Yandim and Karakiilah BMC Genomics
https://doi.org/10.1186/512864-019-5803-1

(2019) 20:439

BMC Genomics

RESEARCH ARTICLE Open Access

Expression dynamics of repetitive DNA in
early human embryonic development

Cihangir Yandim'*? and Gokhan Karakiilah'*"

Check for
updates

Abstract

Background: The last decade witnessed a number of genome-wide studies on human pre-implantation, which
mostly focused on genes and provided only limited information on repeats, excluding the satellites. Considering
the fact that repeats constitute a large portion of our genome with reported links to human physiology and
disease, a thorough understanding of their spatiotemporal regulation during human embryogenesis will give
invaluable clues on chromatin dynamics across time and space. Therefore, we performed a detailed expression
analysis of all repetitive DNA elements including the satellites across stages of human pre-implantation and
embryonic stem cells.

Results: We uncovered stage-specific expressions of more than a thousand repeat elements whose expressions
fluctuated with a mild global decrease at the blastocyst stage. Most satellites were highly expressed at the 4-cell
level and expressions of ACRO1 and D20S16 specifically peaked at this point. Whereas all members of the SVA
elements were highly upregulated at 8-cell and morula stages, other transposons and small RNA repeats exhibited
a high level of variation among their specific subtypes. Our repeat enrichment analysis in gene promoters coupled
with expression correlations highlighted potential links between repeat expressions and nearby genes, emphasising

expression.

mostly 8-cell and morula specific genes together with SVA_D, LTR5_Hs and LTR70 transposons. The DNA
methylation analysis further complemented the understanding on the mechanistic aspects of the repeatome’s
regulation per se and revealed critical stages where DNA methylation levels are negatively correlating with repeat

Conclusions: Taken together, our study shows that specific expression patterns are not exclusive to genes and
long non-coding RNAs but the repeatome also exhibits an intriguingly dynamic pattern at the global scale. Repeats
identified in this study; particularly satellites, which were historically associated with heterochromatin, and those
with potential links to nearby gene expression provide valuable insights into the understanding of key events in
genomic regulation and warrant further research in epigenetics, genomics and developmental biology.

Keywords: Repetitive DNA, Human development, Pre-implantation, Single cell RNA sequencing, Repeatome,
Bioinformatics, WGCNA, Satellite repeats, DNA methylation, Repeat enrichment

Background

A fine-tuned orchestration in genome regulation drives
the transition between totipotency and pluripotency
within the first few rounds of cell divisions following fertil-
isation in mammals. This process starts with the erasure
of DNA methylation as well as most chromatin marks and
re-establishing them gradually; a phenomenon known as
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“epigenetic reprogramming” [1]. During reprogramming,
the epigenetic asymmetry between maternal and paternal
genomes is equalised and epigenetic organisation takes
place to give rise to lineage specific gene expression [1-3].
Importantly, the cascades of nuclear events during this
period are also imperative in terms of building a de novo
chromatin architecture, which is essential for the develop-
ment of a healthy embryo [4].

A key hub for chromatin architecture lies within cen-
tromeres and pericentromeres, where densely packed
nucleosomes contribute to constitutive heterochromatin.
Decorated with a multitude of epigenetic marks;
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constitutive heterochromatin at pericentromeres pro-
vides a solid basis for the formation of functional centro-
meres and kinetochores [5]. Interestingly, two crucial
heterochromatin marks; H4K20me3 and H3K64me3 are
erased from the maternal genome shortly after the first
cell division [6, 7] and the substantial heterochromatin
mark; H3K9me3 gets passively diluted until the fourth
division takes place [8, 9]. This causes a rather relaxed
heterochromatin configuration especially at pericentro-
meres [10]. This atypical heterochromatin conformation
conceivably accommodates the necessary platform for
successful reprogramming and has been associated with
nucleolar-like bodies (NLBs) that resemble rings, which
are visible until the third division [11-14]. At 4-cell
stage, during which H3K9me3 levels are significantly
low [9, 15], NLBs start to be replaced with chromocen-
tres; precursors of typically dense somatic heterochro-
matin [9, 13-16]. Even though most NLB to
chromocentre transitions were reported in mouse devel-
opment, similar features were also observed for human
embryos [17].

Heterochromatin formation is an indispensible step in
building a brand new chromatin [18, 19] and it is known
to be triggered by the expression of pericentromeric sat-
ellite repeats in mouse [19-22]. Local RNAs formed due
to the expression of these tandem repeats were shown to
recruit the heterochromatin protein HPla; resulting in
de novo heterochromatin formation [23, 24]. This find-
ing not only provides an insight into the mechanism of
chromatin organisation during mammalian
pre-implantation development but also highlights the
significance of repetitive DNA, which is often over-
looked. Indeed, more than half of the human genome
consists of various repetitive DNA sequences [25, 26]
but there has been a paucity of information on the ex-
pression profiles of repeat elements despite the over-
whelming number of RNA sequencing (RNA-seq)
studies reported on various biological contexts. This
could be attributed to the alignment problems of repeti-
tive DNA using classical gene expression pipelines.
Hence, the contribution of repetitive DNA expression to
genomic regulation and architecture has not been re-
vealed sufficiently. On the other hand, reported links be-
tween aberrant repeat transcription and cancer [27-30]
as well as other diseases including autoimmune disor-
ders [31, 32] brought out the importance of this actuality
to genomic control and human physiology; with the cav-
eat that the mechanisms rendering repeat expression in-
fluential in these contexts are poorly understood.

