies on the faithful transmission of genetic material.
However, chromosome segregation errors are frequent during early
post-zygotic cell divisions, leading to widespread mosaicism in pre-
implantation embryos (McCoy, 2017). While the detrimental effect
of aneuploidy on cellular viability and clinical outcomes has been
extensively demonstrated (Williams et al., 2008; Zhu et al.,, 2018;
Shahbazi et al., 2020; Capalbo et al., 2022; Tosh et al., 2022), relatively
little is known about the mechanisms responsible for the survival
of embryos containing a mixture of euploid and aneuploid cells.
This knowledge is critical for guiding the implementation of genetic
screening approaches and broadening our understanding of human
reproductive capacity.

A preliminary strategy for investigating the impact of mosai-
cism on embryonic competence is to compare its prevalence
across different developmental time points. These studies have
shown that mosaicism declines over embryo development, af-
fecting more than 70% of embryos at cleavage stages (Vanneste
et al., 2009; van Echten-Arends et al., 2011; Mertzanidou et al.,
2013), 2-50% of embryos at the blastocyst stage (Viotti, 2020;
Levy et al., 2021; Rana et al.,, 2023), and <2% of established preg-
nancies, of which 90% represent confined placental mosaicism
(Malvestiti et al., 2015). In product of conceptions, mosaicism is
typically detected in less than 1% of cases (Menasha et al., 2005;
Hardy et al., 2016).

Several models, which are not mutually exclusive, have been
proposed to account for this reduction (McCoy, 2017). First, the
embryonic mortality model indicates that mosaic embryos are
negatively selected due to the detrimental impact of aneuploid
cells on embryonic fitness. This has been evidenced by studies
showing a high prevalence of mosaic abnormalities in arrested
embryos (Ruangvutilert et al., 2000; Bielanska et al., 2002; Rubio
et al., 2007; Santos et al., 2010).

Second, the aneuploidy rescue model suggests that mosaicism
can be corrected through the reversion of aneuploidy into
euploidy. While this has been theorized, evidence supporting
this mechanism in humans is scarce (Coorens et al., 2021;
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Figure 4. Analysis of caspase-3 expression in trophectoderm (TE) cells. (A) Day 5 post-fertilization (5 dpf). (B) Day 6 post-fertilization (6 dpf). Blue,
grey, and red bars show euploid, mosaic, and aneuploid embryos, respectively. The values below each bar (n) indicate the number of embryos
analyzed. Each dot represents one analyzed embryo. The apoptotic rate was calculated for each embryo by dividing the number of caspase-3+ cells by
the total number of TE cells. The error bars represent the standard deviation. Apoptotic rates were compared using Kruskal-Wallis or one-way analysis
of variance (ANOVA) tests with Bonferroni post hoc at the 95% confidence level. *P < 0.05; ns, not significant. (C) Representative images of human
embryos immunostained for NANOG, GATA3, and caspase-3. Arrowheads indicate apoptotic TE cells. A magnified section is included for a better
appreciation of the apoptotic TE cells. Scale bars, 20 um.

Schlade-Bartusiak et al.,, 2022), and it seems to play a minor role Third, the preferential allocation model involves the selective
based on the low incidence of uniparental disomy in blastocysts distribution of aneuploid cells into extraembryonic lineages.
(Gueye et al., 2014; Taylor et al., 2014) Although there is contradictory evidence regarding this
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analyzed. Each dot represents one analyzed embryo. The apoptotic rate was calculated for each embryo by dividing the number of caspase-3+ cells by
the total number of ICM cells. The error bars represent the standard deviation. Apoptotic rates were compared using Kruskal-Wallis or ANOVA tests at

the 95% confidence level. ns, not significant.

mechanism (Capalbo et al., 2013; Popovic et al., 2018; Starostik
et al., 2020), recent studies suggest that aneuploid cells may pri-
marily segregate to the blastocoel fluid, to peripheral cells lo-
cated distantly from the ICM, and, to a lesser extent, to the TE
cell lineage (Yang et al., 2021; Griffin et al., 2023). These findings
are consistent with the identification of physiological bottlenecks
that confine aneuploid cells arising within the first few cell divi-
sions to placental lineages (Coorens et al., 2021).

Finally, the clonal depletion model implies that aneuploid
cells are either eliminated by apoptosis or fail to propagate effi-
ciently within mosaic embryos, thereby reducing their detrimen-
tal impact. Although direct evidence of these mechanisms in
human embryos is lacking, studies performed in artificially gen-
erated mouse and human chimeras suggest that embryo viability
can be restored through targeted apoptosis of aneuploid cells
and competitive growth of euploid cells (Bolton et al., 2016; Singla
et al., 2020; Yang et al., 2021). In addition, the removal of aneu-
ploid cells may occur either through their exclusion via partial
compaction (Zhan et al., 2016; Lagalla et al., 2017, 2020; Hur et al.,
2023) or through their extrusion in the form of expelled frag-
ments or debris (Lagalla et al., 2020; Orvieto et al., 2020).

In this scenario, to gain new insights into the clonal depletion
mechanism, we studied the impact of mosaic and uniform aneu-
ploidies on the apoptotic rates of human blastocysts during the
first lineage segregation event to TE and ICM cells.

Predictably, overall changes in the expression of cell-lineage
markers between 5 dpf and 6 dpf evidenced the segregation of
ICM and TE cell types. On the one hand, the proportion of
NANOGH+ cells decreased significantly from 5 dpf to 6 dpf, which
is consistent with the restriction of pluripotency maintenance
genes such as SOX2, OCT4, and NANOG to ICM cells during the
first lineage segregation process (Gerri et al., 2020). On the other
hand, the proportion of GATA3+ cells increased significantly
from 5 dpf to 6 dpf, indicating the progression of TE differentia-
tion driving the expression of a multitude of trophoblast-related
genes, including TEAD1, YAP1, CDX2, and GATA3, the latter be-
ing the key player in the initiation of the placental progenitor
program (Regin et al., 2023).

Consistently, the number of TE cells increased significantly
from 5 dpf to 6 dpf. In contrast, the number of ICM cells

remained unchanged, resulting in comparable total cell counts
between 5 dpf and 6 dpf. Overall, cell counts were in line with
previous reports, although the range was considerable across
studies (Hardy et al, 1989; Niakan and Eggan, 2013; Iwasawa
et al., 2019). This variability can be ascribed to differences in labo-
ratory factors, including culture conditions (e.g. oxygen tension,
temperature, pH, or media composition), fertilization technique,
or biopsy procedure. Additionally, variations in cell numbers
may be attributed to embryo-related factors, such as embryo
quality or chromosomal sex (ESHRE Working Group on Time-
Lapse Technology et al., 2020), as well as to the methodology used
for cell counting.

In our cohort, cell counts were not significantly affected by
the chromosomal status of blastocysts. However, we observed a
trend toward a lower number of TE cells in mosaic and aneuploid
blastocysts compared to euploid blastocysts, both at 5 dpf and 6
dpf. Interestingly, these blastocysts displayed a significantly
higher proportion of caspase-3+ TE cells at 5 dpf, and a similar,
albeit non-significant trend was observed in those analyzed at 6
dpf. Taken together, these data point to increased apoptosis as
the cause of the decreasing trend in TE cell numbers. In contrast,
in ICM cells, apoptosis was remarkably rare in mosaic and aneu-
ploid blastocysts and undetectable in euploid blastocysts.

These results fit well with classic studies showing that apo-
ptosis is a common feature of human preimplantation develop-
ment, even in normally developing blastocysts of good
morphology (Hardy et al., 1989; Hardy, 1997). Furthermore, our
findings are consistent with more recent research on mouse em-
bryos (Bolton et al., 2016; Singla et al., 2020) and human gastru-
loids (Yang et al., 2021), which demonstrate that the impact of
aneuploidy on apoptosis is cell-type dependent. However, these
studies indicate that aneuploid cells are preferentially eliminated
from the ICM, with the TE displaying greater resistance to apo-
ptosis and instead exhibiting proliferative defects. In contrast, re-
search on human embryos has revealed a higher incidence of
apoptosis in TE cells at both the mRNA and protein expression
levels (Victor et al., 2019; Martin et al., 2023). Importantly, this in-
cidence correlates with the presence of mosaic and uniform
aneuploidies, which is reinforced by our data.
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Furthermore, we report concurrent findings by using the
TUNEL assay. While active caspase-3 staining enables the visual-
ization of cells initiating the apoptotic pathway, the TUNEL assay
allows for the detection of DNA fragmentation, a downstream
consequence of caspase-3 activation, and thus a key marker of
late-stage apoptosis (Kari et al., 2022). Therefore, the fact that
both methods yielded consistent results suggests that the differ-
ential susceptibility to apoptosis observed in human ICM and TE
cells is not an artifact of the technique but a genuine biologi-
cal response.

In fact, it is well established that pluripotent cells exhibit dis-
tinct biological characteristics compared to differentiated cells.
These include atypical cell cycles with truncated gap phases,
resulting in unusually high rates of proliferation (Padgett and
Santos, 2020), highly decondensed chromatin (Delgado-Olguin
and Recillas-Targa, 2011), as well as a glycolytic-based metabo-
lism with increased proteasome activity (Milagre et al., 2023).
These intrinsic differences may not only affect the fidelity of mi-
totic divisions but also the way these cells tolerate aneuploidy
(Taapken et al., 2011; Rebuzzini et al., 2015). In fact, while aneu-
ploidy typically results in the death of differentiated cells, plurip-
otent cells are more prone to continue proliferating despite the
aneuploid state, and frequently acquire and expand p53-
dominant negative mutations (Merkle et al., 2017). In this regard,
the reduced frequency of apoptosis observed in ICM cells may be
due to an uncoupling between apoptosis and aneuploidy-induced
stress signals, as shown in human embryonic stem cells (Mantel
et al., 2007). However, whether human blastocysts possess addi-
tional mechanisms to cope with aneuploidy in ICM cells or if apo-
ptosis is activated later in development remains to be elucidated.

In addition, we report that a considerable proportion of TE
cells retain nuclear NANOG expression at 5 dpf, which declined
significantly by 6 dpf. This observation aligns with previous stud-
ies demonstrating that in humans, the nuclear expression of
NANOG becomes restricted to the ICM only after the first lineage
segregation at the late blastocyst stage (Gerri et al., 2020; Tocci,
2020). Furthermore, NANOG has been found to co-localize with
OCT4 in human blastocysts (Hambiliki et al.,, 2012). Therefore,
given that TE cells can retain expression of stemness genes com-
mon to ICM cells, it is possible that the incidence of apoptosis in
ICM cells has been overestimated in the study of Victor et al
(2019) due to the use of OCT4 as the sole cell-lineage marker.

Interestingly, the persistence of NANOG expression in TE cells
was associated with the ploidy status of the blastocysts, as evi-
denced by the significantly higher proportion of GATA3+/
NANOG+ cells found in mosaic and aneuploid blastocysts com-
pared to fully euploid ones. In fact, complete TE differentiation,
meaning the absence of any GATA3+/NANOG+ cells, was only
observed in euploid blastocysts at 6 dpf. Consistently, only in an-
euploid blastocysts did the proportion of TE cells fail to increase
significantly from 5 dpf to 6 dpf.

These findings align well with several prior studies on human
embryonic and trophoblast stem cells that have reported
changes in cellular differentiation capacity in response to aneu-
ploidy (Maclean et al., 2012; Bosman et al., 2015; Shahbazi et al.,
2020; Haim-Abadi et al., 2023). Intriguingly, in mouse embryonic
stem cells, aneuploidy has been shown to impact differentiation
by delaying the exit from pluripotency through increased reten-
tion of NANOG and OCT4 expression, thereby reinforcing our
findings (Zhang et al., 2016).

Moreover, the expression of NANOG in TE cells declined more
rapidly in mosaic blastocysts than in aneuploid blastocysts. This
observation is also consistent with the findings of Zhang et al

(2016) who reported that the differentiation defects of aneuploid
embryonic stem cells can be mitigated by the presence of neigh-
boring euploid cells, which express critical differentiation factors
that operate in a paracrine manner. Given that cell fate is driven
by intricate transcription factor networks that depend on genetic
and epigenetic responses, it appears intuitive that increasing an-
euploid cell loads would progressively affect differentiation.

Interestingly, both the differentiation and survival capacity of
TE cells were also influenced by the number and type of aneu-
ploid chromosome(s). This was evidenced by the significantly
higher proportions of GATA3+/NANOG+ cells and caspase-3+ TE
cells found in blastocysts harboring uniform, multiple and/or
non-viable aneuploidies compared to those harboring mosaic,
single and/or viable aneuploidies. This observation offers novel
molecular insights into the notion that the deleterious effect of
aneuploidy in human embryos depends not only on the aneu-
ploid cell load but also on the extent and characteristics of the
specific chromosomes involved (Franasiak et al., 2014; Shahbazi
et al., 2020). While these data suggest a potential correlation be-
tween the differentiation defect, aberrant chromosomal status,
and increased apoptotic susceptibility of human TE cells, the in-
tricacies of this relationship remain elusive.

From a clinical perspective, to the best of our knowledge only
one previous study has investigated the reproductive potential of
embryos diagnosed as mosaic using concurrent copy number
and SNP genotyping analysis (Babariya et al., 2023). This study
showed that embryos with less than 50% mosaicism have equiva-
lent sustained implantation rates than fully euploid ones, while
those exceeding the threshold resulted in significantly poorer
outcomes. These findings complement our own and support the
clonal depletion model, suggesting that, although the detrimen-
tal impact of aneuploidy at the cellular level may vary depending
on the affected chromosome(s), mosaic embryos can progress to
normal pregnancies provided they contain sufficient euploid
cells after the removal or hindered growth of aneuploid cells. We
propose that this could occur as a result of cellular stress stem-
ming from the aberrant genetic state of aneuploid cells, as dem-
onstrated in transcriptome studies (Vera-Rodriguez et al., 2015;
Licciardi et al., 2018; Sanchez-Ribas et al., 2019; Maxwell et al.,
2022; Martin et al., 2023), rather than as a protective mechanism
specifically aimed at preserving embryonic competence.

Our study has several strengths. Firstly, mosaic diagnoses
were conducted using a novel PGT-A platform that integrated
both copy number and SNP genotyping analysis, thereby reduc-
ing the risk of false positives (Popa et al., 2023; Rana et al., 2023).
Secondly, embryos were distributed uniformly across experimen-
tal rounds based on the day of the biopsy, embryo quality, and
PGT-A diagnosis. This approach allowed us to minimize the con-
founding effect of experimental artifacts, particularly fluctua-
tions in laser acquisition settings due to temperature changes,
electrical noise, or vibrations. Thirdly, we used TUNEL staining
as a secondary apoptotic marker in a separate cohort of blasto-
cysts, which reinforced the results obtained with caspase-
3 staining.

However, some limitations of the study should be also noted.
Firstly, given the difficulty of obtaining embryos with the highest
morphological grade for research, our analysis was limited to
embryos categorized as grade B or C. This means that our results
may not apply to embryo populations with superior morphologi-
cal quality. Secondly, while we report increased apoptosis and
impaired differentiation in mosaic blastocysts, it remains un-
known whether these processes selectively occur in aneuploid
cells. Thirdly, although the observed effects were stratified based
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on the type of affected chromosome(s), mosaic and aneuploid
blastocysts harbored different aneuploidies. Thus, our results
may be biased by the chromosome-specific effect of aneuploidy
on apoptosis and cell differentiation. Fourthly, 6 dpf blastocysts
exhibited lower cleavage capacity than 5 dpf blastocysts.
Therefore, we do not know what would be the molecular and cell
lineage differentiation status of 5 dpf blastocysts purposedly left
in culture until 6 dpf. Finally, we did not assess karyotype con-
cordance between TE and ICM cells. As a result, the possibility of
false positives cannot be ruled out.

