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STUDY QUESTION: Can simultaneous comprehensive chromosome screening (CCS) and gene expression analysis be performed on the
same biopsy of preimplantation human embryos?

SUMMARY ANSWER: For the first time, CCS and reliable gene expression analysis have been performed on the same human preimplan-
tation embryo biopsy.

WHAT IS KNOWN ALREADY: A single trophectoderm (TE) biopsy is routinely used for many IVF programs offering CCS for selection
of only chromosomally normal embryos for transfer. Although the gene expression profiling of human preimplantation embryos has been
described, to date no protocol allows for simultaneous CCS and gene expression profiling from a single TE biopsy.

STUDY DESIGN, SIZE AND DURATION: This is a proof of concept and validation study structured in two phases. In Phase 1, cell lines
were subjected to a novel protocol for combined CCS and gene expression analysis so as to validate the accuracy and reliability of the pro-
posed protocol. In Phase 2, 20 donated human blastocysts were biopsied and processed with the proposed protocol in order to obtain an
accurate CCS result and characterize their gene expression profiles using the same starting material.

PARTICIPANTS/MATERIALS, SETTING AND METHOD: A novel protocol coupling quantitative real-time PCR-based CCS and
gene expression analysis using RT-PCR was designed for this study. Phase 1: six-cell aliquots of well-characterized fibroblast cell lines
(GM00323, 46,XY and GM04435, 48,XY,+16,+21) were subjected to the proposed protocol. CCS results were compared with the known
karyotypes for consistency, and gene expression levels were compared with levels of purified RNA from same cell lines for validation of reli-
able gene expression profiling. Phase 2: four biopsies were performed on 20 frozen human blastocysts previously diagnosed as trisomy 21 (10
embryos) and monosomy 21 (10 embryos) by CCS. All samples were processed with the proposed protocol and re-evaluated for concord-
ance with the original CCS result. Their gene expression profiles were characterized and differential gene expression among embryos and
early embryonic cell lineages was also evaluated.

MAIN RESULTS AND THE ROLE OF CHANCE: CCS results from cell lines showed 100% consistency with their known karyotypes.
ΔΔCt values of differential gene expression of four selected target genes from the cell lines GM4435 and GM0323 were comparable between
six-cell aliquots and purified RNA (Collagen type I alpha-1 (COL1A1), P = 0.54; Fibroblast growth factor-5 (FGF5), P = 0.11; Laminin subunit
beta-1 (LAMB1), P = 1.00 and Atlastin-1 (ATL1), P = 0.23). With respect to human blastocysts, 92% consistency was reported after comparing
embryonic CCS results with previous diagnosis. A total of 30 genes from a human stem cell pluripotency panel were selected to evaluate gene
expression in human embryos. Correlation coefficients of expression profiles from biopsies of the same embryo (r = 0.96 ± 0.03 (standard devi-
ation), n = 45) were significantly higher than when biopsies from unrelated embryos were evaluated (r = 0.93 ± 0.03, n = 945) (P < 0.0001).
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Growth differentiation factor 3 (GDF3) was found to be significantly up-regulated in the inner cell mass (ICM), whereas Caudal type homebox
protein-2 (CDX2), Laminin subunit alpha-1 (LAMA1) and DNA methyltransferase 3-beta (DNMT3B) showed down-regulation in ICM compared
with TE. Trisomy 21 embryos showed significant up-regulation of markers of cell differentiation (Cadherin-5 (CDH5) and Laminin subunit
gamma-1 (LAMC1)), whereas monosomy 21 blastocysts showed higher expression of genes reported to be expressed in undifferentiated cells
(Gamma-Aminobutyric Acid Type-A Receptor Beta3 Subunit (GABRB3) and GDF3).

LARGE SCALE DATA: N/A

LIMITATIONS, REASONS FOR CAUTION: Gene expression profiles of chromosomally normal embryos were not assessed due to
restrictive access to euploid embryos for research. Nonetheless, the profile of blastocysts with single aneuploidies was characterized and
compared. Only 30 target genes were analyzed for gene expression in this study. Increasing the number of target genes will provide a more
comprehensive transcriptomic signature and reveal potential pathways paramount for embryonic competence and correct development.

