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Hernandez Mora et al. use single-cell
M&T-seq to profile genome activation
and DNA methylation dynamics in a
developmental series of high-quality pre-
implantation embryos. The resulting
profiles are compared with
developmentally arrested embryos with
good morphology. Their findings clarify
that aberrant molecular mechanisms
involved in maternal-to-zygotic transition
may result in embryo demise.
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SUMMARY

During pre-implantation stages of mammalian development, maternally stored material promotes both
the erasure of the sperm and oocyte epigenetic profiles and is responsible for concomitant genome
activation. Here, we have utilized single-cell methylome and transcriptome sequencing (scM&T-seq) to
quantify both mRNA expression and DNA methylation in oocytes and a developmental series of human
embryos at single-cell resolution. We fully characterize embryonic genome activation and maternal
transcript degradation and map key epigenetic reprogramming events in developmentally high-quality
embryos. By comparing these signatures with early embryos that have undergone spontaneous cleav-
age-stage arrest, as determined by time-lapse imaging, we identify embryos that fail to appropriately
activate their genomes or undergo epigenetic reprogramming. Our results indicate that a failure to suc-
cessfully accomplish these essential milestones impedes the developmental potential of pre-implantation
embryos and is likely to have important implications, similar to aneuploidy, for the success of assisted

reproductive cycles.

INTRODUCTION

In mammals, development starts with fertilization, the process
of which triggers events essential for the development of the
totipotent embryo, collectively referred to as the maternal-to-
zygotic transition (MZT)." Initial events include paternal
protamine-histone exchange and the erasure of the gametic
DNA methylation and post-translational histone tail modifica-
tions, in a process referred to as global epigenetic reprogram-
ming.>® Upon reaching cleavage day 2-3 (CL2-CL3,
respectively) containing 2-8 cells, respectively, transcription
products from the embryonic genome have replaced most
oocyte-derived material in a process known as embryonic
genome activation (EGA) that takes control of further develop-
ment during MZT.* By day 5-6 of development, dynamic
events correlate with a progressive loss in totipotency, until
the approximate time of blastocyst formation. At this time the
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embryo has undergone committed differentiation resulting in
the inner cell mass (ICM) and trophectoderm (TE), presumably
as the result of differential expression of a few lineage-specific
transcripts.>®

To better understand the relationship between these early
processes and early human development, we have utilized
single-cell parallel methylation and transcriptome sequencing
(scM&T-seq), a technique that simultaneously allows for quan-
titative expression and underlying DNA methylation profiles to
be obtained from the same cell.” Here, we characterize the
main transcriptomic and epigenetic events in metaphase |l
(MIl) oocytes and high-quality CL2-CL3 embryos and day 5
blastocysts. These datasets act as references that subse-
quently allow us to describe the extent of heterogeneity during
this critical developmental window and compare the profiles
with embryos that have undergone spontaneous develop-
mental arrest.

Cell Reports 42, 112100, February 28, 2023 © 2023 The Authors. 1
This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


mailto:d.monk@uea.ac.uk
https://doi.org/10.1016/j.celrep.2023.112100
http://crossmark.crossref.org/dialog/?doi=10.1016/j.celrep.2023.112100&domain=pdf
http://creativecommons.org/licenses/by/4.0/

¢ CellPress

RESULTS

Methylation and transcriptome profiling in good quality
embryos

To obtain integrated epigenetic and transcriptional maps of early
human development, we performed scM&T-seq on 11 MIl oo-
cytes and human cleavage embryos (day 2, 2-4 cells, n = 8;
day 3, 5-8 cells, n = 7) (referred to as CL2 and CL3, respectively)
and blastocysts (day 5-6, n = 4) suitable for transfer (i.e., cleav-
age embryos scoring G1 or G2; expanded or hatching blasto-
cysts scoring ICM and TE A or B), with the latter subject to laser
dissection to physically separate the mural TE (mTE) from the po-
lar TE (pTE)/ICM (Table S1). A total of 128 cells were manually
isolated and processed from 19 embryos across all stages (Fig-
ure 1A). After quality control, we retained the scRNA-seq data-
sets for 10 oocytes and 117 embryonic cells with an average of
14,295 (SD 2,693) expressed transcripts with at least one read
in three different cells, which represented 19,582 (SD 1,066) tran-
scripts per oocyte, 16,521 (SD 2,342) per blastomere of a CL2
embryo, 14,782 (SD 1,297) per cell of CL3 embryos, and
12,889 (SD 2,250) per cell from blastocysts. These expression
levels are of comparable quality to those generated using
stand-alone scRNA-seq in human embryos.®

The scM&T-seq protocol allows for parallel methylome and
transcriptome sequencing within single cells since RNA is phys-
ically separated from DNA. We subjected the genomic DNA to
bisulfite conversion following the post-bisulfite adaptor tagging
(PBAT) strategy, which enables us to detail the complex relation-
ship between DNA methylation and transcription in individual
heterogeneous cells of early human embryos in unprecedented
detail. Sequencing of the single-cell bisulfite sequence (scBS-
seq) libraries was performed (after trimming average of 7.9 M
reads/cell, SD = 4 M) with an average of 3 M (SD = 2.1 M)
uniquely mapped reads per cell. The mean mapping efficiency
for oocytes was 51.6% (SD = 2.5%), while CL2 and CL3 embryos
had 39.7% (SD = 8.9%) and 33.5% (SD = 11%), respectively.
Cells from blastocysts had a mapping efficiency of 35.1%
(SD = 10.7%). Combined, we have 10 oocytes and 106 embry-
onic cells that passed quality control for both transcriptomes
and methylomes, allowing direct inference between datasets.

To ascertain the sex of each embryo, we utilized both the
expression of Y-linked genes and chromosome XY mapped
bisulfite sequence reads. Furthermore, we assigned the cell-cy-
cle stage for each individual cell, as this is known to be linked
with fundamental biological processes relevant to early develop-
ment and a source of potential transcriptional heterogeneity.
Reassuringly, this revealed that oocytes were mostly in G2/M,
while cells from cleavage-stage embryos and blastocysts were
asynchronous, being assigned to different stages of the cell
cycle (Table S1).