In conclusion, our study provides compelling evidence of dis-
tinct types of alterations of cellular function associated with the
presence of mosaic and uniform aneuploidies in human blasto-
cysts. These findings might help explain why most uniformly an-
euploid blastocysts fail to progress in development and suggest
that analogous mechanisms could lead to removal of aneuploid
cells in mosaic blastocysts. We believe that these data contribute
to unveiling the biological identity of mosaic blastocysts and of-
fer valuable insights into the factors that determine their repro-
ductive potential.
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Supplementary Figure S1. PGTseq di of di For each sample, the PGTseq software generates a chromosome copy number

(CCN) profile and a B-allele frequency (BAF) plot using single nucleotlde polymorphisms (SNPs) data. The BAF plots consist of two types of SNPs:
homozygous and heterozygous. Homozygous AA SNPs are located at the top of the BAF plot, heterozygous AB SNPs are in the middle, and homozygous
BB SNPs are at the bottom. A CCN of 2 is represented by an AB SNP profile not deviating from the middle (0.5). A trisomy or the presence of a mosaic
chromosome abnormality is represented by a split of the AB SNPs for the affected chromosome, with some shifting upwards and others shifting
downwards. Monosomy is represented by a complete loss of the middle AB SNPs for the affected chromosome. Triploidy is represented by a split of the
AB SNPs for all chromosomes. The presence of contamination is indicated by a highly noisy profile, where it is impossible to distinguish between the
AA, AB, and BB SNPs. The mean absolute percent deviation (MAPD) score describes the “noise” level of a specific chromosome profile and measures the
spread of amplicons for that chromosome from the reference line (0). Samples with a MAPD > 0.3 exhibit “noisy” profiles (less compact across the
reference line) and can be challenging to interpret.
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Supplementary Figure S2. Gell counts comparisons. (A) Total cell counts. (B) Trophectoderm (TE) cell counts. (C) Inner cell mass (ICM) cell counts.
The values displayed below each bar indicate the number of embryos analyzed. The values above each bar indicate the mean cell count and the error
bars represent the standard deviation. Cell counts were compared using Kruskal-Wallis or one-way ANOVA tests at the 95% confidence level. 5 dpf,
Day 5 post-fertilization; 6 dpf, Day 6 post-fertilization; ns, not significant.
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Supplementary Figure S3. Persi of NANOG exp! ion (A) and caspase-3 expression (B) in trophectoderm (TE) cells stratified by blastocyst’s

expected viability based on the type of aneuploid chromosome(s). Each dot represents one analyzed embryo. Blastocyst's expected viability was
classified as full (euploid blastocysts), high (blastocysts containing only viable aneuploidies, including +13, +18, +21, +X, +Y, and —X), mix (blastocysts
containing a mixture of viable and non-viable aneuploidies), or low (blastocysts containing only non-viable aneuploidies). Mosaic autosomal
monosomies were considered equivalent to mosaic autosomal trisomies to account for potential post-zygotic non-disjunction events leading to
reciprocal aneuploidies. Pairwise comparisons of proportions were conducted by chi-square test at the 95% confidence level. Apoptotic rates were
compared using the Kruskal-Wallis test with Bonferroni post hoc at the 95% confidence level. *P < 0.05; **P < 0.01; ***P < 0.001. ns, not significant
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Supplementary Figure S4. TUNEL assay. (A) Comparison of DNA fragmentation levels between trophectoderm (TE) and inner cell mass (ICM) cells
The values below each bar (n) indicate the number of cells analyzed. The values displayed within each bar indicate the number of positive cells. The
values displayed above each bar indicate the percent of positive cells. *#**P < 0.0001. (B) Analysis of DNA fragmentation in TE cells. The values below
each bar (n) indicate the number of embryos analyzed. Each dot represents one analyzed embryo. The level of DNA fragmentation was calculated for
each embryo by dividing the number of TUNEL+ cells by the total number of TE cells. The error bars represent the standard deviation. The levels of
DNA fragmentation were compared using Kruskal-Wallis or one-way analysis of variance (ANOVA) tests at the 95% confidence level. ns, not
significant; 5 dpf, Day 5 post-fertilization; 6 dpf, Day 6 post-fertilization. (C) Representative images of human embryos immunostained for NANOG,
GATA3, and TUNEL. Arrowheads indicate TUNEL+ cells. Scale bars, 20 um
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Supplementary Table S1. Study population and characteristics of embryos analyzed by TUNEL staining.

Day of Grade

EmbryoID  analysis® ASEBIR® GradeTE GradeICM Hatching PGT-A diagnosis NGS (% mosaicism)

EU14 5 B B B Yes Euploid <30%

EU15 6 B B B Yes Euploid <30%

MO23 5 B B C No Mosaic —16(50%)

MO24 5 B B B No Mosaic —14(40%)

MO25 5 C c C No Mosaic —10(70%), —14(40%)

MO26 5 C C C No Mosaic —3(30%), —13(20%)

MO27 6 B B B Yes Mosaic +19(70%)

AN19 5 B B B Yes Aneuploid +8(>70%)

AN20 5 B B B Yes Aneuploid —2(>70%), +3(>70%), =7 (>70%),
—9(>70%), +11(>70%), +1(>70%)

AN21 5 B B B Yes Aneuploid —17(>70%)

AN22 S C C No Aneuploid +1(>70%), +9(>70%), +13(>70%), +16(>70%)

?  Days post-fertilization.
®  Embryo quality assessed according to guidelines from the Spanish Association for the Study of Biology of Reproduction (ASEBIR). TE, trophectoderm; ICM,

inner cell mass; PGT-A, preimplantation genetic testing for aneuploidy; NGS, next-generation sequencing,
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Supplementary Table S2. Distribution and statistical analysis of quantitative variables.

Variable PKS

Phase I: caspase-3 (n = 53 blastocysts)
5 dpf (n = 38 blastocysts)

Total cells 0.053
TE cells 0.037
ICM cells 0.200

% caspase-3+ cells in TE 0.200

% caspase-3+ cells in ICM 1.3E-30
6 dpf (n = 15 blastocysts)

Total cells 0.200
TE cells 0.200
ICM cells 0.200

% caspase-3+ cells in TE 0.095

% caspase-3+ cells in ICM 3.1E-07

Phase II: TUNEL (n = 11 blastocysts)
5 dpf + 6 dpf (n = 11 blastocysts)
% TUNEL+ cells in TE 0.200

plev

0.349
0.423
0.692
0.628
0.002

0.038
0.101
0.093
0.813
0.220

0.589

PKW

0.475

0.286

0.309

0.645

PANV

0.254

0.216
0.023

0.359
0.741
0.169

0.836

Human Reproduction, 2024, 1-1

https://doi.org/10.1093/humrep/deae009

Euploid

Mosaic

Euploid

Aneuploid

Supplementary Data

PBNF (pairwise comparisons)

Mosaic

Aneuploid

PKS, P-value Kolmogorov-Smirnov test; pLev, P-value Levene’s test; pKW, P-value Kruskal-Wallis test; pANV, P-value one-way ANOVA test; pBNF, Bonferroni
adjusted P-value; Dpf, days post-fertilization; TE, trophectoderm; ICM, inner cell mass.
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1| INTRODUCCION

1.1. Infertilidad y Reproduccion Asistida

La infertilidad es una enfermedad del sistema reproductivo que se
define por la incapacidad de lograr un embarazo tras 12 meses o mas de
relaciones sexuales regulares sin proteccion. Seguin datos de la Organizacién
Mundial de la Salud, entre 48 millones de parejas y 186 millones de
personas sufren de infertilidad en todo el mundo, lo que equivale a una
prevalencia del 17,5% en la poblacién adulta, afectando aproximadamente
a 1 de cada 6 personas a lo largo de su vida (World Health Organization,
2023).

El indice de fecundidad, definido como el nimero promedio de
nacimientos por mujer, varia considerablemente entre las distintas regiones
del mundo. Mientras que las regiones menos desarrolladas experimentan
un crecimiento mas rapido de la poblacién y niveles mas altos de natalidad,
la disminucion de la poblacion, el envejecimiento y las bajas tasas de
natalidad son motivo de preocupacioén en las regiones mas desarrolladas.
No obstante, en las Ultimas décadas, estos indicadores han disminuido a

nivel global y se prevé que sigan descendiendo (Figura 1).

A pesar del declive en el nimero de nacimientos totales, se ha
observado un aumento drastico en el numero de tratamientos de
Reproducciéon Humana Asistida (RHA), especialmente en las regiones mas
desarrolladas. Desde 2005 hasta 2019, el nimero de tratamientos de RHA
aumentd 2,6 veces en Europa (de 418.111 a 1.077.813) (European IVF
Monitoring Consortium for the European Society of Human Reproduction
and Embryology, 2009-2023), 3 veces en Estados Unidos (de 109.812 a
330.773) (Centers for Disease Control and Prevention, 2007-2021) y 2 veces
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en Australia y Nueva Zelanda (de 43.726 a 88.929) (Australia and New
Zealand Assisted Reproduction Database, 2007-2021).

-®- Global -A- Regiones menos desarrolladas -~ Regiones mas desarrolladas
Espana
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Figura 1 Estimaciones (1950-2020) y proyecciones (2020-2050) del numero
promedio de nacimientos por mujer en diferentes regiones del mundo. Las regiones
menos desarrolladas incluyen todas las regiones de Africa, Asia (excepto Japén),
América Latina y el Caribe, asi como Melanesia, Micronesia y Polinesia. Las regiones
més desarrolladas incluyen Europa, América del Norte, Australia/Nueva Zelanda y
Japén. Fuente: United Nations, 2020. World Population Prospects 2019. Volume I
Demographic Profiles (ST/ESA/SER.A/427).

De manera similar, en Espafia, el nimero de tratamientos de RHA
aumenté 2,6 veces en 15 afios, pasando de 69.077 en 2005 a 180.713 en
2019. Notablemente, aunque el nimero total de nifios nacidos en Espafia
disminuy6 1,3 veces en el mismo periodo, de 466.371 en 2005 a 360.617
en 2019, el numero de niflos concebidos mediante tratamientos de RHA
aumentd 3,6 veces, pasando de 10.295 en 2005 (2,2% del total de
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nacimientos) a 37.428 en 2019 (10,4% del total de nacimientos) (Sociedad
Espafiola de Fertilidad, 2008-2021) (Figura 2).

=¥ Nacimientos totales % Nacimientos RHA / nacimientos totales
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Figura 2 Numero de ciclos de Reproduccién Humana Asistida (RHA) y nacimientos
registrados en Espafia desde 2005 hasta 2019. Los porcentajes indican la
contribucién de los nacimientos por RHA (érea verde) al total de nacimientos (area
gris) por afio. Fuente: Sociedad Espafiola de Fertilidad, 2008-2021. Registro Nacional
de Actividad 2005-2019.

El aumento en el uso de las Técnicas de Reproduccion Asistida (TRA)
ha ido acompafiado de importantes avances tecnoldgicos en el campo. Estos
avances incluyen el desarrollo de nuevas plataformas de cultivo embrionario,
gracias a la integracion de la microscopia de lapso de tiempo (time-lapse)
en los sistemas de incubacién y la formulacién de nuevos medios de cultivo.
Ademas, se han mejorado técnicas del laboratorio de fecundacién in vitro
(FIV), como la vitrificacién para la criopreservacion de évulos y embriones,

la inyeccién intracitoplasmatica de espermatozoides (ICSI) para el
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tratamiento de pacientes con infertilidad masculina severa, y la biopsia
embrionaria junto con las pruebas genéticas preimplantacionales.
Asimismo, los avances tecnolégicos han tenido un impacto positivo en el
ambito clinico de las TRA, con la implementacién de nuevos sistemas
ecograficos, mejoras en la produccién de gonadotropinas y el desarrollo de

protocolos personalizados de estimulacién hormonal (Niederberger et al.,
2018).

Sin embargo, a pesar de tales avances, en la actualidad, las tasas de
gestacién clinica y parto por transferencia parecen haber alcanzado un pico
alrededor del 33% y el 24%, respectivamente, segiin datos de la Sociedad
Europea de Reproduccién Humana y Embriologia (ESHRE) (Figura 3).
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Figura 3 Tasa de gestacion clinica y tasa de parto por transferencia embrionaria en

Europa desde 2005 hasta 2019. Los datos representados incluyen ciclos sin

donacién de gametos, tanto en fresco como con embriones congelados. Fuente:

European IVF Monitoring Consortium for the European Society of Human
Reproduction and Embryology, 2009-2023.

126



INTRODUCCION

En este contexto, es evidente la necesidad de explorar nuevas vias para

mejorar el éxito reproductivo de las personas con problemas de infertilidad.

1.2. Herramientas de seleccion embrionaria

En términos generales, el éxito reproductivo requiere un endometrio
receptivo, un embrién funcional en el estadio de blastocisto y una
comunicacién sincronizada entre los tejidos maternos y el embrién
(Governini et al, 2021). En este sentido, uno de los enfoques dirigidos a
mejorar las tasas de éxito de los tratamientos de RHA se centra en la
identificacion y seleccién de los embriones con capacidad reproductiva tras
la FIV. Esto cobra particular relevancia en el contexto actual, donde la
tendencia es transferir un Unico embrién en el estadio de blastocisto para
minimizar los riesgos asociados a los embarazos multiples (Cutting, 2018;
ESHRE Guideline Group on the Number of Embryos to Transfer, 2024).

Los métodos actuales de seleccién embrionaria pueden implicar
procedimientos invasivos, como la biopsia embrionaria; o procedimientos
no invasivos, como la evaluacién morfolégica o morfocinética de los
embriones, o el anélisis del medio de cultivo. Estos métodos se basan en
caracteristicas biofisicas, bioquimicas y fisicoquimicas de los embriones, y
permiten clasificarlos en funcién de pardmetros asociados a su potencial
reproductivo, tales como la morfologia, cinética, genética, fisiologia y

metabolismo.

1.2.1. Valoracion morfologica convencional

Desde los inicios de la FIV (Edwards et al, 1969), la evaluacion
morfoldgica ha sido el método méas extendido y eficiente para valorar la

calidad embrionaria. Dicha evaluacién consiste en el analisis microscépico
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de parametros morfolégicos en diferentes estadios del desarrollo

embrionario.

Gracias a la integracion y ponderacién de distintos parametros
morfoldgicos, se han elaborado sistemas para clasificar los embriones segln
el potencial de implantacion esperado (Abeyta and Behr, 2014; Machtinger
and Racowsky, 2013). En consecuencia, varias sociedades han desarrollado
esquemas de consenso con el propdsito de estandarizar la clasificacion
entre laboratorios. En Estados Unidos, la Sociedad de Tecnologia de
Reproduccion Asistida (SART) desarrollé el esquema de clasificacion SART
(Racowsky et al., 2010). En Europa, el Grupo Ejecutivo Alpha y el Grupo de
Interés Especial de Embriologia de la ESHRE desarrollaron el consenso de
Estambul (Alpha Scientists in Reproductive Medicine and ESHRE Special
Interest Group of Embryology, 2011), que definié los estdndares minimos
para la evaluacion morfoldégica de ovocitos y embriones. En Espafia, la
Asociacion para el Estudio de la Biologia de la Reproduccién (ASEBIR)
desarrollé los Criterios ASEBIR para la Evaluacién Morfolégica de Ovocitos,

Embriones Tempranos y Blastocistos Humanos (Cuevas Saiz et al., 2018).

El sistema de clasificacion ASEBIR permite distinguir entre cuatro
categorias de embriones: A (embrién de 6ptima calidad con maxima
capacidad de implantacién), B (embrién de buena calidad con elevada
capacidad de implantacién), C (embrién regular con probabilidad de
implantacién media) y D (embrién de mala calidad con probabilidad de
implantacién baja o nula). En el primer dia del desarrollo embrionario (D+1),
correspondiente al estadio de cigoto, la fecundacién se evalla mediante la
observacién del nimero y tamafio de los prondcleos y corpulsculos polares
entre las 16-18 horas tras la inseminacién (hpi). En el segundo dia (D+2) y
el tercer dia (D+3) del desarrollo embrionario, correspondientes al estadio
de escisién, se evallan, entre las 43-45 hpi (D+2) y las 67-69 hpi (D+3), el

ndimero, tamafio y simetria de las blastémeras, asi como la presencia de
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fragmentacién, multinucleacién, vacuolas y alteraciones en la zona pellcida
o el citoplasma. En el cuarto dia (D+4) del desarrollo embrionario,
correspondiente al estadio de mérula, se evalla la compactacién entre las
90-94 hpi. Por ultimo, en el quinto dia (D+5) y el sexto dia (D+6) del
desarrollo embrionario, correspondientes al estadio de blastocisto, se
evallan, entre las 114-118 hpi (D+5) y las 136-140 hpi (D+6), el grado de
expansién del blastocele, el grosor de la zona pellcida, el tamafio y la
compactacion de la masa celular interna (MCI), y el nimero de células,

cohesion y homogeneidad del trofoectodermo (TE) (Cuevas Saiz et al., 2018).

Sin embargo, la evaluacion estatica de la morfologia embrionaria en
intervalos temporales predefinidos presenta varias limitaciones. En primer
lugar, las evaluaciones son subjetivas, lo que puede resultar en una alta
variabilidad inter- e intraobservador (Arce et al., 2006; Paternot et al., 2011;
Storr et al., 2017). En segundo lugar, al extraer los embriones del incubador
para realizar las valoraciones, se alteran las condiciones de cultivo, lo que
implica observaciones limitadas en tiempo y, por lo tanto, la omisién de
eventos criticos potencialmente relacionados con la viabilidad embrionaria
(Montag et al., 2011; Zhang et al., 2010).

1.2.2. Analisis morfocinético

La integracién de la microscopia time-lapse en los sistemas de
incubacion ha permitido monitorizar de forma ininterrumpida el desarrollo
de los embriones obtenidos mediante FIV. Actualmente, existen multiples
sistemas que incorporan esta tecnologia, cuyas caracteristicas principales se
resumen en el documento de buenas practicas elaborado por la ESHRE
(ESHRE Working group on Time-lapse technology, 2020). Frente a la
evaluacién estética de la morfologia embrionaria, el uso de la tecnologia

time-lapse presenta una serie de ventajas.
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En primer lugar, los embriones no necesitan ser extraidos del incubador
durante el cultivo in vitro, evitando asi su exposicién a las condiciones
ambientales y asemejandose mas al entorno in vivo (Swain, 2014). En
segundo lugar, el uso de incubadores con tecnologia time-lapse simplifica la
logistica del laboratorio, ya que permite la evaluacién en cualquier momento
durante el flujo de trabajo diario. En tercer lugar, la monitorizacién continua
del cultivo in vitro permite la evaluacién de parametros morfocinéticos
relacionados con la dindmica del desarrollo embrionario. Estos parametros
pueden ser cualitativos, como la formacién e internalizaciéon de fragmentos,
patrones anormales de divisién, expansiéon y colapso del blastocele,
exclusién y extrusion de células, y multinucleacién; o cuantitativos, como el
tiempo en el que se producen eventos durante el desarrollo, como las

divisiones celulares (Del Gallego et al., 2019).