WIDER IMPLICATIONS OF THE FINDINGS: This is the first time that CCS and gene expression analysis have been performed on the
same human preimplantation embryo biopsy. Further optimization of this protocol with other CCS platforms and inclusion of more target
genes will provide innumerable research and clinical applications, such as discovery of biomarkers for embryonic reproductive potential and
characterization of the transcriptomic signatures of embryos, potentially allowing for further embryo selection prior to embryo transfer and
therefore improving outcomes.

STUDY FUNDING AND COMPETING INTERESTS: This study was funded by the Foundation for Embryonic Competence, Basking
Ridge, NJ, USA. No conflicts of interests declared.
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Introduction
Advancements in preimplantation genetic testing methodologies have
led to significantly improved outcomes in IVF (Haapaniemi Kouru et al.,
2012; Tan et al., 2013; Fiorentino et al., 2014; Chen et al., 2015; Chang
et al., 2016). Comprehensive chromosome screening (CCS) is now a
commonly used strategy that allows physicians to select only euploid
embryos for transfer (Fiorentino et al., 2014; Chen et al., 2015; Chang
et al., 2016). Although published randomized trials have demonstrated
an improvement in implantation and delivery rates by selecting euploid
embryos for transfer, many still fail to implant and progress to delivery
(Forman et al., 2012; Yang et al., 2012; Scott et al., 2013a).

Accumulating evidence in both human and mice has shown that the
successful development and implantation of embryos may be highly
dependent on the stable expression of many genes at the preimplanta-
tion stage of development (Constantinou et al., 2015; Hasegawa et al.,
2015; Cheng et al., 2016). For example, one recent study identified
the expression of C-X-C Motif Chemokine Receptor 4 (CXCR4) in
human trophectoderm (TE) cells as a potential biomarker of repro-
ductive competence (Bao et al., 2016). Since CXCR4 is just one of the
many genes involved in early embryo development, it is very likely that
additional gene expression biomarkers can be identified.

Other groups have reported differences in gene expression between
aneuploid and normal embryos on Day 3 of development in vitro
(Bazrgar et al., 2014; Chavez et al., 2014), even suggesting a prediction
model for aneuploidy based on morphokinetics and gene expression
profiles (Vera-Rodriguez et al., 2015). Although very promising results
have been reported in these studies, the cells used for gene expression
experiments were different from those used for CCS, given the
absence of a methodology that could provide simultaneous analysis of
gene expression and DNA constitution from the same sample. Thus,
the reported observations in the aforementioned studies rely on the
assumption that all cells from the same embryo have the same genetic
constitution, which has been discovered not to be always the case, and

that genetic mosaicism is present among blastomeres from the same
embryo (Munne et al., 1994; Wells and Delhanty, 2000).

Therefore, one of the challenges associated with identification of
transcriptional biomarkers of human embryonic reproductive potential
is access to appropriate material. Given that the primary objective of
new biomarkers is to enhance selection beyond conventional aneu-
ploidy screening, the ideal situation would be to characterize gene
expression within euploid embryos and then compare profiles from
successful and unsuccessful embryos. In order to do this, the present
study presents a new methodology that can simultaneously evaluate
euploidy status and gene expression levels from the same TE biopsy
from human blastocysts.

Several studies have focused on developing protocols that allow for
simultaneous gene expression profiling and DNA sequencing or copy
number variation detection (Xu et al., 2008; Macaulay et al., 2015; Hou
et al., 2016). Here, we propose a variation of a routinely used quantita-
tive PCR (qPCR)-based CCS (Treff et al., 2012) protocol to obtain a
gene expression profile from the same embryo biopsy, by varying the
lysis buffer and adding a reverse transcription step for cDNA syntheses
of target genes. In Phase 1 of the study, the proof of principle of simul-
taneous CCS and gene expression analysis was validated using cell lines.
In Phase 2, aneuploid human embryos were biopsied in order to further
validate the technique. Differential gene expression among embryos
and early embryonic cell lineages was also evaluated in this study, as
well as differential expression profiles of human blastocysts diagnosed
as trisomy 21 and monosomy 21 by CCS.