To determine whether gene expression was correlated with
developmental stage, transcriptomes from the isolated cells
were subject to t-distribution stochastic neighbor embedding
(t-SNE) analysis that showed that the dataset separated by
developmental order but failed to efficiently separate the ICM
and TE lineages (Figure 1B). In fact, increasing the number of
potential clusters or clustering only blastocyst cells resulted in
separation by embryo rather than cell type, suggesting origin
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was more influential than ICM and TE classification. The accu-
racy of the initial cell-type classification was verified when we
analyzed the expression of known ICM and TE marker genes,”
along with expression of CCR7 allowing for the identification of
pTE cells® (Table S1).

Assessing the maternal-to-zygotic transition and
genome activation

One often overlooked process during pre-implantation develop-
ment is the exclusion of maternal inherited RNA from the oocyte.
To confirm the timing of this event, we performed allelic expres-
sion analysis using single nucleotide polymorphisms (SNPs) to
discriminate oocyte-derived X chromosome alleles in male
embryos. We observed biallelic expression of X-linked genes
in CL2 embryos that represent detection of maternally derived
mRNAs inherited from the oocyte, which gradually disappeared
by the blastocyst stage, indicative of maternal RNA clearance
(Figure 1C). Consistent with recent studies in mice, BTG4 and
CNOT6L, as well as YTHDF2, a m®A RNA reader required for
post-transcriptional transcript dosage during MZT, are all
expressed in oocytes and CL2-CL3 embryos, therefore poten-
tially licensing maternally derived mRNA clearance programs in
humans also®'" (Table S2). Concomitant with these events is
EGA. To study the transcriptional activation of the embryonic
genome, we first quantified the expression of Y-linked genes in
male embryos. We observed a peak of SRY expression in CL2
embryos, confirming that EGA occurs at the 2—4 cells stage, as
well as gradual activation of EIF1AY from CL2 to blastocyst stage
(Figure 1D).

Initial EGA and DUX-family transcription factor
expression
To determine whether global expression profiles were associated
with specific developmental stages, we performed differential
gene expression analysis combining two different approaches,
the Wilcoxon test and MAST analysis.'” To identify mutually
exclusive upregulated markers, we focused on only those inter-
secting transcripts identified by both approaches with a differen-
tially doubling of expression following Bonferroni correction for
multiple comparisons (p value <0.05) (Figure 2A and Table S2).
A total of 1,265 genes were differentially expressed in CL2
embryos (including the ELOA2/3 cluster and PRR20 family of
genes), 1,159 in CL3 (including the PRAMEF and EIF1A families),
and 2,261 in blastocysts. Consistent with the poor performance
separating ICM and mTE cells, we only observed 93 upregulated
genes in ICM. In contrast, we found 1,185 specifically upregu-
lated genes in mTE cells, suggesting that mTE cells represent a
pure and differentiated population. For genes subject to this initial
EGA, gene ontology (GO) analysis revealed enrichment for genes
involved in mMRNA processing and RNA processing, nucleosome
assembly, and organization, as well as mitochondrial ATP
synthesis, indicating that CL2 embryos have independently
initiated these essential biological processes. To further confirm
the developmental timing of each individual cell, we utilized the
stage-specific markers identified to assign pseudo-timing, which
corroborated the linear progression of development (Figure 2B).
To classify the developmental transitions in greater detail, we
performed pairwise comparisons of successive time points. For
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Figure 1. scM&T-seq of human reference embryos

(A) Table listing the number of high-quality reference embryos and cells.

(B) t-SNE analysis of expression data for cells that passed quality control and filtering criteria.

(C) Expression of X-linked RB binding protein 7 of RBBP7 showing diminishing abundance across our developmental series consistent with maternal-derived
mRNA clearance. Allele-specific expression of X-linked SNPs showing the percent reads assigned to the reference and alternative alleles in cell isolated from CL2
male embryos.

(D) Genome activation as determined by expression of Y-link genes in male and female embryos at different developmental time points.
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Gene Ontology
(GO) terms

Meiotic cell cycle, RNA stability,
Epigenetics, Regulation of chromatin
organisation, Germ cell development

Mitotic cell cycle, Chromatin silencing,
Nucleosome assembly, Transcription,
Cell proliferation

Gene expression, RNA metabolism,
Regulation of metabolic processes,
Chromatin organisation,

Ribosomal biogenesis

Translation, Peptide biosynthesis,
Metabolic processes,
NADH dehydrogenase activity

TPMs

Blastocyst

Figure 2. Characterization of gene activation at different stages of pre-implantation development

(A) Heatmap showing the transcriptional profile for the top 50 stage-specifically activated genes. The total number of activated genes for each developmental

stage is shown, as are the most significant gene ontology terms.
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MZT that happens between the oocyte and CL2 embryos, we
detected 281 differentially expressed transcripts. 20 of the top
25 most significant genes were activated in CL2 embryos from
quiescent state in oocytes, although only 35% (n = 98) showed
this profile, with the majority representing diminished abundance
of oocyte-derived transcripts (Table S2).

Recently DUX4, which is encoded within D424 telomeric mi-
crosatellite repeats on chromosomes 4q, has been shown to
be a pioneer factor expressed in two-cell embryos responsible,
in part, for minor EGA."®"'* Unfortunately, we could not deter-
mine the transcription profile of DUX4 in our datasets due to
the fact its RNA is not polyadenylated, and mRNA capture is cen-
tral to the scM&T-seq technique; however, 5% of the genes that
initiate transcription in our CL2 embryos overlap previously re-
ported DUX4 target genes'®'* (Figure 2C). Interestingly, we
observe that DUXA/B, two single-copy DUX homologs on chro-
mosome 19 and 16 respectively,’® which are polyadenylated
and therefore captured during the scM&T-seq protocol, share
similar expression profiles, being readily detectable at the CL2
stage. This suggests that additional DUX-family members may
influence transcription initiation in cleavage embryos. Two re-
ports have described a role of Dppa2 and Dppa4 in regulating
DUX-driven EGA in mice,'®"” but such a relationship was not
apparent in our human dataset. DPPA2 was weakly induced in
CL2 embryos, and DPPA4 expression progressively increases
from CL3, peaking in blastocysts, illustrating that these two
genes are not maternally derived or expressed prior to minor
EGA (Figure 2D).

Major EGA activates pluripotency genes

A subsequent major wave of EGA happens at the CL3 stage. We
observed significant upregulation of 1,519 genes and significant
downregulation of 986 genes between CL2 and CL3. Analysis of
gene terms associated with upregulated transcripts revealed
enrichment for an involvement in gene expression, RNA
processing, covalent chromatin modifications and gene
silencing, translation, and ER protein localization, indicating em-
bryonic competence in transcription and translation processes
(Figure 2A).