Desde la comercializaciéon del primer incubador con tecnologia time-
lapse para su uso en RHA en 2008, se han recopilado grandes cantidades
de datos morfocinéticos generados mediante anotaciones manuales. Estos
datos han sido utilizados para identificar parametros morfocinéticos
predictivos de la calidad embrionaria, los cuales, en combinacién con
parametros morfolégicos, se han utilizado para elaborar algoritmos de
seleccion embrionaria (ESHRE Working group on Time-lapse technology,
2020; Del Gallego et al., 2019; Garcia-Belda et al.,, 2024; Gimenez et al,,
2023). Estos algoritmos se han implementado en las clinicas de RHA como
herramientas de prediccién de los resultados clinicos, como la formacién del
blastocisto, el riesgo de aneuploidias, el potencial de implantacion e incluso

la probabilidad de obtener un recién nacido vivo.

Sin embargo, los algoritmos de seleccién embrionaria basados en
anotaciones manuales de parametros morfocinéticos presentan una serie de
limitaciones. Por un lado, no eliminan la variabilidad inter- e intraobservador,

la cual, ademas, se ve exacerbada por la definicién inexacta del momento
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de inseminaciéon como punto temporal de referencia (Barrie et al., 2017;
Sundvall et al., 2013). En este sentido, se ha sugerido la utilizaciéon de puntos
de referencia alternativos o variables indirectas (como la duracién entre
eventos) para elaborar algoritmos morfocinéticos (Cetinkaya et al., 2015;
Kirkegaard et al., 2013; Liu, Chapple, et al., 2015; Liu, Copeland, et al., 2015).
No obstante, el rendimiento global de dichos algoritmos se ha visto limitado
por la influencia de variables que difieren entre laboratorios y que afectan al
cultivo embrionario, tales como las caracteristicas de los pacientes, del

tratamiento y del entorno (Barrie et al., 2017).

Por estas razones, aunque la tecnologia time-lapse ha demostrado ser
segura para cultivar embriones humanos (Cruz et al, 2011; Insua et al.,
2017; Nakahara et al.,, 2010), y multiples estudios han mostrado mejores
resultados clinicos tras la seleccidn embrionaria basada en criterios
morfocinéticos frente a la evaluacién estdndar de la morfologia (Meseguer
et al, 2012; Pribenszky et al, 2017; Siristatidis et al, 2015), la
implementacién de estos algoritmos se ha visto limitada por su baja
reproducibilidad entre clinicas (Armstrong et al., 2019; Freour et al., 2015;
Kieslinger et al., 2016, 2023; Liu, Copeland, et al., 2015; Rienzi et al., 2015).

1.2.3. Evaluacion del desarrollo embrionario
mediante inteligencia artificial

La inteligencia artificial (IA) es la capacidad de las maquinas para llevar
a cabo tareas que normalmente requieren de la inteligencia humana, tales
como el aprendizaje, la toma de decisiones y la resolucién auténoma de
problemas. En los Ultimos afios, la aplicacién de la IA en los laboratorios de
FIV ha permitido optimizar los sistemas de seleccién embrionaria (Glatstein
et al., 2023).
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Por un lado, la aplicacién de técnicas de IA basadas en el procesamiento
de datos, como los clasificadores bayesianos (Morales et al.,, 2008), los
arboles de decisién (Romero-Ruiz et al., 2019), y mas recientemente, las
técnicas de machine learning y deep learning basadas en redes neuronales
artificiales (Curchoe and Bormann, 2019; Tran et al., 2019), han permitido
desarrollar algoritmos de seleccién embrionaria capaces de reconocer
patrones en los datos de manera auténoma y aprender de ellos para hacer
predicciones. Ademas, estos algoritmos se han beneficiado de la aplicacién
de técnicas de IA basadas en el procesamiento de imagenes, las cuales
permiten detectar estructuras o eventos en el embrién mediante la
conversién de las imagenes en matrices de pixeles, representadas por
valores de intensidad (Arsalan et al., 2022; Louis et al.,, 2021). Esto ha
permitido automatizar las anotaciones morfocinéticas, reduciendo la
subjetividad en las observaciones (Conaghan et al, 2013; Manna et al.,
2013).

Actualmente, existen multiples algoritmos de seleccién embrionaria
basados en IA, como Eeva™ (Merck, Darmstadt, Alemania) (Wong et al.,
2010), KIDScore D5™ (Vitrolife, Copenhague, Dinamarca) y mas
recientemente, iDAScore™ (Vitrolife, Copenhague, Dinamarca) (Berntsen et
al., 2022; Theilgaard Lassen et al, 2023). Estos algoritmos han sido
entrenados para predecir la probabilidad de implantacién, gestacién clinica,
o gestacién evolutiva antes de la transferencia embrionaria (Adamson et al.,
2016; Aparicio-Ruiz et al., 2016; Bori et al., 2022; Cimadomo, Chiappetta, et
al., 2023; Gazzo et al., 2020; Reignier et al., 2019; Theilgaard Lassen et al.,
2023; VerMilyea et al., 2014; Zhu et al., 2023).

La evidencia disponible hasta la fecha sugiere que los algoritmos de
seleccién embrionaria basados en IA, cuando se utilizan como herramienta
de apoyo en la toma de decisiones, tienen el potencial de mejorar la

seleccibn embrionaria en comparacién con la evaluacién realizada
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Unicamente por los embridlogos. En este sentido, los modelos mas eficaces
se han logrado al combinar imagenes de embriones con pardmetros clinicos
(Salih et al., 2023).

Este enfoque adquiere especial relevancia al considerar el impacto del
factor uterino en los resultados clinicos (Galliano et al., 2015). Asi, la
inclusién de este y otros factores de confusiéon en futuros modelos, tales
como la constitucién genética de los embriones (Jiang and Bormann, 2023),
contribuird a optimizar los algoritmos y mejorar las tasas de éxito en los
tratamientos de RHA, pasando de predecir la probabilidad de implantacion

a predecir la probabilidad de obtener un recién nacido vivo y sano.

1.2.4. Andlisis genético

El Test Genético Preimplantacional (PGT) es una prueba que permite
detectar alteraciones genéticas y cromosdmicas en los embriones obtenidos
por FIV. Mediante la seleccién de los embriones no afectos, es posible evitar
la transmisién de enfermedades genéticas a la descendencia, asi como la
transferencia de embriones con alteraciones que puedan comprometer su
viabilidad o dar lugar a recién nacidos con cromosomopatias (ESHRE PGT

Consortium Steering Committee, 2020).

En términos generales, el PGT es una prueba invasiva, ya que conlleva
el analisis del ADN presente en una biopsia embrionaria, usualmente tras la
apertura de un orificio en la zona pellcida mediante eclosién asistida.
Existen diferentes variantes metodolégicas del PGT, las cuales difieren en
funcion de multiples factores, como el estadio de desarrollo en el que se
realizan la eclosién asistida y la biopsia embrionaria, las técnicas empleadas
en estos procedimientos, el tipo de alteracion que se pretende detectar y las

técnicas de anélisis genético utilizadas para tal fin.
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Asi, por un lado, la biopsia embrionaria puede realizarse en el estadio
de escision, mediante la extraccion de 1-2 blastémeras en D+3. Entre las
técnicas de biopsia descritas en este estadio destacan la aspiracion
(extraccién celular mediante succion directa) y la extrusién por
desplazamiento (extraccion celular mediante introduccién de liquido en el
espacio perivitelino o mediante opresion de la zona pellcida con la
micropipeta de biopsia) (Tarin and Handyside, 1993). Por otro lado, la
biopsia embrionaria puede realizarse en el estadio de blastocisto, mediante
la extracciéon de ~5-10 células de TE en D+5, D+6 o D+7, utilizando las
técnicas de pulling (extraccién celular mediante aplicaciéon de fuerza de
traccién con micropipeta de biopsia y micropulsos de laser) o flicking
(extraccién celular mediante aplicacién de micropulsos de laser y fuerza de
friccion entre las micropipetas de sujecién y biopsia) (Aoyama and Kato,
2020).

Asimismo, la eclosién asistida puede llevarse a cabo durante la biopsia
embrionaria o como un procedimiento independiente previo a ésta,
mediante métodos mecanicos (diseccién parcial de la zona pellicida con una
microaguja), quimicos (perforacién de la zona pellcida con acido Tyrode) o
fisicos (fotoablacion de la zona pellcida mediante micropulsos de laser) (De
Vos and Van Steirteghem, 2001).

Respecto a las técnicas moleculares de analisis genético, las primeras
que se aplicaron en el contexto del PGT fueron la reaccién en cadena de la
polimerasa (PCR) y la hibridacién in situ fluorescente (FISH). Inicialmente,
estas técnicas fueron empleadas para prevenir la transmisién de
enfermedades ligadas a los cromosomas sexuales (Griffin et al, 1993;
Handyside et al., 1990; Munne, Weier, et al., 1993). Posteriormente, se
utilizaron para detectar aneuploidias, translocaciones y enfermedades
monogénicas autosémicas (Handyside et al., 1992; Liu et al., 1994; Munne,

Lee, et al, 1993). Mas adelante, surgieron las técnicas de Screening
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Cromosémico Completo (CCS), las cuales, en lugar de analizar regiones
cromosdémicas concretas, permitieron el analisis integral de toda la dotacion
cromosomica. Estas técnicas incluyen la hibridaciéon genémica comparativa
(CGH) (Voullaire et al., 1999; Wells et al., 1999), los arrays de CGH (aCGH)
(Gutierrez-Mateo et al., 2011; Wells et al., 2008), los arrays de polimorfismos
de nucleétido Unico (arrays de SNPs) (Treff et al., 2010), la determinacién
de haplotipos mediante arrays de SNPs (Karyomapping) (Handyside et al.,
2010), la PCR cuantitativa (qPCR) (Treff et al., 2012), y, més recientemente,
la secuenciacién de nueva generacion (NGS) (Treff et al., 2013; Yin et al.,
2013).

El desarrollo de nuevas tecnologias de analisis genético, sumado a las
mejoras en las técnicas de biopsia (Mao et al.,, 2024), cultivo embrionario
(Gardner et al., 2000; Swain et al., 2016), criopreservacion (Cobo et al., 2009;
Kuwayama, 2007) y preparacién endometrial (Zhang et al, 2023), han
permitido optimizar los protocolos de PGT, y como resultado, su uso se ha
incrementado exponencialmente en los Ultimos afios. De hecho, en Europa,
el numero de ciclos de PGT aumenté 11 veces en 15 afios, pasando de 5.846
en 2005 a 64.089 en 2019. De manera similar, en Espafa, el nimero de
ciclos de PGT aumenté 7,3 veces, pasando de 1.937 en 2005 a 14.189 en
2019 (Figura 4).

A pesar de las multiples variantes descritas, actualmente la metodologia
mas extendida para realizar PGT consiste en el analisis, mediante NGS, de
una biopsia de TE obtenida en el estadio de blastocisto. Ademas, con
frecuencia, la biopsia se lleva a cabo tras realizar la eclosién asistida por
laser. Asimismo, las plataformas mas recientes de PGT incorporan un
genotipado adicional basado en el andlisis de SNPs, el cual permite
confirmar las alteraciones identificadas mediante NGS, detectar otras que la

NGS no identifica por si sola (como la haploidia y la triploidia), determinar
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el origen parental de las anomalias y confirmar la presencia de mosaicismo
y/o contaminacién (Huang et al., 2024; Rana et al., 2023).

@ Europa -@ Espafa
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Figura 4 Nimero de ciclos de Test Genético Preimplantacional (PGT) en Europa y
en Espaiia desde 2005 hasta 2019. Fuentes: European IVF Monitoring Consortium
for the European Society of Human Reproduction and Embryology, 2009-2023;

Sociedad Espafiola de Fertilidad, 2008-2021. Registro Nacional de Actividad 2005-
2019.

Por altimo, en funcién del tipo de alteraciéon que se pretende detectar,
se distinguen varias modalidades del PGT: PGT para la deteccién de
aneuploidias (PGT-A), PGT para la detecciéon de alteraciones estructurales
(PGT-SR) y PGT para la deteccion de enfermedades monogénicas (PGT-M)
(Harris et al., 2021).
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1.2.4.1. PGT parala deteccion de aneuploidias
(PGT-A)

El PGT-A permite detectar alteraciones cromosdémicas numeéricas y, por
lo tanto, seleccionar embriones euploides para la transferencia, es decir,
aquellos con una dotacién normal de cromosomas en sus células. En seres
humanos, esto implica tener un total de 46 cromosomas completos,
conformados por 22 pares de autosomas y un par de cromosomas sexuales,

lo que equivale a una dotacién diploide.

El fundamento del PGT-A, en comparacién con otros métodos de
seleccién embrionaria, radica en el hecho de que existen embriones que,
aun presentando la méaxima calidad morfoloégica y un comportamiento
morfocinético 6ptimo, carecen de potencial reproductivo debido a su
composicién cromosémica aberrante (Capalbo et al., 2014; Minasi et al.,
2016). Mediante la seleccién de los embriones euploides, el PGT-A en el
estadio de blastocisto permite aumentar las tasas de implantacién,
embarazo y recién nacido vivo por transferencia, reduciendo, al mismo
tiempo, el riesgo de aborto y cromosomopatias congénitas, asi como el
riesgo asociado a los embarazos multiples, el tiempo necesario para lograr
un embarazo y el estrés emocional relacionado con resultados adversos
repetidos (Kasaven et al., 2023). Sin embargo, a pesar de su amplio uso y
de los mdltiples estudios y ensayos clinicos aleatorizados que han
demostrado su utilidad clinica, diversos autores han cuestionado su
utilizacion basédndose en otros trabajos en los que no se ha demostrado un
beneficio (Morales, 2024).

A pesar del debate generado en torno a ambas posturas (Rosenwaks et
al., 2018), una de las visiones mas aceptadas actualmente es que el PGT-A

podria mejorar significativamente los resultados clinicos en mujeres de edad
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avanzada, debido al mayor riesgo de aneuploidias embrionarias en esta
poblacién de pacientes (ESHRE PGT Consortium Steering Committee, 2020;
Mao et al., 2024; Simopoulou et al., 2021).

Asimismo, en los Ultimos afios se han desarrollado nuevas estrategias
para determinar el estatus cromosémico de los embriones sin necesidad de
biopsiarlos. Estas estrategias conllevan el anélisis del ADN libre de células
(cfDNA) presente en el medio de cultivo en el que se ha desarrollado (niPGT-
A) (Stigliani et al., 2013) o bien el analisis del cfDNA presente en el fluido del
blastocele tras su aspiracién por blastocentesis (miPGT-A) (Palini et al.,
2013).

A pesar de que multiples estudios han demostrado el potencial de estas
técnicas, otros han destacado los desafios que actualmente limitan su
aplicacion clinica (Del Collado et al., 2023). En primer lugar, la concordancia
entre el cfDNA y la biopsia de TE es insuficiente (Rubio et al., 2020) y puede
variar ampliamente entre estudios (Cinnioglu et al., 2023). De hecho, se
desconoce en qué medida el cfDNA refleja el ADN del embrién, o si es ADN
aberrante que ha sido eliminado mediante procesos de apoptosis 0 necrosis
(Domingo-Muelas et al., 2023; Handayani et al., 2023; Tomic et al., 2022).
Ademads, el cfDNA estd fragmentado y suele presentar una baja
concentracién, lo cual puede afectar al éxito de su amplificacién y posterior
analisis (Kuznyetsov et al., 2020). Por ltimo, la optimizacién de las técnicas
de niPGT-A o miPGT-A requiere la modificacién de los protocolos estandar
de laboratorio, lo cual puede conllevar cambios en la estrategia y la duracién
del cultivo embrionario, un aumento en el nimero de lavados necesarios
para evitar la contaminacién con ADN materno, o cambios en el manejo de
los embriones para evitar la contaminaciéon cruzada (Del Collado et al.,
2023).
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En la actualidad, el test basado en niPGT-A comercializado bajo el
nombre EMBRACE™ (Embryo Analysis of Culture Environment) (Rubio et al.,
2020) se utiliza como herramienta de priorizacién no invasiva para mejorar
la seleccidon embrionaria frente a la seleccién basada Unicamente en criterios
morfoldgicos y morfocinéticos. No obstante, el gold standard para realizar

PGT-A continta siendo el método invasivo.

1.2.4.2. PGT paraladetecciéon de alteraciones
estructurales (PGT-SR)

El PGT-SR permite detectar alteraciones cromosémicas estructurales en
los embriones, tales como translocaciones, deleciones, duplicaciones,
inserciones, anillaciones o inversiones. Estas alteraciones se originan como
consecuencia de la ruptura o unién incorrecta de varios segmentos
cromosdémicos, lo cual puede ocurrir cuando uno o ambos progenitores son
portadores de alteraciones cromosémicas estructurales balanceadas, como

translocaciones reciprocas, Robertsonianas o inversiones.