Materials andMethods

Design
This study was completed in two phases. In Phase 1, two well-
characterized cell lines were used to model the amount of material from a
TE biopsy and were subjected to the proposed protocol for combined
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CCS and gene expression analyses from the same cells (Fig. 1). Six-cell ali-
quot CCS results were compared with the known karyotypes, and gene
expression levels were compared with levels observed in purified RNA
from a large quantity of cells. In Phase 2, frozen human blastocysts previ-
ously diagnosed as aneuploid and available for research were rebiopsied,
processed with the proposed protocol, re-evaluated for concordance with
the original CCS result, and their gene expression profile was character-
ized using 30 selected genes from the Human Stem Cell Pluripotency Panel
(ThermoFisher, MA, USA, Supplementary Table 1).

Ethical approval
Vitrified human blastocysts used in this study were approved for research
under the institutional review board (IRB) approval # 20050731 with writ-
ten informed patient consent.

Cell lines
Two established and stable fibroblast cell lines GM00323 (46,XY) and
GM04435 (48,XY,+16,+21) were purchased from the Coriell Cell
Repository (Camden, NJ, USA) and cultured as recommended by the sup-
plier. Previous studies have suggested that the typical TE biopsy contains
~6 cells (Neal et al., 2016). To model this in cell lines, six cells were col-
lected from cell culture under a dissected microscope using a 100-mm
stripper tip and pipet (Midatlantic Diagnostics, Mount Laurel, NJ, USA) in a
nuclease-free 0.2 ml PCR tube (Ambion, Austin, TX, USA) with 1 µl of cell
culture media. Ten six-cell-aliquot samples from each cell line were used in
subsequent qPCR analysis in order to mimic the starting material of a TE
biopsy (Neal et al., 2016). In addition, purified RNA samples from each cell
line were prepared by using Qiagen RNeasy Mini Kit (Qiagen, CA, USA)
following the manufacturer’s instructions. Concentration and purity of
purified RNA was assessed with a NanoDrop 8000 8-sample spectropho-
tometer (Thermofisher).

Embryos
Twenty frozen human blastocysts available for research were used in this
study (IRB #20050731). All embryos were previously diagnosed by qPCR-
based CCS as abnormal, 10 embryos with a single trisomy of chromosome
21 and 10 embryos with a single monosomy of chromosome 21. Embryos
were thawed and incubated at 37°C with 5% oxygen tension for ~2 h
before rebiopsy. Three TE and one ICM biopsy were taken per embryo as
described previously (Scott et al., 2013b) and each was transferred to a
0.2-ml PCR tube.

Simultaneous CCS and gene expression
profiling
Figure 1 shows the main steps of the protocol for simultaneous CCS and
gene expression analysis, and how the workflow differs from conventional
CCS. Cell lysis was performed with 9.7 µl of Single-cell-to-CT buffer and
1 µl of Superase RNase inhibitor (Single Cell Lysis Kit, ThermoFisher).
Reverse transcription was performed using SuperScript® IV First-Strand
Synthesis System (ThermoFisher). First, the primer pool containing the pri-
mers for all targeted genes was prepared and added to each sample. In
Phase 1 of the study, the primer pool for reverse transciption was prepared
by mixing five TaqMan gene expression assays of genes known to be
expressed in human fibroblasts (ThermoFisher, Supplementary Table 2)
and diluting with nuclease-free water to 0.2×. The primer pool for Phase 2
was prepared the same way, in this case mixing 30 selected TaqMan gene
expression assays from the Human Stem Cell Pluripotency Panel
(ThermoFisher, Supplementary Table 1). We selected these gene expres-
sion assays because their primers span more than one exon of the gene,
which makes it unlikely that the assays will generate amplicons from gen-
omic DNA and therefore will quantify exclusively mRNA expression. This
was of special concern since we aim to obtain CCS results from the same
sample reaction tube, and thus no DNase treatment is present in the proto-
col. Deoxynucleotides were added and samples were incubated at 65°C
for 5 min. Next, 5× First-Strand Buffer, dithiothreitol and 10× Superscript
IV Reverse Transcriptase (ThermoFisher) were added to each sample fol-
lowing the manufacturer’s instructions. Samples were incubated at 55°C for
10min and followed by a further incubation at 80°C for 10min.