However, the most pronounced change in expression was
observed between CL3 and blastocyst with 2,920 genes differ-
entially expressed, with equal numbers up- and downregulated
(1,542 and 1,378, respectively). Key pluripotency-associated
factors, including NANOG and ZFP42 (also known as REXT),
were upregulated from CL3 through to blastocysts. Interestingly,
the expression of GATAB, which also initiated at the CL3 stage,
was present in 74% of ICM cells (cutoff >1 transcripts per million
[TPM])), endorsing previously described salt-and-pepper staining
patterns at this stage® (Table S2). Examination of genes associ-
ated with early, mid, and late blastocyst development defined by
pseudo-time analysis® revealed that blastocyst 4 expressed late
markers, suggesting there was developmental asynchrony in our

¢ CellP’ress

day 5 embryos with this blastocyst being more advanced (Fig-
ure 3A and Table S2). Furthermore, concomitant with the overall
increase in transcription up to the blastocyst stage, we observed
increased global variation that progresses with developmental
stage as revealed by kernel density estimations of single-cell
transcriptomes. This observation is consistent with increased
transcriptional noise in uncommitted cells of the embryo'®'?
(Figure S1).

Dynamic markers of pre-lineage specification and
potency

Comparatively little is known about the molecular mechanisms
driving early cell fate decision, which results in the segregation
of the ICM and TE. This is immediately followed by the ICM dif-
ferentiation into the pluripotent epiblast (EPI) that forms the em-
bryo proper and the primitive endoderm (PE), which along with
the TE becomes the extra-embryonic layer and placenta. Our
earlier attempts to classify ICM and TE in blastocysts using un-
supervised clustering were not successful (Figure 1B), but
following assignment of pTE cells in the ICM fraction using
CCR7 as a marker, differential expression analysis between
ICM and mTE + pTE revealed a number of prominently upregu-
lated genes, allowing the identity of TE cells to be confirmed.
As highlighted by XAGE2, RAB31, and DLX3, many TE genes
had minimal expression in cleavage embryos and were ex-
pressed in ICM cells, albeit at lower levels compared with TE
(Figures 3B and 3C and Table S2) when all blastocysts were
analyzed together. Furthermore, we observed upregulation of
traditional TE markers,* including FHL2 and GATAZ in three TE
datasets from the four blastocysts as well as factors important
to placenta development, including SLC38A1, PGF, and VEGFA
(Figure 3B). Interestingly, CDX2 expression, a transcription
factor essential for mouse TE development,”®®' was variable
in the TE cells, in agreement with the previous staining of
human blastocysts*?? (Table S2). Furthermore, several pluripo-
tency-associated genes were more abundant in ICM cells than
TE, highlighted by DPPA5, POU5F, GDF3, and NANOG
(Figures 3B and 3C and Table S2).

It has previously been reported that cells undergoing pre-
lineage commitment can be identified in the ICM cells with pre-
sumptive EPI and PE cells identifiable in late-stage blastocysts.
Using proven EPI and PE markers,”° we looked for cells within
each embryo that expressed these lineage markers. We
observe mutually exclusive expression of these markers in
only one embryo, blastocyst 4. Highly correlated expression
of the EPI markers (NANOG, NODAL, and SMAD4) was de-
tected in a subset of cells, while another population expressed
the PE markers (SOX17, BMP6, and PDGFRA), suggesting that
this initial specification had already begun (Figure 3D). Howev-
er, lineage commitment was restricted to TE, EPI, and PE, as
markers of advanced downstream lineages including meso-
derm, ectoderm, and endoderm were not detected in any

(B) A pseudo-time was assigned to each cell by filtering a principle curve of the most differentially expressed transcripts to cells in the two-dimensional t-SNE

subspace.
(C) Gene expression profiling of known DUX4 target genes.

(D) Gene expression dynamics of the DUX4 single copy homologs, DUXA and DUXB, mapping to chromosomes 19 and 16, respectively, as well as the pluripotent

embryonic transcription factors DPPA2 and DPPA4.
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Figure 3. Assessment of expression variability and lineage commitment in human pre-implantation embryos

(A) Expression profiling of developmental marker genes associated with early and late blastocyst development in cells isolated from our day 5 blastocysts.
(B) Volcano plot representation of up- and downregulated genes comparing TE-derived cells with ICM. Colors represent on a log2-scale differential expression
with upregulated known TE-associated genes and downregulated pluripotent marks highlighted in red.

(C) Boxplot representation of differentially expressed individual marker genes for TE (XAGE2, RAB31, and DLX3) and pluripotency (DPPA5, POU5F 1, and CFLAR).

The black bar indicates the median of distribution. Whiskers represent the 95% confidence intervals.

(D) Heatmaps showing correlation coefficients in blastocyst 4 and the mutually exclusive correlated expression for known epiblast (NVANOG, NODAL, and

SMAD4) and primitive endoderm (SOX17, BMP6, and PGFRA) markers in individual cells.
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ICM cells, confirming that additional differentiation programs
had not been initiated.

Global methylation dynamics at single-cell resolution
Global epigenetic reprogramming occurs during human pre-im-
plantation development. Our group and others have analyzed
the fate of germline-derived DNA methylation in human em-
bryos,?>?* but the dynamic nature and cell-to-cell variability
are not fully appreciated since most descriptive studies have
been performed on whole embryos. The average methylation
for MIl oocytes was 32.5%-54.7% (individual oocyte mean
39.5%, SD =4.8%), which is considerably less than that reported
for individual spermatozoa from a previously published data-
set.?® Consistent with literature, oocytes were preferentially
methylated in highly transcribed gene bodies (mean expressed
78.6%, SD = 0.5%; mean silent 50.6%, SD = 11.7%) compared
with non-expressed genes®*?°2 (Figures 4A and S2). Tracking
the methylation dynamics during development, we confirmed
pronounced global demethylation had already occurred in CL2
embryos (individual blastomere cell mean 25.4%, SD = 5.4%),
which progressed during pre-implantation development (individ-
ual blastomeres from CL3 cell mean 25.2%, SD 5.1%) to blasto-
cysts (individual cell mean 20.3%, SD = 3.3%) (Figure 4A). It must
be noted, however, that analyzing methylation using bisulfite-
based technologies does not allow us to discriminate 5mC
from 5hmC. This is especially poignant for CL2 embryos since
our 5mC measurements will be inflated by paternally derived
5hmC. Despite this, embryonic global methylation is consider-
ably lower than in somatic tissues. Previous studies have re-
ported non-CpG methylation to be a prominent feature in oo-
cytes.”®?® We found non-CpG methylation to be most
abundant in oocytes in line with previous reports, with a mean
of 2.9% (SD = 0.9%) and 4.3% (SD = 1.3%) for CHG and CHH
sites, respectively (where H is adenine, cytosine, or thymine),
decreasing progressively in blastocysts (CHG individual cell
mean 1.5%, SD = 1.6% and CHH individual cell mean 2.1%,
SD = 2.5%).