El PGT-SR se considera una estrategia efectiva en parejas portadoras de
dichas alteraciones, especialmente en aquellas con resultados previos
desfavorables, ya que podria reducir significativamente el riesgo de aborto y
cromosomopatias congénitas, asi como aumentar las tasas de recién nacido
vivo (Franssen et al., 2006; Griffin and Ogur, 2023; Huang et al., 2019;
Munne et al., 2000). Asimismo, se ha planteado la posibilidad de un efecto
intercromosémico durante la meiosis en parejas portadoras de alteraciones
balanceadas, lo cual podria aumentar la incidencia de alteraciones
cromosémicas numéricas en los embriones. Por tanto, dado que
actualmente el PGT-SR y el PGT-A comparten la misma tecnologia, ambas
modalidades suelen aplicarse de manera simultanea en esta poblacién de
pacientes (Boynukalin et al., 2021; Mateu-Brull et al., 2019).
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1.2.4.3. PGT paraladeteccion de enfermedades
monogénicas (PGT-M)

El PGT-M permite detectar mutaciones causantes de enfermedades
monogénicas 0 mendelianas, y evitar su transmisién a la descendencia

mediante la seleccion de los embriones no afectos.

Inicialmente, el PGT-M fue empleado en la detecciéon de enfermedades
debilitantes de inicio en la infancia, como fibrosis quistica, atrofia muscular
espinal y distrofia muscular de Duchenne (Liu et al., 1996). Con el tiempo,
su aplicacién se ha ampliado para incluir enfermedades de inicio en la
adultez, como la enfermedad de Huntington y la enfermedad de Alzheimer
de inicio temprano (Ethics Committee of the American Society for
Reproductive Medicine, 2018), asi como sindromes de predisposicién al
cancer, como las mutaciones BRCA y el sindrome de Lynch (Dallagiovanna
et al., 2023; Wang and Hui, 2009). Ademas, el PGT-M ha demostrado ser (til
en la deteccién de algunas condiciones no mortales pero graves que se
pueden identificar desde el nacimiento (Child et al., 2016; Lavery et al.,
2013; Sciorio et al., 2021).

Técnicamente, el PGT-M permite detectar practicamente cualquier
enfermedad monogénica siempre que se conozca la mutacién causante. En
la practica, la lista de indicaciones para las cuales se permite el PGT-M
puede variar considerablemente de un pais a otro, dependiendo de la
regulacién correspondiente (De Rycke and Berckmoes, 2020). Por otro lado,
el PGT-M permite realizar el analisis de los antigenos leucocitarios humanos
(tipaje HLA) para seleccionar embriones histocompatibles con un familiar de
primer grado, generalmente un hermano, que padece una enfermedad

hematopoyética grave, congénita o adquirida, cuyo Unico tratamiento es el
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trasplante de células de cordén umbilical o médula ésea (Caligara et al.,
2023; De Rycke et al., 2020).

1.2.5. Evaluacion molecular de la fisiologia

embrionaria

Una buena morfologia embrionaria, un comportamiento morfocinético
O6ptimo y una constitucién cromosémica euploide no identifican
necesariamente un blastocisto viable, ya que no proporcionan informacién
sobre su estado fisiolégico (Cimadomo, Rienzi, et al., 2023). En este sentido,
la identificacién de biomarcadores moleculares de viabilidad embrionaria,
que aporten informacién sobre las funciones y mecanismos compatibles con
un correcto desarrollo, continGia siendo uno de los principales retos a los
que se enfrenta la tecnologia en RHA para mejorar la seleccidon embrionaria
(Gardner et al., 2015).

En los Ultimos afios, los avances producidos en el campo de las
denominadas ciencias émicas han permitido el estudio de los perfiles
moleculares embrionarios, ofreciendo una visién global de la fisiologia del
embrién gracias al analisis simultaneo de miles de moléculas en una sola
muestra biolégica (Horgan et al, 2009). Aunque los métodos actuales
permiten el anélisis de biopsias embrionarias e incluso células individuales
(Heumos et al., 2023), existe una tendencia hacia el desarrollo de enfoques
émicos no invasivos utilizando muestras descartadas en la practica clinica,

como el medio de cultivo embrionario (Sanchez et al., 2017).

Con el objetivo de identificar nuevos biomarcadores de viabilidad
embrionaria, actualmente se estan explorando diferentes disciplinas en el
ambito de las ciencias émicas, las cuales se clasifican en funcién del tipo de

molécula analizada. Por un lado, se han llevado a cabo estudios
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transcriptémicos, proteémicos y metabolémicos, dirigidos a caracterizar,
respectivamente, la composicién, abundancia y variabilidad de transcritos,
proteinas y metabolitos embrionarios en funciéon de diferentes variables
clinicas, como el estadio de desarrollo, la composicidén cromosdémica o la
capacidad de implantacion (Hernandez-Vargas et al., 2020). Ademas, se
estan explorando otros enfoques, como el estudio del exoma (regiones
codificantes del genoma) y del secretoma (proteinas secretadas por el
embridén), asi como la caracterizacion de los perfiles epigenémicos (conjunto
de modificaciones epigenéticas del ADN) y lipidémicos (analisis de todas las
especies de lipidos) embrionarios (Hernandez-Vargas et al., 2020). Por
altimo, el desarrollo de nuevos enfoques multidmicos, basados en la
aplicacién de la biologia de sistemas, permite integrar informacion obtenida
a partir de diferentes tecnologias 6micas, facilitando la obtencién de firmas
moleculares globales mas predictivas de las funciones y los estados

fisiolégicos embrionarios (Baysoy et al., 2023).

Sin embargo, a pesar de la gran cantidad de informacién proporcionada
por estos estudios, hasta la fecha no se ha identificado un perfil molecular
capaz de predecir la competencia embrionaria. Es importante destacar que
la asociacion de la regulacién diferencial de una o mas moléculas con el
resultado clinico no es suficiente para su uso como herramienta de seleccion
embrionaria. En este sentido, se necesitan desarrollar nuevos modelos
computacionales capaces de elaborar firmas moleculares a partir de
grandes cantidades de datos &micos. Ademas, los biomarcadores
candidatos deben ser validados mediante ensayos clinicos en amplias
cohortes de pacientes, y deben ser medibles con una sensibilidad,
especificidad y precisiéon significativas sin comprometer la viabilidad

embrionaria.
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1.3. Mosaicismo embrionario

El PGT-A permite identificar los embriones con aneuploidias dentro de
una cohorte; es decir, aquellos que presentan cualquier desviacion del
nimero diploide normal de cromosomas en sus células. Las aneuploidias
pueden ser de origen meidtico, si surgen por errores en la segregacion de
los cromosomas durante la gametogénesis, o de origen mitético, si surgen
por errores en las divisiones celulares tras la fecundacién. Las aneuploidias
meidticas se conocen como aneuploidias uniformes, ya que suelen afectar a
todas las células del embrién, mientras que las aneuploidias mitéticas dan

lugar a mosaicismo (Hassold and Hunt, 2001; Levy et al., 2021).

1.3.1. Definiciéony tipos

El mosaicismo embrionario es la presencia de lineas celulares con
cariotipos diferentes en un mismo embriéon (Delhanty et al, 1993). En
funcion de los cariotipos coexistentes, se distinguen varios tipos de
mosaicismo. Por un lado, el mosaicismo diploide-aneuploide implica la
coexistencia de una linea celular diploide y una o mas lineas celulares
aneuploides. Por otro lado, el mosaicismo aneuploide se refiere a la
presencia de lineas celulares con distintas aneuploidias. El mosaicismo de
ploidia o mixoploide implica cualquier combinacién de lineas celulares

haploides, diploides y poliploides en el mismo embrién (McCoy, 2017).

Segln el nimero de cromosomas implicados en la aneuploidia, también
es posible distinguir entre el mosaicismo simple, cuando implica un solo
cromosoma, y mosaicismo complejo, cuando afecta a mas de uno, aunque
existen discrepancias entre autores a la hora de establecer esta distincion
(Coonen et al.,, 2004; Ma et al., 2022; Viotti, McCoy, et al., 2021). Por otro

lado, el mosaicismo cadtico es un tipo de mosaicismo caracterizado por
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patrones severos de irregularidad cromosémica con multiples lineas

celulares aneuploides (McCoy, 2017).

Ademas, en funcién del tamafio del fragmento de ADN implicado en Ila
aneuploidia, podemos distinguir entre mosaicismo genético, si la
aneuploidia implica cambios a nivel de pequefias secuencias de ADN o
pequefias variaciones en el numero de copias, o de mosaicismo citogenético,
si la aneuploidia implica cambios a nivel de cromosomas. A su vez, dentro
del mosaicismo citogenético podemos distinguir entre mosaicismo
segmentario (también conocido como segmental o parcial), cuando ocurren
cambios a nivel de fragmentos de cromosomas, y mosaicismo cromosémico,

cuando los cambios afectan a cromosomas completos (Viotti, 2020).

Por otro lado, segln el estadio de desarrollo en el que se origina, el
mosaicismo embrionario puede tener distintas configuraciones. Hablamos
de mosaicismo generalizado cuando estd presente tanto en el linaje
embrionario como en el extraembrionario, ya que deriva de un error mitético
anterior a la segregacién de estos linajes. En cambio, hablamos de
mosaicismo confinado cuando se restringe a un Unico linaje celular, debido
a un error mitético que ocurre tras la diferenciaciéon celular. De manera
similar, cuando las células aneuploides quedan confinadas a un
determinado linaje celular, también surge un patrén de mosaicismo en
relacién con el resto de células. Finalmente, el nivel o grado de mosaicismo
generalmente se refiere al porcentaje de células aneuploides en un embrién
con mosaicismo diploide-aneuploide (Vera-Rodriguez and Rubio, 2017)
(Figura 5).

144



INTRODUCCION

Diploid ploid: Aneuploid Mixoploide Caético
22 3 1
Need 2 > 2 1
+23 4 2
‘1'1 2 2'7 N2 ¢ et 1 LN 2
2 . +23 2 2 1
1% 25, 154 <3
101 4y 4 Yy )
Generalizado Confinado a la MCI
Gen—
Genético Cr dmico S | Confinado al TE MCI/TE

Figura 5 Tipos de mosaicismo embrionario segtin los cariotipos coexistentes (panel
gris), el tamariio del fragmento de ADN implicado en la aneuploidia (panel amarillo)
y su localizacién (panel naranja). Las células aneuploides se muestran con el
numero de cromosomas sobrantes (+) o ausentes (-), o en color rojo. (Adaptado de
McCoy, 2017; Vera-Rodriguez and Rubio, 2017).

1.3.2. Origen molecular

1.3.2.1. Mosaicismo cromosomico

Los errores mitéticos que causan el mosaicismo cromosémico ocurren
por fallos en la segregacién de los cromosomas durante las divisiones
celulares post-cigéticas. Existen multiples mecanismos moleculares de error
mitotico (Taylor et al., 2014). El mas frecuente es el retraso en la anafase, en
el cual una de las crométidas hermanas no migra correctamente al polo de
la célula debido a fallos en la formacién del huso mitético, quedando como

consecuencia excluida del nucleo de la célula hija. Esto resulta en la
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formacion de una linea celular disémica y otra monosémica para el
cromosoma implicado. Otro mecanismo es la no disyuncién cromosémica,
que ocurre cuando las croméatidas hermanas no se separan correctamente,
y una de las células hijas hereda ambas. El resultado es una linea celular
trisémica y otra monosémica para el cromosoma implicado. Otros
mecanismos menos frecuentes incluyen la formacién de micronucleos y la
endoreduplicacién, que ocurre cuando un cromosoma se replica pero no se
completa la divisién celular, debido a un fallo en la citocinesis o a una salida

prematura del ciclo celular (Kort et al., 2016) (Figura 6).

Los errores de segregacion cromosémica se atribuyen a diferentes
causas moleculares, y ocurren con mayor frecuencia durante las primeras
divisiones embrionarias (Munné et al., 1994). Una de las principales causas
moleculares de error mitético es el funcionamiento defectuoso de los
mecanismos de control del ciclo celular. Debido a que hasta el estadio de 4-
8 células el genoma embrionario humano se encuentra practicamente
inactivo, los mecanismos de control del ciclo celular deben llevarse a cabo a
expensas de factores acumulados en el citoplasma ovocitario. En
consecuencia, dichos mecanismos, que conllevan la oscilacién de ciclinas y
sus quinasas asociadas, operan de forma atenuada durante las primeras
divisiones embrionarias. La atenuacién de los puntos de control del ciclo
celular permite el acortamiento de los ciclos celulares, en detrimento de la
fidelidad y la temporalizacién de la transmision de la informacién genética
(McCoy, 2017).
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Figura 6 Mecanismos moleculares de error mitético que generan mosaicismo
cromosémico en embriones humanos.

Otra causa molecular de error mitético son las alteraciones en el
centrosoma espermatico, el cual actia como centro organizador de
microtUbulos durante las primeras divisiones embrionarias, asi como los
defectos en la funcionalidad del huso mitético (McCoy et al, 2015). La
presencia extra de centriolos, debido a fallos en su duplicacién, predispone
a los cromosomas a establecer uniones aberrantes con el huso mitético
(monotelia, sintelia y merotelia) y, en consecuencia, a sufrir retraso en
anafase (Ganem et al., 2009).

Por ultimo, los errores en la segregacién cromosémica pueden
originarse por defectos en la cohesién de los cromosomas, debidos a fallos
en la funcionalidad de las cohesinas embrionarias y/o en sus proteinas

reguladoras, como las securinas y las separasas. Estas proteinas son
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responsables de mantener unidas las cromatidas hermanas y facilitar su
separacion en la anafase. Por tanto, un funcionamiento defectuoso de estas
puede resultar en eventos de no disyuncién o, alternativamente, en una

separacion prematura de las cromatidas (Mantikou et al., 2012).

1.3.2.2. Mosaicismo segmentario

El mosaicismo segmentario tiene su origen en correcciones defectuosas
de roturas en el ADN, por lo que su etiologia es distinta a la del mosaicismo
cromosomico (Viotti, 2020). Las roturas de doble cadena (DSBs) se
producen cuando las horquillas replicativas se detienen y colapsan durante
la sintesis del ADN, por razones como alteraciones en su integridad, ausencia
de constituyentes de su sintesis o tensién asociada a su estructura
secundaria (Babariya et al., 2017; Mehta and Haber, 2014). Normalmente,
las DSBs inducen la activacién de mecanismos de reparacion del ADN, y el
fallo en su ejecucion suele activar el proceso apoptético (Aguilera and
Garcia-Muse, 2013). Sin embargo, dado que los mecanismos de reparacion
y apoptosis estan comprometidos durante las primeras divisiones
embrionarias, cuando una célula repara incorrectamente una DSB, puede
producirse la duplicacién o delecién del segmento que contiene la rotura
(Escriba et al., 2019).

1.3.3. Factores de riesgo

En cuanto a los factores que incrementan la probabilidad de ocurrencia
de los eventos moleculares que generan mosaicismo, es posible distinguir
entre factores extrinsecos, si estan relacionados con el tratamiento de RHA;
y factores intrinsecos, si son caracteristicas propias de los pacientes o de los
embriones generados por estos. Como factores de riesgo extrinsecos se han

propuesto el protocolo de estimulacién ovérica, las condiciones del
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laboratorio o del cultivo in vitro, y el método de fecundacién, entre otros
(Morbeck et al., 2017; Palmerola et al.,, 2019; Swain, 2019; Viotti, 2020). Por
otro lado, entre los factores de riesgo intrinsecos propuestos destacan la
presencia de variantes genéticas de riesgo (McCoy et al, 2015) y la edad
paterna avanzada (Coll et al., 2021), la cual podria estar relacionada con un
incremento en el riesgo de aparicion de mutaciones de novo (Kong et al.,
2012; Silber et al, 2003). No obstante, hasta la fecha, los estudios
publicados al respecto son limitados y a menudo presentan resultados
contradictorios, lo que dificulta el establecimiento de causalidades y

mecanismos de accion.

1.3.4. Diagndstico

1.3.4.1. Estadio preimplantacional

El diagnéstico de mosaicismo embrionario en PGT-A se basa en la
identificacion de valores intermedios en el nimero de copias cromosémicas
en los perfiles de NGS tras la biopsia de TE (Munne and Wells, 2017; Paulson
and Treff, 2020) (Figura 7).

En cada protocolo diagndstico, es necesario realizar experimentos de
validaciéon preliminares para determinar el rango de mosaicismo. Estos
experimentos se basan en el uso de mezclas artificiales de lineas celulares
con proporciones crecientes de células aneuploides (Goodrich et al., 2016),
o bien en la utilizacién del ADN contenido en dichas células (Garcia-Pascual
et al., 2020). Estos procedimientos son fundamentales para determinar la
sensibilidad de la plataforma, es decir, el porcentaje de verdaderos positivos
(biopsias con mosaicismo identificadas correctamente), y su especificidad,
es decir, el porcentaje de verdaderos negativos (biopsias sin mosaicismo

identificadas correctamente).
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Figura 7 Diagndstico de mosaicismo en diagramas NGS de variacion en el numero
de copias. El eje x indica el cromosoma, y el eje y indica el nimero de copias de cada
cromosoma. (A) Mosaico diploide-aneuploide (monosomia en mosaico del
cromosoma 5). (B) Mosaico aneuploide (monosomia en mosaico del cromosoma 5
con aneuploidias uniformes adicionales). (C) Mosaico cromosémico diploide-
aneuploide (trisomia en mosaico del cromosoma 7). (D) Mosaico segmentario
diploide-aneuploide (trisomia en mosaico del brazo largo del cromosoma 7)
(Adaptado de Coll et al., 2021).