Preamplification
Multiplex amplification of both 96 genomic DNA loci for qPCR-based CCS
(Treff et al., 2012) and 5 or 30 cDNA loci was performed using primer
pools of TaqMan Copy Number and Gene Expression Assays. TaqMan
Preamplification Master Mix was added to reach a final volume of 80 µl.
Samples were subjected to 18 cycles of preamplification as described

Conventional CCS
workflow

Proposed CCS +
Gene expression 

workflow

Figure 1 Comparison between the workflow of conventional
comprehensive chromosome screening (CCS) on trophectoderm
(TE) biopsies and our proposed protocol with simultaneous gene
expression profiling. Both protocols start with a TE biopsy of ~6–10
cells. In the CCS + gene expression protocol, lysis is performed with
Single-cell-to-CT buffer (see Materials and Methods), and reverse
transcription is performed immediately for cDNA syntheses of tar-
get genes. The preamplification step is present in both workflows,
however, additional primers for the targeted cDNAs are added in
CCS + Gene Expression. Finally, an aliquot is taken from each sam-
ple to perform CCS, and in the proposed protocol another aliquot
from the same reaction tube is taken for quantitative PCR (qPCR)
gene expression profiling.
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previously (Treff et al., 2012) using an Applied Biosystems 2720 thermocy-
cler. Real-time qPCR was performed in quadruplicate for each of the indi-
vidual 96 loci for CCS and duplicate for the gene expression targets using
TaqMan Gene Expression Master Mix (Applied Biosystems IL, USA), a 5-µl
reaction volume, 384-well plates and a 7900 HT sequence detection sys-
tem, as recommended by the supplier (Applied Biosystems). A standard
delta delta threshold cycle (ΔΔCt) method was applied to determine the
relative quantification of chromosomal copy number and gene expression
level, as previously described (Treff et al., 2012). All samples subjected to
the proposed protocol were collected in ice and followed immediately by
lysis and reverse transcription reactions in order to avoid introduction of
additional variation due to RNA degradation. In addition, all experiments
were performed with RNase-free equipment and work stations were trea-
ted with RNase decontamination solution.

All negative controls in all experiments consisted of equivalent aliquots
of nuclease-free water. All detectors for all target genes showed Ct values
above the set threshold, thus being categorized as undetected.

Data analysis
Data from gene expression experiments were analyzed using the RealTime
Statminer (Integromics, Madison, WI, USA), version 20. Ct values above
36 were classified as undetected. Detectors with values below the detec-
tion limit in all samples were flagged and excluded from the analysis. Five
samples presented values below the detection limit in 20% or more of the
detectors and were excluded from the analyses. The reference genes used
for normalization of Ct values were selected from among four reference
genes (Actin beta (ACTB), Catenin beta-1 (CTNNB1), Glyceraldehyde-3-
Phosphate Dehydrogenase (GAPDH), Raf-1 Proto-Oncogene, Serine/
Threonine Kinase (RAF1), Supplementary Table 3) by the Statminer soft-
ware based on the GeNorm score, a gene-stability measurement among
all samples in each experiment.

Analyse-it for Microsoft Excel (version 2.20) software (Microsoft, CA,
USA) was used for all additional statistical tests. The non-parametric
Mann–Whitney U test was used to compare ΔΔCt values between six-cell
aliquots and bulk RNA samples. Pearson correlation coefficients of ΔCt
values for all target genes were calculated between samples, and a
Student’s t-test was performed to compare correlation coefficient means
between samples from the same embryo or unrelated embryos. Student’s
t-test was also used to compare gene expression profiles of monosomy 21
versus trisomy 21 embryos. In this case, average ΔCt values were calcu-
lated by subtracting experimental Ct values from an average Ct value of six
endogenous controls (ACTB, CTNNB1, GAPDH, RAF1, 18S ribosomal RNA
(18S), Eukaryotic Translation Elongation Factor one Alpha-1 (EEF1A1)).
Since the detector for CDH5 was not detected in any of the monosomy 21
samples, ΔCt values for these samples were calculated by subtracting the
average ΔCt value of 6 endogenous controls from 40.