The pattern of demethylation observed globally is not
restricted to individual genomic features but was observed at
most sequences investigated. This includes gene bodies,
promoters, and enhancer regions, along with all major families
of repeat elements, including short interspersed nuclear ele-
ments (SINEs), long interspersed nuclear elements (LINEs), and
long terminal repeats (LTRs) (Figure 4B). Promoter regions with
low CpG density tend to follow the global demethylation pattern,
while high CpG density promoters and CpG islands tend to be
constitutively hypomethylated (Figures 4B and S3). Recently
the methylation dynamics of highly methylated domains have
been suggested to differ from partially methylated domains
(PMDs), where the latter are characterized by solo-CpG
WCGW tetranucleotides (where W is adenine or thymine), late
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replication timing, and localization to nuclear lamina.?” The re-
ported presence of specific patterns of solo-WCGW methylation
in gametes led us to further investigate their dynamics during
pre-implantation reprogramming. We observed demethylation
patterns resembling those obtained for retrotransposons, sug-
gesting that methylation at PMDs/solo-WCGW sequences are
also erased (Figure S3) but re-established in a tissue-specific
pattern in somatic tissues.

Concomitant demethylation and expression of LINE-1
elements

Experiments in mice have shown that there is a burst of expres-
sion from LINEs, concomitant with initial EGA, that decreases
globally by the eight-cell stage, being essential for global chro-
matin accessibility and gene expression in early development.?®
Since a subset of full-length LINE-1 transcripts possess a poly-A
tail,?® thus allowing for capture during the scM&T-seq protocol,
we profiled the expression of these retrotransposons in our sam-
ple set. In parallel with the strong demethylation, we detected an
increase of LINE-1 expression in CL2 embryos, suggesting that
this is an integral program for mammalian development
(Figure 4C).

Specific interplay between DNA methylation and
expression during early development
The global changes in methylation that we observed coincide
with a developmental time window in which changes in cellular
identity and potency occur as a consequence of transcriptional
event(s) amalgamated with EGA. We next explored how expres-
sion of known epigenetic factors influences global methylation.
We confirmed that demethylation during cleavage stages is
concomitant with ablated DNMT1 and UHRF1 levels in the pres-
ence of TET3, factors responsible for passive replication-depen-
dent and active demethylation, respectively. Furthermore, we
observed high expression of KDM3A/JMJD1A in oocytes and
CL2-specific expression of KDM4E/JMJD2E, both of which are
demethylases that participate in the active removal of di- and tri-
methylation of H3K9, repressive histone modifications often
found associated with DNA methylation (Table S2). Within our
embryo dataset, there is a positive correlation between global
methylation and DNMT1 (R = 0.57, p = 2.09e-11) and UHRF1
(R =0.52, p = 1.5e-09) expression levels, suggesting that cells
with higher expression retain more residual methylation (Fig-
ure S3). Furthermore, when analyzing single cells with extreme
methylation from each embryo, it was evident that those with
more methylation had higher mean levels of DNMT1 and
UHRF1 at the CL2 stage, although this did not reach significance
(Figure 4D).

Subsequently, we explored additional links between methyl-
ation and gene expression. Surprisingly, we observe that the
majority of CL2-specific genes, including DUX targets, do not

Figure 4. Methylation patterns in gametes and pre-implantation embryos

(A) Average global DNA methylation for individual cells across different developmental stages.

(B) Single-cell methylation dynamics of different annotated genomic elements including LTRs, non-LTR SINE retrotransposons, and CpG islands.

(C) Methylation and expression dynamics of full-length LINE1 retrotransposons during the pre-implantation window. Whiskers represent SD.

(D) Expression dynamics of DNMT1 and its co-factor UHRF1 during pre-implantation development. Boxplots show the expression levels for individual cells
isolated from CL2 embryos with highest and lowest quartile methylation. Whiskers represent the 95% confidence intervals.
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possess CpG island promoters, but an intriguing methylation
profile. This pattern was not observed for DUX4 itself, as the
D474 repeats harboring this transcription factor were unmethy-
lated in gametes and embryos (Figure 5A). The interval surround-
ing the transcription start sites of the CL2-specific genes are
frequently methylated in sperm, unmethylated in oocytes, and
progressively demethylated in cleavage-stage embryos
(Figures 5B-5D). Transcriptional silencing following day 3 is
methylation independent, as blastocysts remain unmethylated,
with DNA methylation only increasing following implantation
consistent with their silencing in somatic tissues. Genes that
commence expression in day 5 blastocysts largely initiate from
transcription start site (TSS) embedded in ubiquitously unmethy-
lated CpG islands that do not show any methylation dynamics
during development (Figures 5B-5D).