Los rangos mas comuUnmente utilizados para el diagnéstico de
mosaicismo son 20%-80% y 30%-70%, refiriéndose al porcentaje estimado
de células aneuploides en la biopsia. Asimismo, es habitual establecer
subclasificaciones para diferenciar entre mosaicismo de bajo y alto grado.
Los rangos diagndsticos menos restrictivos aumentan el riesgo de falsos
positivos, mientras que los mas restrictivos aumentan el riesgo de falsos
negativos (Girardi et al., 2023).

Por otro lado, gracias a la integracion del genotipado de SNPs en la
secuenciacion NGS, las plataformas mas recientes de PGT-A permiten
determinar el origen parental de las aneuploidias, es decir, si estas han sido
heredadas del évulo o del espermatozoide, y, en consecuencia, confirmar la

presencia del mosaicismo detectado por NGS (Rana et al., 2023) (Figura 8).
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Figura 8 Diagndstico de mosaicismo en diagramas NGS de variaciéon en el numero
de copias y analisis de SNPs. Monosomia en mosaico del cromosoma 13. La
plataforma de analisis genera un perfil de nimero de copias cromosémicas (CCN) y
un gréafico de frecuencia de alelos B (BAF) utilizando datos de SNPs. Los gréaficos BAF
consisten en dos tipos de SNPs: homocigotos y heterocigotos. Los SNPs homocigotos
AA se ubican en la parte superior del grafico BAF, los SNPs heterocigotos AB estan
en el medio, y los SNPs homocigotos BB estan en la parte inferior. Un CCN de 2 se
representa por un perfil de SNP AB que no se desvia del medio (0,5). Una trisomia
o la presencia de una anomalia cromosdémica en mosaico se representa por una
division de los SNPs AB para el cromosoma afectado, con algunos desplazandose
hacia arriba y otros hacia abajo. La monosomia se representa por una pérdida
completa de los SNPs AB medios para el cromosoma afectado. La triploidia se
representa por una divisién de los SNPs AB para todos los cromosomas. La presencia
de contaminacién se indica por un perfil altamente ruidoso, donde es imposible
distinguir entre los SNPs AA, AB y BB. La desviacién media porcentual absoluta
(MAPD) describe el nivel de "ruido" de un perfil cromosémico especifico y mide la
dispersién de amplicones para ese cromosoma a partir de la linea de referencia (0).
Las muestras con un MAPD > 0,3 exhiben perfiles "ruidosos" (menos compactos a
lo largo de la linea de referencia) y pueden ser dificiles de interpretar (Martin et al.,
2024).
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1.3.4.2. Estadio prenatal

Una vez ocurrida la gestaciéon, el mosaicismo embrionario puede
detectarse en la biopsia de vellosidades coriénicas (CVS) (entre las semanas
10 y 13 de embarazo) o mediante amniocentesis (entre las semanas 15y
20 de embarazo) (Jelin et al., 2019). Las técnicas de anélisis mas utilizadas
son el cariotipo por bandeo G, el FISH y los microarrays cromosdémicos
(CMA). Las técnicas FISH y CMA se realizan mediante cultivo corto (directo
o semidirecto), mientras que el andlisis del cariotipo fetal requiere del cultivo

largo de las células a analizar (Li et al., 2022).

En la CVS se analizan, previa punciéon placentaria, células
citotrofobléasticas (representativas de la placenta) mediante cultivo corto, y
células mesenquimales del mesodermo extraembrionario (representativas
del feto) mediante cultivo largo (Bianchi et al., 1993). En cambio, en la
amniocentesis se analizan células del liquido amniético (amniocitos), las
cuales se desprenden de la capa interna del amnion y provienen de varios
6rganos anatémicos fetales, como el tracto urogenital, el aparato respiratorio
o las superficies epiteliales (Cremer et al., 1981; Morris and Bennett, 1974,
Tyden et al., 1981).

1.3.5. Prevalencia

1.3.5.1. Estadio preimplantacional

Se estima que el mosaicismo estad presente en mas del 70% de los
embriones en estadios de escision (van Echten-Arends et al, 2011;
Mertzanidou et al., 2013), lo que concuerda con la alta incidencia de errores
mitéticos durante las primeras divisiones embrionarias. De hecho, se puede

afirmar que el genoma del embrién en sus primeras etapas exhibe
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inestabilidad cromosémica (McCoy, 2017; Vanneste et al, 2009), una
caracteristica distintiva de muchos tumores marcada por frecuentes

ganancias y pérdidas cromosdémicas (Gordon et al., 2012).

En el estadio de blastocisto, las tasas de mosaicismo reportadas tras
NGS varian ampliamente entre clinicas, desde un 2% hasta un 50% (Levy et
al., 2021; Rana et al., 2023; Viotti, 2020). Esta variabilidad puede atribuirse
tanto al impacto diferencial de factores de riesgo de mosaicismo como a
aspectos relacionados con el diagnéstico genético, tales como las técnicas
de eclosion asistida y la biopsia embrionaria. Ademas, la metodologia
utilizada para procesar las muestras y los criterios empleados para
interpretar los resultados genémicos también podrian contribuir a dicha
variabilidad, asi como a la deteccidon del mosaicismo como artefacto técnico
de laboratorio (Fragouli et al, 2019; Munne and Wells, 2017). En este
sentido, una alta incidencia de mosaicismo en el programa de PGT-A de una
clinica o centro diagnéstico durante un tiempo prolongado puede ser

indicativa de préacticas de laboratorio inadecuadas (Leigh et al., 2022).

1.3.5.2. Estadio prenatal

La incidencia de mosaicismo reportada tras CVS es de un 1-2% en la
poblacién general. De esta, aproximadamente un 87% corresponde a
mosaicismo confinado a la placenta y el 13% restante es mosaicismo
verdadero fetal (Association of Clinical Cytogeneticists, 1994; Ledbetter et
al., 1992; Malvestiti et al., 2015; Medical Research Council, 1991; Vejerslev
and Mikkelsen, 1989). En amniocentesis, la incidencia de mosaicismo es de
aproximadamente un 0,5% (Li et al., 2022), mientras que en restos abortivos
(POCs) y recién nacidos, el mosaicismo estd presente en el 0,2-1% de los
casos (Hansteen et al., 1982; Hardy et al., 2016; Menasha et al., 2005).
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1.3.6. Manejo clinico

Aunqgue la existencia del mosaicismo en embriones humanos ha estado
documentada desde hace méas de 30 afios (Evsikov and Verlinsky, 1998;
Griffin et al., 1991; Munne, Lee, et al., 1993), la cuestiéon de su manejo clinico
solo ha cobrado relevancia recientemente, tras la introduccién de
plataformas de PGT-A con suficiente sensibilidad para detectarlo en biopsias
de TE. Los embriones aneuploides tras PGT-A son descartados para la
transferencia, ya que dan lugar a fallos de implantacion, abortos y anomalias
congénitas (Capalbo et al., 2022). Sin embargo, desde que se reportd el
nacimiento de bebés sanos tras la transferencia de embriones
diagnosticados como mosaicos diploide-aneuploide tras PGT-A (Greco et al.,
2015), un numero creciente de clinicas ha comenzado a considerar la
transferencia de este tipo de embriones en casos donde no se disponen de
embriones euploides; y en consecuencia, han surgido estudios en los que se

evallia su potencial reproductivo.

Los estudios de cohorte retrospectivos sugieren que los embriones
mosaicos tienen capacidad de generar descendencia sana, aunque poseen
un potencial reproductivo inferior al de los embriones euploides,
concretamente, una menor tasa de implantacién y de recién nacido vivo y
una mayor tasa de aborto. Asimismo, estos estudios sugieren que ciertas
caracteristicas del mosaicismo, como el grado de mosaicismo, el tipo de
aneuploidia, y el nimero de cromosomas afectados, podrian condicionar los
resultados clinicos (Abhari and Kawwass, 2021; Ma et al., 2022; Mourad et
al., 2021; Treff and Marin, 2021; Viotti et al, 2023; Viotti, McCoy, et al.,
2021). Sin embargo, en el primer estudio prospectivo aleatorizado de
transferencias de embriones mosaicos, se reportaron tasas similares de
recién nacido vivo y aborto clinico entre embriones euploides y aquellos con
hasta un 50% de mosaicismo (Capalbo et al., 2021).
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Posteriormente, estos resultados fueron respaldados por dos revisiones
sistematicas y metaanalisis que evaluaron la calidad de los estudios no
aleatorizados, sugiriendo que los peores resultados clinicos observados tras
la transferencia de embriones con niveles moderados de mosaicismo
podrian deberse a un sesgo de seleccion hacia pacientes de peor pronéstico
(Capalbo et al., 2021; Ma et al., 2022; Mourad et al., 2021) (Tabla 1).

Es importante destacar que estos estudios coinciden en que, al menos
cuando el mosaicismo se detecta en niveles moderados, la transferencia de
embriones mosaicos conlleva un riesgo afiadido relativamente bajo de
resultados clinicos adversos en comparacién con la transferencia de
embriones euploides, incluyendo complicaciones en el embarazo, cariotipos
prenatales y postnatales alterados, y anomalias congénitas (Capalbo et al.,
2021; Lee et al., 2020; Treff and Marin, 2021; Viotti et al., 2023; Yakovlev et
al., 2022) (Tabla 2).

De hecho, las Ultimas recomendaciones de la ESHRE indican que no es
aceptable descartar los embriones con mosaicismo de bajo grado, y que la
seleccion entre éstos y los embriones euploides debe hacerse en base a
criterios  morfolégicos. Por el contrario, la ESHRE evita formular
recomendaciones para la transferencia de embriones con mosaicismo de
alto grado, debido a la ausencia de datos clinicos sélidos (ESHRE Working

Group on Chromosomal Mosaicism, 2022) (Tabla 3).

155



7

INTRODUCCION

"T000'05dsxsex - TO0'0Sdxsx - T0'0Sdxx ‘G0'05dx -GO'0<d

:sU *soAlponpoidal sopeynsal sns £ Sod1eSOW SIUOLIGLUD dp SBIdUdJdjsuel} ap soAljesedwod SOIPN}Sa ap uawinsay T ejqel

x 001 0've x»  0TL 0'€S GvO'T evl oAoadsondy  (£10g) ‘[ete suunpy
su 18T 12 su  ¢g'g 6'9¢ z8e 4] oAnoadsonsy  (/102) 1818 opef]

* TAA 9'6§ * 0'LY 8'/c * 8'GS T'os 1§ 4% oAndadsonay (£10c) ‘[e 38 Ijnosel]
su 08 8'L * 9'ov 8'0¢ * 9% G'ge 16¢ 174 oandadsold  (8102) /€18 ejjoulds

x 28l o'ov x  8'€S o'os LGE (014 oAnoadsonsy  (6102) ‘[e 1o 807
su /21 €oe * 1'6S 9'ov 89¢ 201 oAndadsony  (8102) 'Je 1o Sueyz

* 96t 0'8€ 8Ly 001 oanoadsoid  (6102) [e 18 10101/

wxx 0L 0'Ge xxx  0'€9 G'/g wex  O'€8 o6t 69T €6z oAnosdsonsy  (0202) ‘[e 1 guunjy
su 62l T's % 1'69 815 912 €8 oAnoadsonsy  (0202) e 10 897

x G0z g'ee xxx O'LY T2 xxx  0'6G T'ov Va4 LET oapoadsold  (0202) "je ¥e Sueyz
wxxx 98 0'se wxxx  €CG €1e wxxx  CLS 8'TY 196G 000'T  oApoadsosey  (1202) ‘je 1o oI/
su 02l 611 su  v'ep g'zy su g6 ¥'SS 1414 €Iy oapoadsold  (1202) ‘[e 18 oqlede)

x  0¢l T'9¢ x  LOY 8'8z e OLp o'6e €15 811 oAnoadsoNRY  (2202) ‘[E 10 A9jA0x e,
wxxx 68 z'ce xxxx  8'€G 0'se wxxx ['6G o'sy €L911 1€0C  oAndadsoney  (€202) ‘[e ¥ oA

d wmﬁ_o_ajm SOJIeSON d wo_u_o_Qjm_ SOJIeSO\ d ww_u_o_o_zm SOJIeSOA ww_u_o_o_zm_ SOJIBSON

(%) 021u1j> oMoqy

(%) OAIA opideU UIdBY

(%) uonejueidw)

(u) sopuiajsueJ) sauonquiy

ouasig

oipnys3

156



7

INTRODUCCION

"SEOIUOLIOD
sopepIso|joA ap eisdolq SAD "SHN djuelpawl y-1Hd Ud owsidlesow ap od)souSelp U0D SIUOLIqWID dp BIDUIIdjSuRI)
e| sed} (D0d) soAlMoge so}sal ap o |ejeulsod ‘jejeuaid 1S3} |2 UD OWISIDIESOW [P UQIFBWLIJUOD UOD SIUOIIRISAY) Z e|qe]

[%0v] ,
(by+) sow  sojsaljiueW SO}US3UOD SO}09)8pP UIS OjUSIWIOBN (by-'bp+) sow (£202) ‘1 1@ moIA
(g-) sow (g+) sow SO}SaljluBW SOHUYBUOD SO0}0940P UIS OjUSILLIDEBN ANTNWMMWC (0202) 1e 18 ueweiyey
. K [%0v] .
(d1-) sow (d1-) sow epidwiniialul ugloe}sar) (d1-) sow (£20¢2) ‘e 10 02815
[%0v]
(Tg+) sow  (1g+) sow epidwin.aisul ugIoeIsan (Te+'0z-'61 (£202) e 19 02919
-'6+'8-"£-'bT+) sow
I [%ee] ;
(X+'7T+2+) sowl odugjUOdse opoqy (@2 sow (£202) 18 19 MoIA
20d |eyeuisod 1S9 SIS8}UI0IULIY SAD
031ul]d ope}jnsay V-19d opejjnsay olpnjs3

eansouselp eqanid

157



\

z
S
&)
&)
>
=
@)
==
=
z

‘(%202 “|e 1@ Zoun|\ ap opeldepy) sodlesow sauoliqua sof ap |eyeuaid ofouew
|2 K ugioeziold e| e 0)99dsal U0 SBIIIUIID SOPRPIII0S SAUBIBIP Jod SEPIHIWS SOUOIIBPUSLLOII SB| dP UdWINSAY § e|qe]

N 0101jouag-08sall NSy BIOUSPIAS 9P B}[E4  BIDUSPIAS 9p E)je BIOUSPIAS 3P EB)je4 oN (£202) WYSY
(opeJ3 oye)
(opeu3 ofeq) oN (opeJ3 ofeq) oN oN dN  Seuoldepuswodal uig ON (2202) 34HS3
039]dwod
(soolesow BLUOSOWO.D) oplulap ou [edquin
IS £ sepiojdna) ugroupsip uis ON < oLguBWSag o s OoN (1202) SIa9d
1S
IS
sols|dwod
< SeLoSOLOoID g (%06
BLIOSOWO0ID T feiquin) ope.3 oje ON (I202) €19 MOIA
aN dN N < < opeJ3 oleg 4
< ouejuswseg
1S
IS
IS 0191jouag-08sall NS BIOUSPIAS 9P B}[E4  BIDUSPIAS 9p E)je BIOUSPIAS 3P EB)je4 oN (0202) WYSY
(seuewss pT < 2009id) ¢ ’) ‘|© 19 []e/D) US SOJIOSap SOLIS oplulap ou [eiqu
I sisajudd0IuLY 8102 183 48D ¥ P ¥ _M YN PHLSP OU I84 _m ON (6102) SI0Dd
IS ] i
X'G¥ ‘T2 ‘8T ‘9T ‘¥ ‘€T :epepuUsWO0al OU BIDUSIR)SURI |
AXX'LY XXX'LY ‘0T ‘8 :G-¥ ugloemung
siseuddoIuLY . ka >m >o ”m uoroEmund ;
YN S ¢C L1 11 L ¢ ‘¢ ugemund YN 4N ON (8102) 1832 e
’ AAX'LY ‘G 'p 1T ugroemung
61 2T ‘0T ‘€ 'T :0 ugoeMuUNng
IS
(se1qein sejpiojdnaue) gz ‘Tz ‘81 ‘€T :eleq sew peplold
e G sofo|dwiod (%0L-0v) opess oye
o SAD < SISBIUSDOILLLY (49n1) 9T ‘2 ‘2 A(@dn) T ‘v1 weleq Umnto_mm_ Soolesow < o U 100) 2500
: ! PN %01 opeJs ofe
'S BT LT 2T 'TT'01'6'8'9 G ‘¥ '€ 'T €}e sewl pepliolid # M (%0v-02) 0P _M
IS : B
(sa|qeln
(seuewss T < zooaud) seipiojdnaue) 1z ‘g1 ‘€T A (49N1) 91 m 2 m pepLioLd opILIIP oU eIquin
IS Sissjuad0IuWY (@dn) ST ¥1 ‘2 Pepold BUOSOWO.D Un \ IS (9102) SIa9d
IS 2202’61 LT 2T 'TT'0T '6'8'9'G ‘¥ '€ 'T :T peplold s
IS}
|eyeuasd oonsouselq pesijdwi o) apodi] owsidlesow ap opely) ejwosu} < el W o1oep |

158



INTRODUCCION

1.3.7. Hipotesis que explican el potencial

reproductivo de los embriones mosaicos

Dos hipétesis se han propuesto para explicar el hecho de que una alta

proporciéon de embriones mosaicos tengan pleno potencial de desarrollo.