Results

Phase 1—cell lines
First, we tested the combined CCS and gene expression analyses
methodology in cell lines of known karyotype. We collected 10 six-
cell-aliquot samples of human fibroblasts for each of the two cell lines
(GM04435 and GM00323) in order to mimic the limited starting
material of a TE biopsy. After performing the protocol, CCS results
were all consistent with the expected karyotype of each cell line in all
samples (Fig. 2, Supplementary Table 3), indicating that CCS is not
compromised when coupled with a different lysis protocol and add-
itional steps of reverse transcription for RNA expression profiling.

Next, a 20-µl aliquot was taken from each sample containing the
synthetized cDNA of five genes and was quantified using qPCR. Four
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Figure 2 Representative chromosome copy number plots after CCS were performed in six-cell samples from two well-characterized fibroblast cell
lines. Upper plot refers to a sample from GM0323 (46, XY, Coriell Repository) and the lower plot to a sample from GM04435 (48, XY, +16, +21,
Coriell Repository).
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of these genes were selected for this initial stage since previous experi-
ments showed different expression levels between the two tested cell
lines, therefore similar levels of differential expression were expected
after gene expression profiling. The fifth gene was the housekeeping
gene and endogenous control GAPDH commonly used for normaliza-
tion. In addition, gene expression profiling was carried out in parallel
on four samples of ‘bulk’ RNA (purified RNA from a large quantity of
cells from each cell line) in order to validate that differential expression
detected in six-cell aliquots was consistent with purified RNA. ΔΔCt
values of differential gene expression between the fibroblast lines
GM4435 and GM0323 were comparable between six-cell aliquots and
bulk RNA (COL1A1, P = 0.54; FGF5, P = 0.11; LAMB1, P = 1.00; ATL1,
P = 0.23, Fig. 3), indicating that this protocol coupled with CCS results
in reliable gene expression profiling, even with very small amounts of
starting material (Fig. 3). Purified RNA from GM00323 showed a con-
centration of 14.68 ng/µl and a 260/280 nm ratio of 2.09, while for
GM04435 these values were 33.87 ng/µl and 1.91, respectively. These
were normalized to a final concentration of 1 ng/µl with nuclease-free
water.

Phase 2—embryos
We next moved to test the protocol on human blastocyst biopsies.
We obtained three TE biopsies and one ICM biopsy from 10 human
embryos diagnosed with monosomy 21, and 10 with trisomy 21. After
all samples were processed and a 25-µl aliquot was taken from each
sample for CCS, 71 samples generated a valid karyotype whereas 9
generated no result (unamplified or nonconcurrent). In addition,
among the 71 samples with a valid karyotype, high consistency was
obtained with the original diagnosis for each embryo (92%, 65/71).
For those six samples found non-consistent with the previous diagno-
sis, three were reported as euploid (46,XY) and two were reported as
having other types of aneuploidy (Supplementary Table 4) consistent
with previous estimates of the frequency of mosaicism (Capalbo et al.,
2016).

With respect to gene expression profiling, 30 genes related to pluri-
potency were evaluated (Adewumi et al., 2007) based on the idea that
trisomy 21 embryos may have different profiles than monosomy 21
embryos, the well-established differences in their respective repro-
ductive potential and that the ICM may have a profile unique from TE
owing to their well-established differences in differentiation. After
gene expression was quantified by qPCR, we compared gene expres-
sion profiles, first among samples from the same embryo and then
among unrelated samples. The Pearson correlation coefficients (with
standard deviation, SD) of expression profiles from samples from the
same embryo (r = 0.96 ± 0.03, n = 45) were significantly higher than
when samples from unrelated embryos were evaluated (r = 0.93 ±
0.03, n = 945) (P < 0.0001, Fig. 4). The fact that samples from the
same embryo have more similar gene expression profiles than samples
from different embryos provides further evidence that differences in
gene expression obtained by this method were potentially capable of
detecting biological changes in gene expression rather than random
technical variation.