DNA methylation signatures associated with TE
differentiation

It is well known that differentiation of somatic cells is closely
associated with cell-specific epigenetic silencing of lineage-
inappropriate genes. We compared the DNA methylation profiles
for the top 100 most differentially expressed genes between ICM
and TE and found no evidence for differential methylation at
intervals overlapping promoter CpG islands, +5 kb upstream of
the selected gene promoters, or at the most prominent ATAC-
seq peaks® (Figure S4) in our CL3, ICM, and TE scBS-seq
datasets. This suggests that TE and ICM identity is largely inde-
pendent of DNA methylation, an observation that has been
previously reported for EIf5, Pou5f1, and Nanog in mouse TE
and ICM.*"

Compromised EGA is widespread in cleavage-stage
arrested embryos

Naturally about half of all human pre-implantation embryos fail to
implant. To address if embryos subject to cleavage-stage arrest
fail to complete either epigenetic reprogramming and EGA, we
performed scRNA-seq on 22 embryos (21 arresting between 4
and 10 cells and one at the 16-cell stage) that were morpholog-
ically high quality with limited signs of fragmentation (Table S1).
These samples had an average of 12,890 (SD = 5.52) expressed
transcripts per cell. Unsupervised clustering was carried out by
using 10% of the most variable transcripts between all cells,
allowing us to resolve the stage of development arrest by deter-
mining their clustering with CL2 or CL3 reference embryos
described above (CL2r and CL3r, respectively). Interestingly,
cells from individual arrested embryos ceased at different points
of the cell cycle (Table S1). Within the arrested embryo group,
20% of cells possessed a transcriptome profile indistinguishable
from cells derived from the CL2 reference embryos, suggesting

Cell Reports

they had completed EGA on day 2 but not day 3 of development
(termed CL2a). A further 40% of cells clustered autonomously
with the reference CL3 embryos, indicating they had activated
their genomes appropriately (CL3a). Interestingly 24% (CL3b)
clustered away from CL3r, implying initial CL2 activation pro-
ceeded appropriately but faltered at subsequent stages,
whereas 16% clustered independently of both reference embryo
sets, signifying they had suffered catastrophic EGA failure
(CL2b) (Figures 6A and 6B). Supporting this, CL2b cells cluster
with oocytes and separate from CL2r/CL2a cells when using
oocyte- and CL2-specific gene expression for t-SNE analysis
(Figure 6C). Blastomeres from the majority of embryos (14/21)
were uniform in their EGA status, with five embryos showing
asynchrony between development stages (both D2 and D3
calls), while two embryos were mosaic for developmental stage
and EGA status (i.e., embryo Q possesses 2 x CL2a, 2 x CL2b,
and 4 x CL3a cells) (Table S1).

Next, we focused on determining the differential expression
profile of transcripts that we had previously identified as either
specifically activated or expressed in the reference embryo data-
sets. This revealed that the overall expression levels of CL2a
arrested cells were similar to CL2r, although there was often
greater variance, while CL2b cells were significantly less abun-
dant (Figure 6D). Importantly, CL2b embryos did not activate a
different set of transcripts compared with reference embryos
with GO terms including G2/M phase transition, oocyte differen-
tiation, and meiotic progression, signifying their similarity to oo-
cytes. Interrogation of the most differential expressed transcripts
revealed that genes involved in transcriptional initiation and
alternative splicing (TAF11, SSU72, EIF4A1, SRSF3, and
ELOF1) as well as H3K9 demethylation (KDM4E and KDMA4F)
were overrepresented, suggesting these events are critical
during early cleavage-stage development. Similar comparisons
revealed significant reductions in expression levels for CL3-spe-
cific activated or expressed genes in the CL3b embryos,
including zinc-finger (ZNF280A, ZNF669, ZNF735, and
ZNF878) and MAGEA genes (Figure 6D and Table S2), with GO
term analysis revealing RNA processing and translation were still
features of CL3 arrested cells.

Aberrant DNA demethylation in cleavage-stage arrested
embryos

To determine whether aberrant epigenetic reprogramming
occurs in the arrested embryos, we quantified DNA methylation
in a subset of arrested embryos, primarily those with transcrip-
tion profiles independent from the reference dataset
(Table S1). The scBS-seq libraries were sequenced to an
average of 2.8 M (SD = 2.2 M) uniquely mapped reads per cell.
Of the 13 embryos assessed, eight presented with significantly

Figure 5. Locus-specific methylation profiling

(A) Example of strand-specific methylation as resolved by bisulfite PCR, sub-cloning, and direct Sanger sequencing at D4Z4 repeats for sperm, oocytes,
reference embryos (CL2r and CL3r) ICM, TE, and blood leukocytes. Each circle represents a single CpG dinucleotide on the strand, (8) a methylated cytosine,

(O) unmethylated cytosines.

(B) Bar graphs show the percentage of CpG island promoters for genes activated at different developmental stages.
(C) Radar chart highlighting unique sperm and somatic tissue methylation signatures for genes associated with CL2 activation.
(D) Methylation profiling for LEUTX, a CL2 non-CpG island promoter gene, and APLP2, a blastocyst expressed gene originating expression from a CpG island

promoter.
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Figure 6. Expression and methylation profiling of cleavage-stage embryos following spontaneous developmental arrest

(A) Heatmap showing clustering of individual cells from reference and arrest embryos using the 10% most variable genes.

(B) Distribution of arrested cells according to aberrant EGA classification.

(C) t-SNE analysis of oocyte and CL2-specific markers showing clustering of oocytes with CL2b and CL2r with CL2a cells.

(D) Differential expression of genes exhibiting CL2r-specific or CL3r-specific activation in cells isolated from arrested embryos. The top panel represents all
genes, whereas the lower panel highlights individual gene examples. Whiskers represent SD.

(E) Average global DNA methylation for individual cells isolated from embryos designated as CL3b. The dots represent the mean of all cells from an individual
embryo, while the black dashed lines depict the methylation range and gray dashed line the IQR for the equivalently aged reference embryos (CL3r).

increased global methylation levels when compared with the present at all genomic features investigated (Figures 6E and
CL3r dataset. The five embryos with largely normal methylomes ~ S5). Quantitative pyrosequencing for LINE-1 elements confirmed
possessed mixed CL2b/CL3b expression signatures. This was the sequencing observations that arrested embryos retained
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higher levels of DNA methylation compared with appropriately
aged controls (Figure S5) and that levels were highly correlated
between techniques (Pearson’s r = 0.73). Interestingly, both
DNMTT1 and UHRF1 show significantly decreased expression
levels (DNMT1 p = 8.9e-13; UHRF1 p = 1.1e-08) in CL2b when
compared with CL2r. Furthermore, it was still evident that those
cells with more methylation had higher levels of DNMT1 and
UHRF1, although expression levels were lower than CL2r (Fig-
ure S5), although the difference was not significant.