1.3.7.1. Capacidad de autocorreccion

Por un lado, en base al descenso observado en la prevalencia del
mosaicismo a lo largo del desarrollo embrionario, se ha propuesto que los
embriones mosaicos poseen una cierta capacidad intrinseca de
autocorreccion. Para explicar esta reduccién, se han propuesto a su vez

varios modelos que no se excluyen mutuamente (McCoy, 2017).

En primer lugar, el modelo de mortalidad embrionaria sugiere que los
embriones mosaicos son seleccionados negativamente durante el desarrollo
debido al impacto perjudicial de las células aneuploides sobre la viabilidad
embrionaria. Esto ha sido evidenciado por estudios que muestran una alta
prevalencia de aneuploidias en mosaico en embriones bloqueados
(Bielanska et al., 2002; Ruangvutilert et al., 2000; Rubio et al., 2007; Santos
et al., 2010).

En segundo lugar, el modelo de rescate de la aneuploidia propone que
el mosaicismo puede corregirse mediante la reversién de la aneuploidia a
euploidia. Aunque este mecanismo ha sido teorizado, las pruebas que lo
apoyan en humanos son escasas (Coorens et al.,, 2021; Schlade-Bartusiak et
al., 2022), y parece desempefiar un papel menor en base a la baja incidencia
de disomia uniparental tanto en blastocistos (0,06%) (Gueye et al., 2014;
Taylor et al., 2014), como en amniocitos, recién nacidos y POCs (<0,001%)
(Benn, 2021).
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En tercer lugar, el modelo de asignacién preferencial implica la
distribucién selectiva de las células aneuploides a los linajes
extraembrionarios. Aunque existen pruebas contradictorias respecto a este
mecanismo (Capalbo et al., 2013; Popovic et al., 2018; Starostik et al., 2020),
estudios recientes sugieren que las células aneuploides pueden segregarse
preferentemente al fluido del blastocele, a células periféricas distantes de la
MCI, y en menor medida, a las células del TE (Griffin et al., 2023; Yang et al.,
2021). Estos hallazgos son coherentes con la identificacion de cuellos de
botella fisiolégicos que confinan las células aneuploides surgidas en las

primeras divisiones celulares a los linajes placentarios (Coorens et al., 2021).

Por Ultimo, el modelo de deplecién clonal plantea que las células
aneuploides son eliminadas por apoptosis 0 no se propagan eficientemente
en los embriones mosaicos, reduciendo asi su impacto perjudicial (Baker,
2020; Coticchio et al., 2021; Regin, Spits, et al, 2022). Aunque faltan
evidencias directas de estos mecanismos en humanos, estudios en quimeras
humanas y de ratén generadas artificialmente sugieren que la viabilidad del
embrién puede restablecerse mediante la apoptosis selectiva de las células
aneuploides y la proliferacién competitiva de las células euploides (Bolton
et al., 2016; Singla et al., 2020; Yang et al., 2021). Asimismo, estudios que
utilizan la tecnologia time-lapse han demostrado que los errores mitéticos
durante las divisiones embrionarias tempranas se asocian con ciclos
celulares mas largos (Chavez et al., 2012; Lee et al., 2019; Martin et al.,
2023). Dichos estudios también han revelado que la eliminacién de células
aneuploides puede ocurrir mediante su exclusién a través de una
compactacion parcial (Hur et al., 2023; Lagalla et al., 2017, 2020; Zhan et
al.,, 2016) o su extrusién en forma de fragmentos o debris celular (Lagalla et
al., 2020; Orvieto et al., 2020). De manera congruente, estudios del
transcriptoma embrionario humano han demostrado que las aneuploidias

generan estrés proteotéxico y conducen a la desregulacion de genes y vias
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moleculares asociadas con la proliferacién celular, la apoptosis y la autofagia
(Licciardi et al., 2018; Martin et al., 2023; Maxwell et al., 2022; Regin, Lei, et
al., 2022; Sanchez-Ribas et al., 2019; Vera-Rodriguez et al., 2015).

1.3.7.2. Falsos positivos

Por otro lado, se ha demostrado que el diagndéstico de mosaicismo en
PGT-A basado Unicamente en la identificaciéon de valores intermedios en el
nimero de copias cromosémicas en los perfiles de NGS conduce a falsos
positivos. Por tanto, esta hipotesis sugiere que los resultados de las
transferencias de embriones mosaicos se han visto sesgados por el
diagnostico erréneo de embriones euploides y aneuploides (Treff and Marin,
2021).

De hecho, estudios de desagregacion embrionaria, en los que se realizan
biopsias multifocales, han demostrado que la mayoria de los resultados de
mosaicismo en blastocistos se limitan a una Unica muestra de TE (Capalbo
et al., 2021; Girardi et al., 2023; Marin et al., 2021; Popovic et al., 2020). En
este sentido, la introduccién de nuevas plataformas de PGT-A, que
incorporan el genotipado de SNPs al analisis NGS, ha revelado que mas del
30% de los embriones diagnosticados como mosaicos basandose
Unicamente en los resultados de NGS, muestran al menos un error de origen
meibtico tras el analisis de SNPs, indicando la presencia de aneuploidias
uniformes (Cascante et al.,, 2023; Popa et al, 2023). Por otro lado, los
resultados de mosaicismo basados en los perfiles de NGS pueden ser
indistinguibles del ruido técnico superpuesto a perfiles euploides o
aneuploides (Treff and Marin, 2021). En este documento, se emplea el
término 'embrién mosaico', dado su uso habitual entre los profesionales de

RHA, con el fin de simplificar la lectura del texto.
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2| MOTIVACION, OBJETIVOS E HIPOTESIS

2.1. Motivacion

Los avances en las tecnologias de secuenciacion masiva han
revolucionado nuestra comprension sobre la complejidad y la plasticidad
del genoma del embrién humano (Coticchio et al., 2021). Aunque el efecto
perjudicial de las aneuploidias embrionarias sobre la viabilidad celular y los
resultados clinicos ha sido ampliamente demostrado (Capalbo et al., 2022;
Shahbazi et al., 2020; Tosh et al., 2022; Williams et al., 2008; Zhu et al.,
2018), se sabe relativamente poco sobre los factores que subyacen a la
competencia reproductiva de los embriones mosaicos. Este conocimiento es
critico para orientar la implementacién de estrategias de cribado genético y

mejorar nuestra comprensién sobre la capacidad reproductiva humana.

En los Ultimos afios, la introduccién de sistemas de cultivo embrionario
con tecnologia time-lapse en los laboratorios de FIV ha favorecido la
aparicién de estudios disefiados para identificar marcadores morfocinéticos
relacionados con variables de relevancia clinica, asi como para construir
algoritmos predictores del éxito o fracaso reproductivo (Armstrong et al.,
2019). Algunos de estos algoritmos han sido utilizados como herramienta
de seleccién embrionaria en base a la prediccién del estatus cromosémico
(Del Carmen Nogales et al., 2017; Reignier et al., 2018). En este contexto,
dado que los errores mitéticos que causan el mosaicismo implican eventos
de no disyuncién o retrasos en la anafase (McCoy, 2017), el anélisis
morfocinético podria contribuir a la identificaciéon del mosaicismo mediante
el estudio del ritmo de las divisiones celulares embrionarias. De hecho, se
ha establecido una correlacién entre la presencia de aneuploidias de origen

mitético y ciertas alteraciones morfocinéticas en embriones humanos, como
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el intervalo entre la primera y segunda divisiéon mitética y la sincronia entre
la segunda y tercera division mitética (Chavez et al., 2012). Asimismo, se han
observado retrasos morfocinéticos en embriones diagnosticados como
mosaicos mediante PGT-A (Lee et al.,, 2019).

Por otro lado, el desarrollo de plataformas de secuenciacién de ARN
(RNA-seq) altamente sensibles ha favorecido la aparicién de estudios del
transcriptoma del embrién humano (Hwang et al., 2018; Islam et al., 2011;
Picelli et al., 2014; Tang et al., 2009). La mayoria de estos estudios se han
centrado en investigar las redes transcripcionales que dirigen la segregacion
de los linajes celulares (Blakeley et al, 2015; Boroviak et al, 2018;
Meistermann et al., 2021; Petropoulos et al., 2016; Stirparo et al., 2018; Xue
et al., 2013; Yan et al, 2013). No obstante, otros estudios han tratado de
identificar marcadores moleculares de competencia embrionaria, mediante
la correlacion de los perfiles transcriptémicos con variables de relevancia
clinica, como el estatus cromosdémico o el resultado de la transferencia (Groff
etal., 2019; Kirkegaard et al., 2015; Licciardi et al., 2018; Ntostis et al., 2019;
Sanchez-Ribas et al., 2019; Starostik et al, 2020). Ademas, se han
desarrollado estrategias para inferir el estatus cromosémico de los
embriones a partir de los datos de RNA-seq (Fan et al., 2018; Macaulay et
al.,, 2015; Weissbein et al., 2016), algunas de las cuales se han optimizado
para detectar mosaicismo (Griffiths et al, 2017; Starostik et al., 2020).
Asimismo, mediante anélisis transcriptémico, se ha establecido una
correlacion entre la presencia de aneuploidias y la desregulacion de
multiples vias moleculares relacionadas con la proliferacién celular, dafio en
el ADN, apoptosis, degradacion de proteinas y metabolismo energético
mitocondrial en diferentes tipos de muestras, incluyendo embriones,

biopsias de TE e incluso células individuales (Regin, Spits, et al., 2022).

En este escenario, existe la necesidad de estudiar el impacto del

mosaicismo en la dinamica de desarrollo y las funciones moleculares de los
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embriones humanos, para poder profundizar en la comprensiéon de los
mecanismos que les confieren capacidad reproductiva. Teniendo en cuenta
que niveles moderados de mosaicismo parecen ser inocuos para el
desarrollo embrionario, es crucial determinar si el diagndstico de niveles
crecientes de mosaicismo va acompafiado de la adquisicién de
caracteristicas morfocinéticas y moleculares indicativas de una
desregulacién progresiva de la proliferaciéon celular y una pérdida de la
viabilidad celular; o si, por el contrario, los embriones mosaicos constituyen
una entidad biolégica compatible con la normalidad cromosémica, y los
resultados reproductivos observados tras su transferencia son producto de

artefactos diagnosticos.

2.2. Objetivos

El objetivo principal de la presente tesis doctoral es generar nuevos
conocimientos en el campo de la embriologia clinica sobre la dindmica de
desarrollo y las caracteristicas moleculares de los embriones diagnosticados
como mosaicos tras PGT-A, con el fin de comprender las causas que
determinan su potencial reproductivo. Para ello, se plantearon los siguientes

objetivos especificos:

1. Determinar la incidencia, tipologia y distribuciéon cromosémica del
mosaicismo en el estadio de blastocisto.

2. Evaluar el comportamiento morfocinético y las caracteristicas
morfoldgicas de los blastocistos mosaicos.

3. Caracterizar el perfil de expresién génica de los blastocistos
mosaicos.

4. Examinar la incidencia y colocalizacién de eventos apoptéticos en

los blastocistos mosaicos.
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2.3. Hipotesis

Los blastocistos diagnosticados como mosaicos de células euploides y
aneuploides constituyen una poblacién minoritaria de embriones en el
programa de PGT-A que presenta caracteristicas especificas en términos
morfoldgicos, cromosdmicos, morfocinéticos y de expresién génica en

comparacién con los blastocistos uniformemente euploides y aneuploides.
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3| JUSTIFICACION DE COMPENDIO DE
ARTICULOS

La presente tesis doctoral se presenta como un compendio de tres
publicaciones que proporcionan nuevos conocimientos sobre la dindmica

de desarrollo y las propiedades moleculares de los embriones mosaicos.

En estos trabajos, la caracterizacién del embrién mosaico se lleva a cabo
a través de varios enfoques complementarios: por un lado, mediante el
analisis de su perfil morfocinético; y por otro, mediante el analisis de su
perfil de expresién génica tanto a nivel transcripcional como de proteina,
con especial énfasis en la expresién de marcadores de apoptosis y de
segregacion de los linajes celulares. Esta aproximacién multidimensional
ofrece una perspectiva integral de la identidad biolégica del embridn
mosaico, acercandonos a la comprensién de las causas que subyacen a su

potencial reproductivo.

En el articulo I, “The morphokinetic signature of mosaic embryos:
evidence in support of their own genetic identity”, publicado en la revista
Fertility and Sterility, se describe la incidencia, tipologia y distribucién
cromosémica del mosaicismo embrionario en el estadio de blastocisto, y se
utiliza la tecnologia time-lapse para describir sus implicaciones

morfocinéticas.

En el articulo Il, “Mosaic results after preimplantation genetic testing
for aneuploidy may be accompanied by changes in global gene
expression”, publicado en la revista Frontiers in Molecular Biosciences, se
emplea la tecnologia de RNA-seq para evaluar el impacto de diferentes
grados de mosaicismo embrionario en el perfil de expresiéon génica de las

células de la MCl y el TE del blastocisto.
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En el articulo Ill, “Trophectoderm cells of human mosaic embryos
display increased apoptotic levels and impaired differentiation capacity: a
molecular clue regarding their reproductive fate?”, publicado en la revista
Human Reproduction, se realiza inmunofluorescencia y microscopia confocal
para analizar la incidencia de eventos apoptéticos en los blastocistos

mosaicos durante la segregacién de los linajes celulares de MCl y TE.
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4| RESULTADOS

4.1. Ritmo de desarrollo del embrion mosaico:

analisis morfocinético

En el articulo I, se llevd a cabo un estudio retrospectivo de cohortes
comparando caracteristicas cromosdémicas, morfoldgicas y morfocinéticas
entre blastocistos euploides (<30% mosaicismo) (n=692), mosaicos de bajo
grado (30%-<50% mosaicismo) (n=68), mosaicos de alto grado (50%-
<70% mosaicismo) (n=38) y aneuploides (>70% mosaicismo) (n=713) tras
PGT-A mediante NGS. Se analizaron un total de 1.511 blastocistos cultivados
en incubadores con tecnologia time-lapse. Los resultados obtenidos se

resumen a continuacion:

En primer lugar, se analizd la incidencia de mosaicismo y su correlacion
con la edad de los progenitores. A diferencia de la incidencia de aneuploidias
uniformes (47,2%=713/1.511), la cual se correlacioné positivamente con la
edad materna (P<0,0001), la incidencia de mosaicismo (7%=106/1.511) no

mostro correlacion con la edad de los progenitores (P>0,05) (Figura 9).

A continuacién, se describié la distribucion del mosaicismo en funcién
de los cromosomas implicados y la tipologia de las anomalias
cromosoémicas. En los 106 embriones mosaicos analizados, se identificaron
un total de 132 aneuploidias. ElI 75,5% de los embriones (80/106)
presentaron aneuploidias simples y el 24,5% (26/106) presentaron
aneuploidias dobles. Los cromosomas con mayor prevalencia de
mosaicismo fueron el 19 (12,9%), 18 (7,6%), 13 (7,6%), 20 (6%), 22 (5,3%)

21 (5.3%) y 14 (5,3%); y los cromosomas con menor prevalencia el 17
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(1,5%), 1 (1,5%) y 15 (0,8%). No se encontré correlacién entre el grado de

mosaicismo y el riesgo de presentar aneuploidia simple o doble (P>0,05).

Total = 1,511 blastocysts

] 45.80% Euploid

A [ 450% Low-degree mosaic
[ 2.51% High-degree mosaic
3 47.19% Aneuploid
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Figura 9 (A) Incidencia de euploidia, mosaicismo y aneuploidia. (B) Estratificacién
seglin la edad de los progenitores. Las comparaciones de proporciones entre las
categorfas se realizaron mediante la prueba de Chi cuadrado, con un nivel de
confianza del 95%. ****P<0,0001.

Sin  embargo, la frecuencia de mosaicismo se correlacioné

negativamente con la longitud cromosémica (P=0,026) (Figura 10).
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Figura 10 (A) Distribucién de la incidencia de mosaicismo por cromosoma. La
intensidad del color en las secciones internas indica una mayor incidencia de
mosaicismo en ese cromosoma. Las secciones externas muestran la incidencia de
mosaicismo de bajo grado (azul claro) y de alto grado (azul oscuro) por cromosoma.
(B) Correlacion entre la incidencia de mosaicismo y la longitud cromosémica medida
en pares de bases (bp). p: coeficiente de correlacién de Pearson con un nivel de
confianza del 95%. *P<0,05; **P<0,01.