Furthermore, we performed a cluster analysis on all TE samples
coming from 10 monosomy 21 embryos (Supplementary Fig. 1) and
10 trisomy 21 embryos (Supplementary Fig. 2). Surprisingly, the gene
expression profiles of the selected target genes alone were sufficient
to cluster together samples from the same embryo in seven cases of
trisomy 21 embryos. Gene expression profiles of ICM and TE biopsies
were evaluated in order to verify that our differential expression pro-
files of these two cell lineages were consistent with previous findings.
Seven genes showed significant differential expression (Fig. 5,
Supplementary Table 5), of which six genes showed significant down-
regulation in the ICM (CDX2, P = 0.00087; DNMT3B, P < 0.0001;
GATA binding protein 6 (GATA6), P = 0.0002; LAMA1, P = 0.0002;
LAMB1, P = 0.001; transcription factor CP2-Like 1 (TFCP2L1),

Figure 3 Differential gene expression between GM4435 (48, XY,
+16, +21) and GM0323 (46, XY) fibroblast cell lines for four selected
genes. Average ΔΔCt values did not differ between six-cell aliquots
and bulk RNA samples for any of the selected genes (collagen type I
alpha-1 (COL1A1), P = 0.54; Fibroblast growth factor-5 (FGF5), P =
0.11; Laminin subunit beta-1 (LAMB1), P = 1.00 and Atlastin-1 (ATL1),
P = 0.23).
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Figure 4 Gene expression profiles are more similar if embryo biop-
sies come from the same embryo. The Pearson’s correlation coeffi-
cients of expression profiles from samples from the same human
embryo (‘Self’, r = 0.96 ± 0.03) were significantly higher than when
samples from ‘Unrelated’ embryos were evaluated (r = 0.93 ± 0.03)
(P < 0.0001). IQR, interquartile range.
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P < 0.0001) and only one was significantly up-regulated in the ICM
(GDF3, P = 0.0022).

Finally, given that the embryos used in this study were diagnosed
with either trisomy 21 or monosomy 21, and that it is well known that
trisomy 21 embryos show a much higher implantation rate than those
with monosomy 21 (Fragouli et al., 2013), we compared the gene
expression profiles of these two groups. For this analysis, six endogen-
ous control genes were averaged so as to calculate an average ΔCT
value for each target gene for trisomy or monosomy 21 embryos.
After comparing ΔCT values, four genes showed significant differential
expression between monosomies and trisomies 21 (P: GABRB3 =
0.021, GDF3 = 0.016, LAMC1 = 0.005, CDH5 = 0.001, Fig. 6).
Additionally, Fig. 6 depicts the calculated fold change (2−ΔΔCT) of
these differentially expressed genes, where GABRB3 and GDF3 are sig-
nificantly up-regulated in monosomy 21 blastocysts, whereas CDH5
and LAMC1 showed significant down-regulation (values <1.0) in mono-
somy 21 compared with trisomy 21 preimplantation embryos. It is
important to note that CDH5 was not detected in any of the mono-
somy 21 embryos, accounting for the reported significant down-
regulation.

Discussion
Here, we proposed a protocol that allows for simultaneous CCS and
gene expression profiling from the same biopsy in human preimplanta-
tion embryos. In Phase 1 of the study, this new method was tested in
cell lines mimicking a TE biopsy (six-cell aliquots), providing accurate
karyotype calls after CCS and comparable gene expression profiles to
purified RNA from the same cell cultures. In Phase 2, TE and ICM
biopsies from human blastocysts were subjected to this protocol,

resulting in highly concordant CCS results and reliable gene expression
profiles of selected target genes.