Detecting aneuploidy cells

Chromosomal abnormalities are a major contributor to human
reproductive failure, with embryonic aneuploidy being a major
contributor to implantation failure, especially in mothers of
advanced maternal age.®” Aneuploidy is observed in a mosaic
state, even in embryos that contribute to successful pregnan-
cies.®® Pre-implantation genetic testing for aneuploidy (PGT-A)
has been scrutinized recently>® since embryo selection is
generally reliant on biopsies comprising just a few cells and,
as such, may underestimate the frequency of mitotic aneu-
ploidies.*® Therefore, mitotically derived, mosaic aneuploidies
are only truly detectable with single-cell technologies.
We determined the chromosomal landscape of each embryo
in our cohort by utilizing the read counts of our bisulfite
sequencing datasets. When coverage was sufficient, this
was also performed for individual cells, allowing us to detect
aneuploidies for each embryo as well as aberrations restricted
to individual cells. Reassuringly, our reference embryos had
significantly fewer aneuploidy events compared with the ar-
rested cohort, with the highest irregular chromosome comple-
ments identified in the arrested embryos (Figure S6 and
Table S1). When the analysis was performed at single-cell
rather than at embryo resolution, cell-specific aberrations
were detected consistent with mosaicism (Figure S6).

DISCUSSION

Early embryonic development represents a unique time during
which the parental genomes of arguably the most terminally
differentiated cells, the sperm and oocyte, are reprogrammed
following fertilization to give rise to a totipotent embryo.
Concomitant with epigenetic reprogramming that encom-
passes global DNA demethylation,® paternal protamine ex-
change,? redistribution of histone modifications,*® and gradual
formation of higher-order architecture®” is the initiation of tran-
scription from the embryonic genome. It is, therefore, not sur-
prising that a failure in any of these co-dependent processes
could lead to early embryonic failure, which occurs for over
50% of cleavage-stage embryos.*® Previous studies have sug-
gested that high rates of aneuploidy are a major cause of this
arrest, but recent studies have questioned this as expression
from trisomic chromosomes seems to be subject to dosage
compensation in blastocysts,*® which may in part be linked
to chromosome-specific methylation profiles.’® Here, we pre-
sent data supporting the hypothesis that early developmental
arrest is frequently associated with genome-wide failure of
EGA. Previous observations are controversial, with initial in-
vestigations suggesting that EGA occurred normally, regard-
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less of the morphological quality of cell number,”' and devel-

opmental demise is not linked to chromosomal abnormalities
or EGA failure, but misregulation of individual genes. However,
it must be noted that the characterization of embryos in the
aforementioned study was performed using gRT-PCR target-
ing only two genes subject to EGA. More recently, whole
embryo RNA-seq profiling suggest that EGA failure may
account for embryo demise,*” so our study adds valuable
knowledge to the intricate expression profiles required for
development and has allowed us to catalog events associated
with cleavage-stage embryo arrest. Endorsing our observa-
tions, Asami and colleagues® recently reported disrupted
genome activation at the pronuclear stage of human develop-
ment, suggesting that abnormal genome activation possibly
occurs in early-stage arrested embryos. It would be fasci-
nating to determine if cell-specific variation in EGA is linked
to advanced maternal age, since a previous study from Kawai
and colleagues® reported that maternal age had a strong
impact on expression, with more than 800 genes being less
abundant in embryos from older women. Since many pro-
cesses involved in the MZT are reliant on stored maternally
derived factors, oocyte quality is unsurprisingly critical in
determining the outcome of early embryonic development,
but further work on larger embryo cohorts is warranted to
confirm these observations.

By employing the multi-omic scM&T-seq technology, we were
able to analyze the dynamic remodeling of DNA methylation, as
well as to determine expression status, to understand if epige-
netic reprogramming influences developmental progression.
We observe that the majority of demethylation has occurred by
day 2 in agreement with immunofluorescence®® and previous
single-cell whole-genome bisulfite sequencing in human em-
bryos.?*® The unique methylation profile immediately following
fertilization is permissive to transcription, as highlighted by the
brief burst of LINE-1 expression and the induction of the DUX4
transcription factor, which is partly responsible for activating a
subset of CL2-specific transcripts. However, as the DUX4-
D474 repeats are unmethylated in gametes, additional, yet to
be identified, maternally derived factors are ultimately respon-
sible for the burst of DUX4 expression in humans. Given the
dynamic and variable nature of global DNA demethylation during
pre-implantation development and the low success rates of early
human embryos, we interrogated the single-cell methylation pro-
files in a subset of arrested embryos as identified by non-invasive
time-lapse imaging. Over half of the embryos assessed pre-
sented with global hypermethylation, a pattern comparable
with recent studies.?***“® Importantly, these embryos had aber-
rant expression profiles suggesting that unsuccessful epigenetic
reprogramming may subsequently influence EGA. It will be
important to determine if other epigenetic events, including
chromatin reorganization and remodeling of histone modifica-
tions, also influence the success of an embryo to transition the
cleavage stage.

In addition to better characterizing the methylation and
expression dynamics related to normal pre-implantation human
embryo development, our study has added to our understanding
of why embryos undergo spontaneous cleavage-stage arrest.
Whether such developmental failures are due to aberrant EGA
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or can be attributed to just a few crucial genes remains to be
determined. However, our datasets catalog the timing of EGA
and demethylation events, which will be useful in developing bio-
markers to improve our capacity to select the most competent
embryos for transfer or cryopreservation.

Limitations of the study

Obtaining high-quality human embryos for research is fraught
with challenges, and their characterization at single-cell resolu-
tion is still in its infancy. Here, we describe an additional
reference dataset that not only includes scRNA-seq but has
accompanying DNA methylation, which revealed variability
within individual cells of an embryo. scBS-seq profiling is an
emerging field within epigenetic research and is currently
hampered by the random nature of genome coverage between
samples. Despite this, our analysis of defined genetic features
revealed that key developmental programs, such as TE differ-
entiation, are largely independent of de novo methylation. To
fully understand the intricacies of TE differentiation, early devel-
opment should be monitored using time-lapse techniques.
Arrested human cleavage-stage embryos with good
morphology are extremely rare, and to obtain the numbers
used in our study required the time-lapse imaging of several
thousand IVF embryos. Due to local legislation, the earliest
that arrested embryos can be collected is D5, and it is therefore
not possible to address if the profiles we observe are due to
extended cultivation. Future studies will rely on wider collabora-
tive efforts to obtain additional arrested embryos associated
with different infertility parameters, including advanced
maternal age and different paternal infertility etiologies. In addi-
tion, not all arrested embryos had accompanying DNA methyl-
ation profiles, and future work should include both omic
datasets as well as immunofluorescence to ensure the
observed transcriptional profiles translate to quantitative pro-
tein measurements.
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Authorized projects:
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Oocyte and reference embryo scRNA-seq