Posteriormente, se evalué la correlacion entre la calidad morfolédgica y
la constitucién cromosémica de los blastocistos. El porcentaje de
blastocistos de buena calidad morfolégica (A o B segln el criterio ASEBIR)
fue significativamente mayor en blastocistos euploides (66,9%=463/692),
en comparacién con blastocistos mosaicos (52,8%=56/106) (P=0,014) y
blastocistos aneuploides (47,7%=340/713) (P<0,001) (Figura 11).

deokk
*
100-_
2 ASEBIR grade
g' (modified protocol)
g i 66.9 I GradeAorB
:_5 50-] 528 [ Grade C
2 y
8 47.7
3
o

Euploid Mosaic Aneuploid
n=692 n=106 n=713

Figura 11 Porcentaje de blastocistos euploides, mosaicos y aneuploides segiin su
calidad morfolégica. Las comparaciones de proporciones entre las categorias se
realizaron mediante la prueba de Chi cuadrado, con un nivel de confianza del 95%.
*P<0,05; ***P<0,001.

Por Gltimo, se compararon los tiempos de 19 variables morfocinéticas
entre los grupos de estudio: extrusion del segundo corpusculo polar (tPB2);
aparicién de prontcleos (tPNa); desapariciéon de pronucleos (tPNf); division
az2 34,5 6,7 8y 9 células (12, t3, t4, tb, t6, t7, t8 y t9); inicio de la

compactacion (tSC); formacién de mérula (tM); duracién de la
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compactacion (tDC=tM-tSC); inicio de la blastulaciéon (tSB); formacién del
blastocisto (iB); duracion del primer ciclo celular embrionario (ECC1=t2-
tPNf), duracién del segundo ciclo celular embrionario (ECC2=t4-t2) y tercer
ciclo celular embrionario (ECC3=t5-t3); y sincronia del segundo ciclo celular
embrionario (s2=t4-t3).

Para reducir el sesgo por paciente y protocolo, y considerar el impacto
de posibles variables de confusién en los tiempos morfocinéticos (edad
materna, indice de masa corporal materno, dosis de hormona foliculo
estimulante y tipo de incubador), se incluyé en el analisis un modelo de
regresion logistica de efectos mixtos (Figura 12). Ademas, con el fin de tener
en cuenta la variabilidad entre anotadores, se calcularon los coeficientes de
correlacion intraclase (ICCs) en una muestra aleatoria de 20 embriones,

alcanzando un acuerdo casi absoluto entre operadores (ICCm=0,968).

Embryoscope

Time

- Geri

2 13 4 t5 t6 t7 18 t9plus tsC tmM tSB tB

Figura 12 Perfil morfocinético embrionario segun el tipo de incubador utilizado. En
el eje x se representan las variables morfocinéticas directas. En el eje y se muestra
el tiempo expresado en horas post-fecundacién (hpf).
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Al comparar los tiempos morfocinéticos entre los grupos diagnésticos,
se observaron diferencias significativas entre embriones euploides y
aneuploides en las variables tSC, tSB y tB (P<0,05). Sin embargo, la
morfocinética embrionaria no se correlacioné ni con el estatus de
mosaicismo, ni con el grado de mosaicismo (bajo o alto) ni con la presencia
de un patréon de mosaicismo compatible con la transferencia embrionaria
(P>0,05) (Figura 13).
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Figura 13 Comparacion de variables morfocinéticas entre grupos diagnédsticos. El
diagrama de caja y bigotes muestra la mediana, la media, los cuartiles primero y
tercero, y los valores minimo y maximo. Las medianas se compararon utilizando la
prueba de Kruskal-Wallis seguida del anélisis post hoc de Bonferroni. Las mismas
letras indican subconjuntos homogéneos para cada parametro. tSC: inicio de la
compactacion; tSB: inicio de la blastulacién; tB: formacién del blastocisto. *P<0.05;
***P<0.001.

4.2. Perfil molecular del embrion mosaico: analisis

transcriptémico
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En el articulo Il, se llevd a cabo un estudio prospectivo de cohortes
comparando los perfiles transcriptémicos de fracciones de MCl y TE
obtenidas a partir de blastocistos euploides (<30% mosaicismo) (n=5),
mosaicos de bajo grado (30%-<50% mosaicismo) (n=5) y mosaicos de alto
grado (50%-<70% mosaicismo) (n=4) tras PGT-A mediante NGS. Se

analizaron un total de seis comparaciones (Figura 14):

(C-1): TE de euploides (n=4) vs. TE de mosaicos de bajo grado (n=5).
(C-2): TE de euploides (n=4) vs. TE de mosaicos de alto grado (n=4).

(C-3): TE de mosaicos de bajo grado (n=5) vs. TE de mosaico de alto
grado (n=4).

(C-4): MCI de euploides (n=5) vs. MCI de mosaicos de bajo grado (n=3).
(C-5): MCI de euploides (n=5) vs. MCI de mosaicos de alto grado (n=4).
(C-6): MCI mosaicos de bajo grado (n=3) vs. MC| de mosaicos de alto

grado (n=4).

Aneuploid cells in the TE biopsy
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Figura 14 Diseiio del estudio Il. EU: euploide. LM: mosaico de bajo grado. HM:
mosaico de alto grado. NGS: Secuenciacién de nueva generaciéon. TE:
trofoectodermo. ICM: masa celular interna.

Los resultados obtenidos se resumen a continuacion:

En primer lugar, se analizaron las diferencias en los perfiles globales de
expresion génica en las seis comparaciones. El anélisis de componentes
principales reveld una falta de separacion de las muestras segun el resultado

original del PGT-A. Las muestras solo se separaron minimamente al
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comparar blastocistos euploides con mosaicos de alto grado, tanto en las
comparaciones del TE como de la MCI. Por el contrario, en los mapas de
calor, las muestras se clasificaron segln el diagnéstico de PGT-A en todas
las comparaciones. De hecho, los vectores de expresion de las muestras del
mismo grupo fueron mucho mas similares entre si que aquellos de muestras
pertenecientes a grupos diferentes. Solo una muestra de TE, obtenida de un
embrién mosaico de bajo grado, fue clasificada en un grupo distinto,
especificamente en el grupo euploide. Las muestras de TE de embriones
mosaicos de bajo y alto grado mostraron los perfiles mas similares (Figura
15).

M MMM LM
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Figura 15 Mapas de calor y agrupamiento jerarquico. (A-C) Comparaciones de
trofoectodermo. (D-F) Comparaciones de masa celular interna. Los conteos
normalizados se obtuvieron dividiendo los conteos brutos de cada gen por el factor
de tamafio, que se calculé mediante el método de la mediana. Las lineas amarillas
representan mayor abundancia y las lineas azules representan menor abundancia
frente a la otra condicién. EU: euploide. LM: mosaico de bajo grado. HM: mosaico de
alto grado.

A continuacioén, identificamos los genes diferencialmente expresados de
forma significativa (DEGs) en las seis comparaciones. Por un lado,
observamos que el nimero de DEGs aumenté tanto en el TE como en la MCI
al comparar embriones euploides con embriones mosaicos de bajo grado
(33 DEGs en el TE y 36 DEGs en la MCI) y con embriones mosaicos de alto
grado (55 DEGs en el TE y 57 DEGs en la MCI). Sin embargo, no se
encontraron DEGs entre el TE de embriones mosaicos de bajo grado y
mosaicos de alto grado, lo que indica que las diferencias observadas entre
ambos grupos no fueron estadisticamente significativas. Por el contrario, se
identificaron 40 DEGs entre las muestras de MCI de embriones mosaicos de

bajo grado y alto grado (Figura 16 A-D).
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Figura 16 Genes diferencialmente expresados de forma significativa (DEGs). (A-B)
NUmero de DEGs sobreexpresados (azul) o infraexpresados (rojo) en el primer factor
de comparacion. (C-D) Biotipo de los DEGs. (E-F) Diagrama de Venn mostrando el
solapamiento entre los DEGs. TE: trofoectodermo. ICM: masa celular interna.

Posteriormente, utilizamos el diagrama de Venn para identificar los
DEGs solapantes y Unicos. Se encontraron un total de 17 DEGs comUnmente
desregulados (regulados al alza o a la baja) al comparar embriones
euploides con embriones mosaicos de bajo grado y de alto grado,
respectivamente. De estos 17 DEGs, 10 estaban desregulados en el TEy 7
en la MCI. Ademas, se identificaron 10 DEGs comUnmente desregulados en
la MCI de embriones mosaicos de alto grado, en comparacién con la MCI de
embriones euploides y mosaicos de bajo grado. Finalmente, se encontraron
un total de 40 DEGs exclusivamente desregulados en la MCl de embriones
mosaicos de alto grado en comparacién con embriones euploides (Figura
16 E-F).

Seguidamente, para comprender las implicaciones funcionales de las
diferencias observadas a nivel de genes individuales, llevamos a cabo un
analisis de enriquecimiento funcional. Dado que las células del TE de
embriones mosaicos de bajo y alto grado mostraron perfiles de expresién
génica similares (0 DEGs), esperdbamos encontrar vias moleculares
comUnmente desreguladas en comparacién con los embriones euploides.
De hecho, el analisis de enriquecimiento funcional revelé 124 términos
desregulados significativamente en el TE de los embriones mosaicos de bajo
y alto grado, en comparacién con los controles euploides. El mapa de
enriquecimiento funcional de las muestras de TE de los embriones mosaicos
reveld una alteracién global de las vias involucradas en la regulacion de la
apoptosis, la mitosis, el mantenimiento de telémeros, la biosintesis de lipidos
y la degradacién de proteinas, en comparaciéon con los controles euploides

(Figura 17). Otras vias alteradas incluyeron aquellas involucradas en la
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seflalizacién intercelular WNT y en la generacién de metabolitos precursores

y energia a través del ciclo de Krebs.
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Figura 17 Mapa de términos funcionales cominmente desregulados en el
trofoectodermo (TE) de embriones mosaicos de bajo grado (LM) (paneles verdes)
y embriones mosaicos de alto grado (HM) (paneles amarillos), en comparacion con
el TE de embriones euploides (EU). Los nodos representan procesos biolégicos. La
intensidad del color de los nodos se correlaciona con el valor g de la tasa de
descubrimiento falso; cuanto mas intenso es el color, mayor es la significancia
estadistica de la diferencia en la expresién. El tamafio del nodo representa la
cantidad de genes en el conjunto. Las aristas representan la superposicién entre los
conjuntos de genes, y el ancho de las aristas indica la cantidad de genes solapados.

A continuacién, aplicamos una estrategia de anélisis similar en las
células de la MCI. A diferencia de la respuesta observada en las células del
TE, encontramos solo 12 términos, principalmente involucrados en la
funcién mitocondrial, cominmente desregulados de forma significativa en
la MCI de embriones mosaicos de bajo y alto grado, en comparacién con los
controles euploides. La magnitud de la alteracién de las vias mitocondriales,
medida por el nimero y la significancia estadistica de los términos
desregulados, fue mayor en los embriones mosaicos de alto grado que en
los de bajo grado al compararlos con los controles euploides. De hecho, el
analisis de enriquecimiento funcional revelé importantes diferencias
transcriptémicas (134 términos) entre la MCl de embriones mosaicos de
bajo y alto grado. De los 134 términos, 130 (97%) estaban sobreexpresados
en los embriones mosaicos de bajo grado, y se relacionaron con la
produccién de energia, la respiracion celular, el desarrollo embrionario, la
migracién y adhesién celular, el metabolismo de compuestos organicos, la

regulacién de la apoptosis y la respuesta inflamatoria.

Por Ultimo, para aportar mas pruebas de la presencia de mosaicismo
en los embriones analizados, se calculd la duracién de los ciclos celulares
mediante el analisis retrospectivo de las divisiones blastoméricas hasta el
estadio de 8 células, utilizando imagenes obtenidas mediante tecnologia
time-lapse. Es importante destacar que, para garantizar la precision del

analisis, la evaluaciéon de los tiempos morfocinéticos implicé el seguimiento
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individualizado de las divisiones en todas las blastémeras. Dicho analisis
reveld la existencia de retrasos significativos en la duracién del primer (ccl)
y tercer ciclo celular (cc3) tanto en los embriones mosaicos de bajo grado
(n=4) (ccl1=25,23+5,49 h; cc3=18,02£2,19 h) como en los embriones
mosaicos de alto grado (n=4) (cc1=24,07+4,97 h; cc3=17,72+6,13 h), en
comparacién con los embriones euploides (n=25) (cc1=19,89%1,68 h;
cc3=13,68%2,05 h) (P<0,05) (Figura 18).
Duration of blastomere cell cycles
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Figura 18 Duracion de los ciclos celulares blastoméricos en embriones mosaicos
de bajo grado (LM) y embriones mosaicos de alto grado (HM), en comparacion con
un subconjunto aleatorio de embriones euploides (EU). El diagrama de caja y
bigotes muestra la mediana, la media, los cuartiles primero y tercero, y los valores
minimo y méximo. Las medias se compararon utilizando la prueba de ANOVA de un
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factor seguida del analisis post hoc de Bonferroni. Las mismas letras indican
subconjuntos homogéneos para cada parametro. ¥*P<0.05; **P<0.01.

4.3. Perfil molecular del embrion mosaico: analisis

inmunohistoquimico

En el articulo lll, se llevdé a cabo un estudio prospectivo de cohortes
comparando la incidencia de eventos apoptéticos y la capacidad de
diferenciacién celular de blastocistos euploides (<30% mosaicismo) (n=15),
mosaicos (30%-<70% mosaicismo) (n=27) y aneuploides (>70%
mosaicismo) (n=22) tras PGT-A mediante NGS y genotipado de SNPs.

El estudio se dividié en dos fases. En la primera fase, se analizé la
expresion del marcador apoptético caspasa-3 activa/escindida en un total
de 53 blastocistos: n=13 euploides (n=11 en D+5; n=2 en D+6), n=22
mosaicos (n=16 en D+5; n=6 en D+6) y n=18 aneuploides (n=11 en D+5;
n=7 en D+6). En la segunda fase, se evalud el nivel de fragmentacién del
ADN, un indicador distintivo de la apoptosis en estadios avanzados,
mediante la tincion TUNEL en un total de 11 blastocistos: n=2 euploides
(n=1 en D+5; n=1 en D+6), n=5 mosaicos (n=4 en D+5; n=1 en D+6) y n=4
aneuploides (n=4 en D+5). En ambas fases, los marcadores apoptoéticos se
colocalizaron con el marcador nuclear DAPI y con los marcadores de linaje
celular NANOG y GATA3 (Figura 19).

Los resultados obtenidos se resumen a continuacion:

La inmunotincién con DAPI, NANOG y GATA3 se realiz6 en los 64
blastocistos (n=47 en D+5; n=17 en D+6), revelando un total de 3.387
células DAPI+ (2.369 células en D+5 y 1.018 células en D+6), 1.138 células
NANOG+ (930 células en D+5 y 208 células en D+6) y 2.693 células
GATA3+ (1.851 células en D+5 y 842 células en D+6). Adicionalmente, en
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53 de los 64 blastocistos (38 blastocistos en D+5 y 15 blastocistos en D+6)
se realizd inmunotinciéon con caspasa-3, revelando un total de 912 células
caspasa-3+ (604 células en D+5 y 308 células en D+6). Los 11 blastocistos
restantes (9 blastocistos en D+5 y 2 blastocistos en D+6) se tifieron con
TUNEL, identificAndose un total de 124 células TUNEL+ (99 células en D+5
y 25 células en D+6).

| IRB approval

!

Identification of patients meeting inclusion criteria
ICSI, PGT-A cycles with supernumerary embryos
Patients with favorable clinical outcomes

Exclusion criteria
IVF cycles, PGT-M and PGT-SR cycles
Poor fertilization or embryo development

44 PGT-A cycles with TE biopsy
64 embryos

!

NGS report
Euploid (n=15)
Mosaic (n=27)

Aneuploid (n=22)

43 couples consented to research donation
Study enrollment
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Figura 19 Disefio del estudio IlI.
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Fase I: tincién con caspasa-3

En primer lugar, se determiné el recuento total promedio de células
analizando la tincién con DAPI. Los blastocistos analizados en D+5 y D+6
mostraron recuentos totales similares (51,9116 células y 60,5£21,9 células,
respectivamente) (P>0,05). Ademads, los recuentos totales fueron
comparables entre blastocistos euploides (59,2120,6 células en D+5;
78,5+0,7 células en D+6), blastocistos mosaicos (49,615 células en D+5;
58,8+16,9 células en D+6) y blastocistos aneuploides (48,5+14,2 células en
D+5; 59,6123,5 células en D+6) (P>0,05).

A continuacién, se evaludé la expresion de los marcadores de linaje
celular NANOG y GATA3. Por un lado, la proporcién de células NANOG+
disminuy6 significativamente del 38,2% (755/1.979 células) en D+5 al
20,3% (188/927 células) en D+6 (P<0,0001). Por otro lado, la proporcién
de células GATA3+ aumenté significativamente del 77,8% (1.540/1.979
células) en D+5 al 83,1% (770/927 células) en D+6 (P<0,01). De manera
consistente, la proporcién de células GATA3+/NANOG+ disminuyd
significativamente del 16% (316/1.979 células) en D+5 al 3,3% (31/927
células) en D+6 (P<0,0001).

Cabe destacar que, al estratificar por estatus cromosémico, tan solo en
blastocistos aneuploides la proporciéon de células GATA3+ no aumenté
significativamente entre D+5 y D+6 (P>0,05). Ademas, la proporcion de
células GATA3+/NANOG+ fue significativamente mayor en blastocistos
aneuploides (27,9%=149/534 células en D+5; 4,6%=19/417 células en
D+6) y blastocistos mosaicos (13,1%=104/794 células en D+5;
3,4%=12/353 células en D+6), en comparacién con blastocistos euploides
(9,7%=63/651 células en D+5; 0%=0/157 células en D+6) (P<0,05) (Figura
20).