The fact that differential gene expression of two well-characterized
cell lines is similar when comparing six-cell aliquots and ‘bulk’ purified
RNA (Fig. 3) indicates that the obtained gene expression profiling

Figure 5 Volcano plot showing differentially expressed genes in inner cell mass (ICM) biopsies compared with TE. Green indicates genes with no sig-
nificant differential expression. Yellow indicates genes down-regulated in the ICM compared with TE. Red indicates up-regulated genes in the ICM ver-
sus TE. Blue shows detectors that were not amplified in the majority of samples. Only the significantly up- and down-regulated genes are indicated in
the plot. Caudal type homebox protein-2 (CDX2), DNA methyltransferase 3-beta (DNMT3B), GATA binding protein 6 (GATA6), Laminin subunit
alpha-1 (LAMA1), Laminin subunit beta-1 (LAMB1), Transcription Factor CP2-Like 1 (TFCP2L1), Growth differentiation factor 3 (GDF3).

Figure 6 Significantly differentially expressed genes in human
monosomy 21 embryos versus trisomy 21 embryos. Values on bars
are the calculated fold changes of expression (2−ΔΔCT). All four genes
showed significant differential expression after comparing average CT
values (Student’s t-test P: Gamma-Aminobutyric Acid Type-A
Receptor Beta3 Subunit (GABRB3) = 0.021, GDF3 = 0.016, Laminin
subunit gamma-1 (LAMC1) = 0.005 and Cadherin-5 (CDH5) = 0.001).
Error bars show SDs.
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mirrors the biology of the sample and is not due to technical artifacts.
More cell lines are being evaluated currently for further validation of
this technology. In addition, correlation coefficients of global gene
expression were higher when samples originated from the same
embryo (Fig. 4), which is in agreement with the reported high gene
expression heterogeneity among human preimplantation embryos
(Shaw et al., 2013). These data also suggest that reliable gene expres-
sion profiles were obtained from this protocol. This was of special
concern during the development of this methodology since gene
expression profiling is known to vary greatly due to technical artifacts
(Svec et al., 2013).

As further evidence for accurate gene expression profiling using the
proposed protocol, we analyzed differences in the gene expression
profiles from ICM and TE biopsies and compared our results with pre-
vious findings. Indeed, genes that presented down and up-regulation in
the ICM compared with TE have been widely characterized to be
expressed almost exclusively in the TE and ICM, respectively. CDX2
for instance is a well-known marker of the TE lineage in both mouse
and human embryos (Chen et al., 2009; Niakan and Eggan, 2013;
Deglincerti et al., 2016). In addition, gene expression of laminins
(LAMA1) has been characterized as enriched in TE tissue in human
embryos (Bai et al., 2012), and our findings show significant down-
regulation of LAMA1 and LAMB1 in ICM compared with TE.

Furthermore, the de novo DNA methyltransferase DNMT3B also
showed down-regulation in the ICM compared with TE. Previous stud-
ies have found that expression of this gene in the mouse embryo is
dynamic, but is transiently enriched in the TE lineage in the early
blastocyst (Hirasawa and Sasaki, 2009). Moreover, other DNA
methyltransferase genes (e.g. DNA methyltransferase 3 like) were
expressed exclusively in TE of human blastocysts (Bai et al., 2012).
With respect to up-regulated genes in the ICM versus TE, only GDF3
showed significantly higher expression in the ICM, consistent with a
report of GDF3 as a marker of the epiblast in human preimplantation
embryos (Yan et al., 2013).

On the other hand, although GATA6 has been reported as a marker
of the ICM, specifically of cells differentiating into the primitive endo-
derm (Niakan and Eggan, 2013; Deglincerti et al., 2016), our analysis
showed significant down-regulation in the ICM compared with TE.
Although this may bring additional concerns as to the reliability of our
protocol, expression of GATA6 has been reported to be non-specific
for either ICM or TE in 6-day-old human blastocysts (Roode et al.,
2012), and major protein localization in the ICM is observed later in
development (Kuijk et al., 2012; Roode et al., 2012; Deglincerti et al.,
2016). Also, while TFCP2L1 has been reported to show enriched
expression in the epiblast of human embryos and be responsible for
maintenance of pluripotency (O’Leary et al., 2012; Blakeley et al.,
2015; Qiu et al., 2015), we observed weak down-regulation in the
ICM samples. A thorough and detailed characterization of TFCP2L1
expression in the human preimplantation embryo is not yet available,
as in the case of GATA6, and expression differences comparing embry-
onic cell lineages are yet to be well described for this gene.