Oocyte and reference embryo scBS-seq

Arrested embryo scRNA-seq

Arrested embryo scBS-seq

Human embryo ATAC-seq

Bulk BS-seq for brain

Bulk BS-seq for blood

Bulk BS-seq for preimplantation
embryos

This study; PMID: 33053156

This study

This study

This study

oPMID: 30664750

oPMID: 22689993

oPMID: 25501653

NCBI-BioProject
PRJNA630371
NCBI-BioProject
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LINE-1 bisulphite PCR primer Ref. “8 N/A
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Software and algorithms

R https://www.r-project.org/ V4.0.0

Pyro Q-CpG1.0.9 software Biotage V0.3.8

Trim Galore https://www.bioinformatics.babraham.ac.uk/ V0.6.5
projects/trim_galore/

Samtools http://www.htslib.org/ V111

Bowtie2 https://bowtie-bio.sourceforge.net/ 2.3.5.1
bowtie2/index.shtml

Bismark https://www.bioinformatics.babraham.ac.uk/ Vv0.22.3
projects/bismark/

Scater Bioconductor N/A

Scran Bioconductor N/A

SC3 Bioconductor N/A

Monocle Bioconductor N/A

Seurat Bioconductor N/A

DESeq2 Bioconductor N/A

Ginkgo https://github.com/

scMethyl-SEQ and
scRNA-SEQ pipelines

This paper; Github
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RESOURCE AVAILABILITY

Lead contact

Further information and requests should be directed to the Lead Contact, David Monk (d.monk@uea.ac.uk).

Materials availability

This study did not generate new unique reagents.

Data and code availability

The scRNA-seq and scBS-seq datasets for oocyte, reference and arrested embryos have been deposited as the NCBI-BioProject
repository and are publicly available as the date of publication. Accession numbers are listed in the key resources table. This pa-
per also analyses existing, publicly available data. The accession numbers for these datasets are listed in the key resources table.
This paper does not report original code. Source code for the pipelines used can be found in the key resources table.

Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Human oocytes and pre-implantation embryos
The use of surplus human oocytes and embryos for this study was evaluated and approved by the scientific and ethic committee of
the Instituto Valenciano de Infertilidad (IVI) for two research protocols (1310-FIVI- 131-CS and 1710-VLC-103-MM), Bellvitge Institute
of Biomedical Research, Barcelona (PR292/14), the Centro de Medicina Regenerativa de Barcelona (CMRB), the National Committee
for Human Reproduction (CNRHA) and the Regional Health Departments for Valencia and Catalyuna (4/2014 & 10/2017).

METHOD DETAILS

Human oocytes and pre-implantation embryos
All MIl oocytes were from women undergoing superovulation for the purpose of oocyte donation who had given informed consent for
surplus cryopreserved oocytes to be used for research. All “good quality” embryos donated for this study were obtained following
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informed consent from couples who had delivered a healthy baby either from an initial fertility cycle or from a later cycle with thawed
frozen embryos, who wished to donate their remaining frozen embryos for scientific research (Table S1). The cleavage-stage
embryos and blastocysts characterized in this study are all from frozen embryo cycles and were classified as suitable for transfer.
Embryonic assessment was performed according to standard guidelines and the embryonic stages were defined as follows.

- Day 2 embryos (CL2): 2-4 cell-stage embryos collected and cryopreserved ~48 h after routine fertilization. Each blastomeres
was of similar size, with limited fragmentation to one cell per embryo.

- Day 3 embryos (CL3): -5-8 cell-stage embryos collected and cryopreserved ~64 h after routine fertilization. 8A1: Embryos had
defined nuclei, with limited cytoplasmic fragmentation or degeneration restricted to individual cells of an embryo.

- Day 5 hatching blastocysts had smooth trophectoderm, clearly visible blastocyst cavity and well-defined inner cell mass.

n addition to the “good quality” reference embryos used to define EGA and DNA methylation dynamics described above,
cleavage embryos that had arrested at 4-cell (n = 4), 5-8 cell (n = 15) and 9-16 cell (n = 3) stages were collected at day 5 having
deemed to have undergone spontaneous cleavage arrest. This second cohort of aberrant embryos resulted from ICSI cycles using
fresh oocytes and had accompanying time-lapse imaging which revealed good morphology with minimal fragmentation.

Embryo culture and time-lapse imaging
MIl oocytes and embryos were thawed using the Cryotop Method following manufacturer’s instructions.*? ICSI was carried out in
fertilization medium (Origio, Cooper Surgical®) at x400 magnification with the aid of an Olympus |x7 microscope. Finally, oocytes
were placed in pre-equilibrated EmbryoSlides (EmbryoSlide®, Vitrolife) until the blastocyst stage with 28 pL (for conventional
EmbryoScope) or 180 pL (for EmbryoScope Plus) single-step medium (Gems, Genea Biomedx®) and 1.6 mL mineral oil. Embryos
were cultured individually (conventional EmbryoScope) or in groups of up to eight (EmbryoScope Plus) until the day 2 and day 3 cleav-
age embryos or the fifth/sixth day of development. Images of up to 11 multiple focal planes were taken automatically every 10-20 min.
Embryo development was assessed on an external computer with analysis software (EmbryoViewerTM workstation, Vitrolife).

After warming, oocytes were cultured in Fertilization Medium, the day 2 and day 3 cleavage embryos were cultured in Gems
Medium and maintained with 5% CO, at 37°C for at least 2 h prior to processing. The day 5 blastocysts were incubated in Gems
medium under the same culture conditions for 6-12 h before processing to allow for full expansion.

Human Metaphase Il oocytes were washed in 1% polyvinylpyrrolidone (PVP) (Sigma-Aldrich) and loaded individually into UV
treated sterile PCR grade tubes containing 2.5 uL of PBS (Cell Signaling Technology), that were immediately snap frozen at
—80°C until proceeding with the scM&T-seq protocol.

Single-cell isolation

Day 2 & 3 embryos were removed from the incubator and a laser incision that removed one-quarter of the zona pellucida was
performed with the Hamilton-Thorne Lykos® laser. Blastomeres were spread by blastomere biopsy micropipets (Origio, USA)
and then isolated individually by stripper using 120 um tips. Single blastomere was washed in 1% PVP, individually placed in sterile
PCR grade tubes containing 2.5 pL of PBS and immediately snap frozen at —80°C until downstream processing.