189



RESULTADOS

A 5 dpf B 6 dpf
n=38 embryos n=15 embryos

*kkk
*k

Aotk —|

30 279% 5 * 46%

L

3.4%
13.1%

9 2
10 9.7%
|
0%
- 0

od T ) T T T
Euploid Mosaic Aneuploid Euploid Mosaic Aneuploid
n=651cols n=794cols  n=534 colls n=157cells  n=353cells  n=417 cels

% GATA3+/NANOG+
% GATA3+/NANOG+

<

GATA3 NANOG GATA3/NANOG DAPI Brightfield

Hatching Hatched Hatching
6 dpf 5 dpf 5 dpf

Hatched
6 dpf

Figura 20 Persistencia de la expresion de NANOG en las células del
trofoectodermo. (A) Dia 5 post-fecundacién (5 dpf). (B) Dia 6 post-fecundacién (6
dpf). Las barras azules, grises y rojas muestran embriones euploides, mosaicos y
aneuploides respectivamente. Los valores debajo de cada barra (n) indican el nimero
de células analizadas. Los valores mostrados dentro de cada barra indican el nimero
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de células positivas. Los valores mostrados encima de cada barra indican el
porcentaje de células positivas. Las comparaciones de proporciones entre las
categorias se realizaron mediante la prueba de Chi cuadrado, con un nivel de
confianza del 95%. *P<0.05; **P<0.01; ****P<0.0001. (C) Imagenes representativas
de embriones analizados en diferentes etapas de desarrollo. Las cabezas de flecha
indican células coexpresando GATA3 y NANOG. Barras de escala, 20 um.

De manera consistente, se observd un efecto similar al estratificar los
blastocistos segln su viabilidad esperada en base al cromosoma implicado
en la aneuploidia. La mayor proporcién de células GATA3+/NANOG+ se
observé en blastocistos aneuploides con Unicamente aneuploidias no viables
(17,7%=168/951 células), mientras que las menores proporciones de
células GATA3+/NANOG+ se observaron en blastocistos euploides
(7,8%=63/808 células) y en blastocistos mosaicos con solo aneuploidias
viables (2,5%=2/81 células) (P<0,01). Ademas, la proporcién de células
GATA3+/NANOG+ fue significativamente menor en blastocistos mosaicos
con Unicamente aneuploidias no viables (9,3%=80/856 células) en
comparaciéon con sus homélogos aneuploides (17,7%=168/951 células)
(P<0,001). Finalmente, los blastocistos mosaicos con una mezcla de
aneuploidias viables y no viables mostraron una proporcién similar de
células GATA3+/NANOG+ (16,2%=34/210 células) comparada con la de los
blastocistos aneuploides con solo aneuploidias no viables (17,7%=168/951
células) (P>0,05), lo que puede atribuirse al mayor nimero de cromosomas

afectados en el grupo de mosaicos (Figura 21).

Posteriormente, se cuantificaron las células del TE como células
GATA3+ y las células de la MCI como células GATA3-/NANOG+. Los
blastocistos analizados en D+6 mostraron un numero significativamente
mayor de células GATA3+ (51,3%18,7 células TE) en comparaciéon con
aquellos analizados en D+5 (40,5+£14,5 células TE) (P<0,05). En cambio, el

namero de células GATA3-/NANOG+ no mostrd cambios significativos entre
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ambos estadios (11,6£4,6 células MCI en D+5; 10,515 células MCI en D+6)
(P>0,05).
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Figura 21 Persistencia de la expresién de NANOG en las células del trofoectodermo
estratificada por la viabilidad esperada de los blastocistos en base al cromosoma
implicado en la aneuploidia. Cada punto representa un embrién analizado. La
viabilidad esperada se clasific6 como completa (blastocistos euploides), alta
(blastocistos con solo aneuploidias viables, incluyendo +13, +18, +21, +X, +Y y -X),
mixta (blastocistos con una mezcla de aneuploidias viables y no viables), o baja
(blastocistos con solo aneuploidias no viables); y las monosomfias autosémicas en
mosaico se consideraron equivalentes a las trisomias autosémicas en mosaico. Las
comparaciones de proporciones entre las categorias se realizaron mediante la
prueba de Chi cuadrado, con un nivel de confianza del 95%. *P<0,05; **P<0,01;
***P<(0,001.

Al considerar la constitucion cromosdémica, no se observaron diferencias
significativas en el numero de células GATA3+ ni GATA3-/NANOG+ entre
blastocistos euploides (45,6£17,6 células TE y 13,5%4 células MCIl en D+5;
69,512,1 células TE y 9£2,8 células MCI en D+6), blastocistos mosaicos
(38,8%£13,7 células TEy 10,9+4,2 células MCl en D+5; 49,2+16,2 células TE
y 9,717,1 células MCI en D+6) y blastocistos aneuploides (38%+11,8 células
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TE y 10,5%5,1 células MCI en D+5; 48+21,6 células TE; 11,6%3,2 células
MCI en D+6) (P>0,05).

A continuacién, para identificar las células del TE en las fases iniciales
de la apoptosis, se analiz6 la expresién de la proteina caspasa-3 en dichas
células. En general, la apoptosis resulté ser un fenémeno frecuente en las
células del TE. De hecho, de las 2.310 células de TE analizadas, 901 (39%)
fueron caspasa-3+. Notablemente, 192 (21,3%) de estas 901 células de TE
apoptéticas fueron GATA3+/NANOG+, mientras que las 709 células
restantes (78,7%) fueron GATA3+/NANOG-.

La incidencia de apoptosis en las células del TE se asocié
significativamente con el diagnostico de PGT-A. En D+5, se observé una
proporcién significativamente mayor de células de TE caspasa-3+ en
blastocistos mosaicos (44,1%+19,6) y blastocistos aneuploides
(45,9%=*16,1) en comparaciéon con blastocistos euploides (26,3%*17)
(P<0,05) (Figura 22A). En D+6, se observd una tendencia creciente similar
al comparar la proporcién de células de TE caspasa-3+ entre blastocistos
euploides (17,5%*14,8), blastocistos mosaicos (43%*16,8) y blastocistos
aneuploides (49%=*15,1). Sin embargo, estas diferencias no alcanzaron
significacion estadistica (P>0,05) (Figura 22B).

Notablemente, la incidencia de apoptosis en las células del TE también
se correlaciond con el tipo de cromosoma implicado en la aneuploidia.
Aunque la proporcién de células de TE caspasa-3+ solo mostré diferencias
significativas entre blastocistos euploides (24,9%+16,4) y blastocistos
aneuploides con Unicamente aneuploidias no viables (47,1%%15,3)
(P<0,05), se observd una tendencia creciente en todas las categorias
intermedias. Es de resaltar que esta tendencia casi alcanzé significacién
estadistica al comparar blastocistos euploides con blastocistos mosaicos
con Unicamente aneuploidias no viables (43,9%+18,2) (P=0,06) (Figura 23).
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Figura 22 Expresion de caspasa-3 en las células del trofoectodermo (TE). (A) Dia 5
post-fecundacién (5 dpf). (B) Dia 6 post-fecundacién (6 dpf). Las barras azules, grises
y rojas muestran embriones euploides, mosaicos y aneuploides respectivamente. Los
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valores bajo cada barra (n) indican el nimero de embriones analizados. Cada punto
representa un embrién analizado. Las tasas de apoptosis se calcularon para cada
embrién dividiendo el nimero de células caspasa-3+ por el nimero total de células
de TE. Las barras de error representan la desviacién estdndar. Las tasas de apoptosis
se compararon utilizando la prueba de Kruskal-Wallis o ANOVA seguida del anélisis
post hoc de Bonferroni, con un nivel de confianza del 95%. ns: P>0,05; *P<0,05. (C)
Iméagenes representativas de embriones marcados con NANOG, GATA3 y caspasa-3.
Las cabezas de flecha indican células del TE apoptéticas. Se incluye una seccién
ampliada para una mejor apreciacién de las células del TE apoptéticas. Barras de
escala, 20 um.
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Figura 23 Expresion de caspasa-3 en las células del trofoectodermo estratificada
por la viabilidad esperada de los blastocistos en base al cromosoma implicado en
la aneuploidia. Cada punto representa un embrién analizado. La viabilidad esperada
se clasific6 como completa (blastocistos euploides), alta (blastocistos con solo
aneuploidias viables, incluyendo +13, +18, +21, +X, +Y y —X), mixta (blastocistos con
una mezcla de aneuploidias viables y no viables), o baja (blastocistos con solo
aneuploidias no viables); y las monosomias autosémicas en mosaico se consideraron
equivalentes a las trisomias autosémicas en mosaico. Las tasas de apoptosis se
compararon utilizando la prueba de Kruskal-Wallis seguida del analisis post hoc de
Bonferroni, con un nivel de confianza del 95%. ns: P>0,05; *P<0,05.

Posteriormente, aplicamos un analisis similar para identificar células de
la MCI experimentando eventos apoptéticos tempranos. A diferencia de lo
observado en las células del TE, la apoptosis fue un evento muy poco
frecuente en las células de la MCI. De hecho, solo 11 (1,9%) de las 596
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células de la MCI analizadas fueron caspasa-3+ (P<0,0001). Aunque la
incidencia de apoptosis en las células de la MClI no se asocié
significativamente con el diagnéstico de PGT-A (P>0,05), los blastocistos
euploides fueron el Unico grupo sin células de la MCI caspasa-3+ (0/149
células en D+5; 0/18 células en D+6). Por el contrario, se identificaron 6
células de la MCI caspasa-3+ en blastocistos mosaicos (1,7%=3/174 células
en D+5; 5,2%=3/58 células en D+6), y 5 células de la MCI caspasa-3+ en
blastocistos aneuploides (0,9%=1/116 células en D+5; 4,9%=4/81 células
en D+6).

Fase IlI: tincion con TUNEL

Debido al nimero limitado de blastocistos incluidos en esta fase del
estudio, especialmente tras subclasificarlos por estatus cromosémico y dia
de desarrollo, el analisis de los marcadores DAPI, NANOG y GATAS3 se realiz6
Unicamente para confirmar la ocurrencia diferencial de la apoptosis entre
las células del TE y de la MCI. Con este prop6sito, realizamos el ensayo
TUNEL para evaluar el nivel de fragmentaciéon del ADN en una cohorte

adicional de 11 blastocistos.

De manera consistente, de las 98 células de la MCI analizadas, ninguna
(0%) resulté ser TUNEL+, mientras que 124 de las 383 células del TE
analizadas (32,4%) fueron TUNEL+ (P<0,0001). A pesar del pequefio
tamafio de la muestra, se observé una tendencia no significativa hacia
mayores niveles de fragmentacién del ADN en el TE de blastocistos mosaicos
(37,2%+21,9) y blastocistos aneuploides (39%41,7), en comparacién con
blastocistos euploides (23%+32,5) (P>0,05).
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5| CONCLUSIONES Y PERSPECTIVAS
FUTURAS

1. Los blastocistos diagnosticados como mosaicos de células euploides
y aneuploides constituyen una poblacién minoritaria de embriones en el
programa de PGT-A, en comparacion con aquellos que presentan

configuraciones uniformemente euploides o aneuploides.

2. Los blastocistos diagnosticados como mosaicos de bajo y alto grado
en PGT-A mediante NGS presentan caracteristicas morfologicas vy
cromosdémicas especificas, asi como perfiles morfocinéticos solapantes con
respecto a los blastocistos euploides y aneuploides. No obstante, cuando la
evaluacién de los tiempos morfocinéticos conlleva el seguimiento
individualizado de las divisiones blastoméricas, el mosaicismo se asocia con

retrasos morfocinéticos en la duracién de los ciclos celulares.

3. Cuando el diagnéstico de mosaicismo mediante NGS se apoya en el
andlisis de la expresién génica y en la identificacién de retrasos en la
duracién de los ciclos celulares blastoméricos, el grado de mosaicismo se
asocia a una desregulacién progresiva del transcriptoma embrionario con
respecto a los perfiles euploides. Las principales funciones celulares
desreguladas en los blastocistos mosaicos se relacionan con la apoptosis,
las divisiones mitéticas, la degradacién de proteinas, el metabolismo y la

produccién de energia mitocondrial.

4. Los blastocistos diagnosticados como mosaicos en PGT-A mediante
NGS y genotipado de SNPs, en comparaciéon con los blastocistos euploides,
presentan mayores niveles de apoptosis y una capacidad de diferenciacién
alterada en las células del TE. Ademas, la magnitud de ambos efectos se

correlaciona con el nimero y la tipologia de los cromosomas aneuploides,
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siendo menor en blastocistos con aneuploidias en mosaico, Unicas y/o
viables que en blastocistos con aneuploidias uniformes, multiples y/o no
viables. Por el contrario, la apoptosis es un fenédmeno muy poco frecuente

en las células de la MCI.

5. Estos hallazgos podrian ayudar a explicar por qué la mayoria de los
blastocistos con aneuploidias uniformes no progresan en el desarrollo, y
sugieren que mecanismos similares podrian conducir a la deplecién clonal
de las células aneuploides en los blastocistos mosaicos. Estos datos
contribuyen a desvelar la identidad biolégica de los blastocistos mosaicos y
ofrecen nuevas perspectivas sobre los factores moleculares que determinan

su potencial reproductivo.

La investigacion presentada sienta las bases para futuros estudios sobre
los mecanismos que subyacen a la eliminacién de las células aneuploides
en los blastocistos humanos. En este sentido, las perspectivas futuras deben
centrarse en varios ejes fundamentales con la intencién de expandir nuestro

conocimiento sobre las repercusiones clinicas del mosaicismo embrionario.

Por un lado, es necesario llevar a cabo estudios para determinar si la
menor frecuencia de apoptosis observada en las células de la MCI, en
comparacién con las células del TE, se debe a un desacoplamiento
molecular entre la apoptosis y las sefiales de estrés celular inducidas por las
aneuploidias, o si la MCI posee mecanismos protectores compensatorios.
Esto incluye la posibilidad de que la apoptosis se active en otras etapas del
desarrollo, o que las células aneuploides sean segregadas preferentemente

hacia los tejidos extraembrionarios.

Ademads, se requieren estudios para profundizar en nuestra
comprensién de como otras respuestas de estrés celular inducidas por las

aneuploidias, tales como los defectos en la diferenciacién, el dafio en el ADN,
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y el estrés mitético, proteotdxico y metabdlico, afectan a la capacidad de

desarrollo y la viabilidad de los embriones mosaicos.

Es importante destacar que los estudios centrados en los mecanismos
que rigen la supervivencia celular en embriones humanos son limitados
debido a restricciones técnicas y éticas. Por ejemplo, no es posible llevar a
cabo manipulaciones genéticas en seres humanos para inducir la expresion
de proteinas fluorescentes, para luego generar embriones quiméricos y
rastrear las células euploides y aneuploides, como en el modelo de ratén
(Bolton et al,, 2016; Singla et al., 2020).

No obstante, el reciente desarrollo de blastoides humanos, estructuras
que emulan morfolégica y transcripcionalmente a los blastocistos y que se
generan a partir de células madre embrionarias con cariotipos conocidos,
proporciona una plataforma Unica para investigar los mecanismos
subyacentes a la eliminacién de las células aneuploides y sus implicaciones
clinicas en el contexto del mosaicismo embrionario (Kagawa et al., 2022; Liu
et al.,, 2021; Rivron et al., 2018; Yu et al., 2021).

En particular, el uso de marcadores fluorescentes que se mantienen
durante el desarrollo en poblaciones celulares especificas sin comprometer
su viabilidad, combinado con sistemas de incubacién con tecnologia time-
lapse, permitiria el seguimiento de la apoptosis de células aneuploides, la
proliferacién de células euploides y la segregacion de ambos tipos celulares

en los linajes embrionarios.

Por otra parte, la capacidad de generar blastoides con distintos niveles
de mosaicismo y tipos de aneuploidias, para estudiar su potencial de
desarrollo mediante modelos de implantacién, permitiria una comprension
mas detallada de cémo las aneuploidias especificas afectan a la viabilidad
embrionaria (Deglincerti et al., 2016; Rawlings et al., 2021; Shahbazi et al.,
2016).
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Estos estudios deben complementarse con avances en las tecnologias
de diagndstico genético, poniendo un énfasis especial en el desarrollo de
métodos no invasivos. Esto facilitaria un diagnéstico mas preciso del
mosaicismo embrionario, reduciendo los sesgos diagnésticos por falsos
positivos y ampliando nuestro conocimiento sobre sus verdaderas

implicaciones clinicas.

Por lo tanto, las perspectivas futuras en este campo no solo apuntan
hacia una mayor comprensién del impacto de las aneuploidias en la biologia
del desarrollo del embrién humano, sino también hacia la aplicacion
practica de estos conocimientos mediante su implementacién en los
sistemas de seleccion embrionaria. La integracién de enfoques tanto
experimentales como clinicos permitird optimizar las herramientas de
diagnostico de la salud embrionaria, mejorando en Ultima instancia las

opciones reproductivas de las personas con problemas de infertilidad.
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