Since embryos used for Phase 2 of this study were diagnosed to
have either a single monosomy or single trisomy of chromosome 21
by CCS, we also analyzed and compared the gene expression profiles
of these two different set of embryos. Since trisomies 21, in contrast
to monosomies 21, are known to result in deliveries (Fragouli et al.,
2013), we aimed to discover candidate genes that based on differential

expression could become biomarkers of implantation or to be very
relevant in cell signaling and differentiation during early embryo devel-
opment. Our analysis showed four differentially expressed genes when
we compared the profiles of all biopsies from monosomy 21 embryos
against trisomy 21 embryos, where GABRB3 and GDF3 showed signifi-
cant up-regulation in monosomy 21 embryos, whereas CDH5 and
LAMC1 were significantly down-regulated in monosomy 21 versus tri-
somy 21 blastocysts (Fig. 6).

As stated above, all target genes analyzed in this phase study were
selected from a human stem cell pluripotency panel which character-
ized several human embryonic stem cells (hES) from diverse laborator-
ies in order to determine a transcriptomic signature of undifferentiated
and differentiated cells based on a comparison of hES and embryoid
bodies (Adewumi et al., 2007). This panel classified GABRB3 and GDF3
as markers of undifferentiated cells and stemness expressed in all hES
cell lines, whilst CDH5 and LAMC1 were categorized as markers of
early differentiation. Our data indicate that monosomy 21 embryos
show up-regulation of markers of undifferentiated cells when com-
pared against trisomy 21 embryos, and that trisomy 21 blastocysts
have higher expression of markers of cell differentiation. Since trisomy
21 embryos can potentially implant and result in a newborn, and
monosomies 21 do not (Fragouli et al., 2013; Bianco et al., 2016), it is
possible that a transcriptomic profile reflecting higher cell differenti-
ation provides an advantage to early preimplantation development and
to the implantation process itself. Furthermore, none of these four dif-
ferentially expressed genes are present on chromosome 21, suggesting
that single chromosome gains or losses can result in genome-wide
effects (Bianco et al., 2016), and that alterations in gene expression do
not follow a gene-dosage effect, as suggested by others (Mao et al.,
2003; Rozovski et al., 2007).

Although high concordance was found between obtained CCS
results and previous diagnoses, a CCS diagnosis was not retrieved
from 9 blastocyst biopsies out of 80 processed. Given that no major
changes were made to our proposed protocol in terms of number of
amplification cycles or reagents used for qPCR-based CCS, it is
important to note that these embryos were frozen and had to be
rethawed. It is possible that extra manipulation of the embryos might
have caused some cells to induce apoptosis, leading to some samples
not giving a CCS result. Furthermore, in order to provide a better
characterization of gene expression of human embryos carrying one or
more aneuploidies, gene expression profiling of chromosomally nor-
mal embryos is necessary to set them as a reference. Although we did
not compare gene expression profiles with chromosomally normal
blastocysts owing to restricted access to euploid embryos for
research, our data show a solid differential expression of four well-
characterized genes in hES. In addition, we only assessed gene expres-
sion of 30 genes (Supplementary Table 1). By increasing the number of
target genes, more comprehensive transcriptomic data could be gath-
ered providing a deeper understanding of the transcriptomic signature,
allowing for pathway enrichment analyses and potentially shedding light
on why some embryos possess a higher reproductive potential than
others.

Finally, this is the first time that CCS and gene expression analysis
have been performed on the same human embryo TE biopsy. Further
optimization of this protocol and inclusion of more target genes opens
a myriad of research and clinical applications for this method, such as
discovery of biomarkers for embryonic reproductive potential and
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characterization of the transcriptomic signatures of embryos according
to their genetic constitution. Furthermore, it is important to note that
this methodology could be coupled with more contemporary tech-
nologies for CCS, such as next-generation sequencing platforms, and
with high-throughput gene expression techniques, such as RNA
sequencing, propelling research for the discovery of new biomarkers
of embryonic competence.

Supplementary data
Supplementary data are available at Molecular Human Reproduction
online.
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