The Inner Cell Mass (ICM) and Trophectoderm (TE) of the blastocysts were separated by micromanipulation using a laser
technology (OCTAX). Separated ICMs and TEs were individually incubated in Accutase medium (Chemicon) at room temperature
for 10 min until single cells were released by gently pipetting. Resulting single cells were washed in 1% PVP and individually placed
in sterile PCR grade tubes containing 2.5 pL of PBS and snap frozen at —80°C until processed.

QUANTIFICATION AND STATISTICAL ANALYSIS

Single-cell sequencing

We utilized the scM&T-seq method described by Angermueller and colleagues.” Essentially, each isolated cell was added to RLT
plus lysis buffer (Qiagen) and processed using the G&T-seq protocol,’® resulting in the physical separation of mMRNA and genomic
DNA from single cells with the DNA fraction eluted into 10 pL of H,O.

Single-cell bisulphite libraries were then prepared as previously described®’ with minor modifications. Conversion was carried out
using EZ Methylation Direct bisulphite reagent (Zymo) on purified DNA in the presence of AMPure XP beads (Beckman Coulter)
following G&T-seq. Purification and desulphonation of converted DNA was performed with magnetic beads (Zymo) on a Bravo Work-
station (Agilent), eluting into the mastermix for the first strand synthesis. Primers for first and second strand synthesis contained a
3’-random hexamer and biotin capture of first strand products was omitted, however, an extra 0.8x AMPure XP purification was
performed between second strand synthesis and PCR. Each pre-PCR AMPure XP purification was carried out using a Bravo
Workstation. To minimise batch effects all libraries were prepared in parallel in a 96 well plate. Purified scBS-seq libraries were
sequenced in pools of 16-20 per lane of an lllumina HiSeq2500 using 101-bp paired-end reads.

RNA sequencing libraries were prepared from the single-cell cDNA libraries using the Nextera XT kit (lllumina) as per the manufac-
turer’s instructions but using one-fifth volumes. Multiplexed library pools were sequenced on one lane of an lllumina HiSeq2500
generating 50-bp single-end reads.
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Sequence data processing and raw data analysis

BS-seq read alignment: sequencing data was processed as previously described®>>? with minor modifications. Briefly, raw
sequence reads were trimmed to remove the 6N random priming sequences of the reads, with adapter contamination and poor-qual-
ity base called using Trim Galore (v0.3.8). Subsequently, trimmed reads were aligned to the human reference genome (build hg38/19)
using Bismark (v0.16.3) in single-end non-directional mode. Methylation calls were extracted after duplicate alignments had been
removed. Predicted methylation states were binarized with methylation lower than 0.1 set to 0 (unmethylated cytosine), methylation
between 0.1 and 0.9 set to 0.5 (equivalent to allelic methylation) and all methylation sites greater than 0.9 set to 1 (methylated
cytosine).

RNA-seq read alignment: reads were trimmed using Trim Galore with a minimal “phred” score of 13 and a minimum read length of
35 bp. The resulting sequence reads were mapped by Hisat2 against the hg38 genome build. Cells with <0.75 million reads or more
than 15 million reads were eliminated from downstream analysis as they represented inefficiently processed cells or possible
contaminated samples. Subsequent expression analyses were carried out by combining Scater,® Scran,®* SC3,°®> Monocle®®
and Seurat®” R-packages using different in-house scripts.

Sequence features

The coordinates of genomic features, including CpG islands and genes bodies, used for methylation profiling were obtained from the
UCSC genome browser, while all repetitive element information for SINEs, LINEs and LTRs were downloaded from RepeatMasker.
Promoters, defined as 1kb upstream and 0.5kb downstream of the TSS were classified as high, intermediate and low CpG content as
previously described.”® The location of solo-WCGW highly and partially methylated domains was from Zhou et al.>” Enhancer regions
were identified as active (class I; H3K4me1+H3K27ac) and poised (class II; H3K4me1+H3K27me3) enhancers in human stem cells.*®
The DNA methylation level of these genomic regions was calculated on the basis of the average methylation of all covered CpG sites
within these regions. For the characterisation of methylation of gene promoters at different developmental stages, we compared our
scBS-seq with published bulk datasets from brain, blood, preimplantation embryos and sperm. The accession numbers for these
datasets are listed in the key resources table.

Data analysis
Gene expression levels were normalised in terms of transcripts per million (TPM) of mapped reads to the transcriptome of each cell.
tSNE analysis was performed on the normalized counts. Gene pathway annotations were obtained from G.0.%° Differentially
expressed transcripts were identified using DESeq2, whilst global variance in transcription was called using kernel density estima-
tions as previously described."® Correlation analyses were performed excluding non-expressed genes and using Spearman’s
correlation as a measurement between variables.

For sex determination, embryos were classified according to the presence of Y chromosome expression and/or mappable
bisulphite reads to sex chromosomes. Phasing cells according to cell cycle stages was performed using “Cyclone” function in
the Scran R-package.®' Aneuploidy estimations for each cell was performed using BS-seq datasets in Ginkgo.®?

Locus-specific methylation analysis

D474 methylation was assessed by PCR*’ on either bisulphite converted DNA isolated from samples and individual blastocysts using
EZ DNA Methylation-Direct kit (ZYMO) or excess PBAT libraries using Immolase Taq polymerase (Bioline) for 45 cycles and the
resulting PCR product ligated into pGEM-T easy vector (Promega) and sub-clones sequenced with T7 primer.

For LINE-1 pyrosequencing, standard bisulphite PCR was performed exception that the reverse primer was biotinylated.*® The
entire biotinylated PCR product (diluted to 40 ulL) was mixed with 38 puL of Binding buffer and 2 pL (10 mg/mL) streptavidin-coated
polystyrene beads. After incubation at 65°C, DNA was denaturated with 50 uL. 0.5M NaOH. The single-stranded DNA was hybridized
to 40-pmol sequencing primers dissolved in 11 pL annealing buffer at 90°C. For sequencing, a primer was designed to the opposite
strand to the biotinylated primer was used. The pyrosequencing reaction was carried out on a PyroMark Q96 instrument. The peak
heights were determined using Pyro Q-CpG1.0.9 software (Biotage).
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