Several studies reported expression differences across
human pre-implantation stages for a limited number of
repeats. HERV-K (flanking with LTR5_Hs) elements
were shown to be expressed at their highest level at the
morula stage, whereas HERV-H elements reached their
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peak level in embryonic stem cells [33, 34]. On the other
hand, SINE-VNTR-Alu (SVA) repeats were shown to be
expressed at high levels at 8-cell and morula stages [33].
A more recent study provided a cross-species compari-
son and confirmed these results [35]. However, none of
these aforementioned studies yet reported a systematic
analysis on all subtypes of all repeat families. Import-
antly, there was still no information on the embryonic
regulation of satellite repeats; which were shown to be
essential for establishing de novo chromatin architecture
in early mouse embryos [19-22]. Likewise, regulatory ef-
fects of all repeats on the expression profiles of develop-
ment specific genes, which are located nearby repeats,
have also not been elucidated. Finally, the contribution
of repeats to the lineage specification of the genome
during the early stages of cell fate allocation is unknown.
Understanding the levels of cell-to-cell variation in the
expressions of repeat elements across single cells would
help to characterise the dynamic genomic behaviour as
cellular differentiation takes place.

To address these issues and examine the human
pre-implantation development from a repeats perspec-
tive at the global scale, we aimed to uncover the expres-
sion dynamics of the whole repeatome in this early
phase of human embryos. To realise this aim, we ana-
lysed a previously published and publicly available data-
set, where total RNA from 124 single cells from different
stages of early human development were sequenced to
uncover non-coding transcripts [36]. This RNA-seq data
was obtained from all pre-implantation stages from oo-
cyte to late-blastocyst level as well as passage-0 (P0O) and
passage-10 (P10) embryonic stem cells (ESCs) derived from
the inner cell mass (ICM) of blastocysts. Importantly, single
cells used to generate this dataset were originally obtained
from at least two different embryos for each
pre-implantation stage. It is also worth mentioning that the
dataset used in this study is -to our knowledge- the only
published dataset that allows one to study total non-coding
satellite transcripts in human pre-implantation single cells.
Other published studies either make use of this same data-
set or use poly (A) pre-selection in their laboratory proce-
dures to focus on gene-arisen mRNAs or a limited number
of transposable elements [33, 37—40].

Results

The repeatome exhibits distinct expression patterns
across stages of human pre-implantation

There are more than a thousand types of repeat ele-
ments identified within the human genome [26, 41]. We
performed a holistic analysis for the expression of these
elements by applying the Repenrich2 pipeline [27] and
analysed the expressions of 1116 repeats. Remarkably,
the principal component analysis (PCA) showed that the
expression levels of repeats were clustered in a
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distinguishable manner across different stages of
pre-implantation; in line with the PCA analysis of the
gene expression apart from the fact that blastocysts and
ESCs were clustered separately in the latter one (Fig. la
and b, Additional file 1: Figure S1). Additional file 2:
Table S1 summarises the number of data points for each
group. The PCA analysis highlights the fact that distinct
expression patterns throughout human pre-implantation
stages are not only exclusive to genes and long
non-coding RNAs, but repetitive DNA is also expressed
in a coordinated manner in this biological context [36,
42]. PCA analysis for repeats revealed two major clus-
ters. Oocytes, zygotes, 2- and 4- cell embryos clustered
at the bottom side, whereas 8-cell embryo, morula and
blastocysts as well as ESCs clustered at the upper side of
the plot. The most dramatic difference in the expression
profiles was between 4- and 8-cell stages; agreeing well
with the gene expression analysis reported before with
the same plot [36]. It is intriguing to note that this
time-frame also coincides with the major embryonic
genome activation [40, 43—45]. Other interesting points
were that ESCs clustered more closely with morula cells
rather than blastocyst cells (Fig. 1a) and that blastocyst
cells exhibited a decrease in the z-scores for the tran-
scription of repeats (Fig. 1b). This could be attributed to
a mild decrease in the expression of repeats at the
blastocyst stage as shown in Additional file 1: Figure S2.
To our knowledge, this is the first time where the ex-
pression of the whole repeatome was shown to display a
coordinated trend during early human development.
One of the important research questions in
pre-implantation development is the timing and mech-
anism of lineage specification. Conventionally, it is ac-
cepted that lineage specific gene expression starts at the
8-cell stage in mouse [13, 46—49] but some reports sug-
gest that molecular events needed for lineage commit-
ment start during 4-cell stage [47, 48, 50, 51]. To see the
timing of diversification in repeat element expression
across single cells, we plotted coefficients of variation
(CV), as described before [52]. Interestingly, there was a
notable increase in the variation of repeat expression
levels at 4-cell stage compared to 2-cell stage and this
variation was elevated gradually as the cell divisions con-
tinued (Fig. 1c). The variation in gene expression levels
also showed the same trend with the marked difference
between 2- and 4-cell stages (Fig. 1d). One-way ANOVA
followed by Tukey’s multiple comparison tests was con-
ducted to determine the statistical significances of the
differences observed for each particular developmental
stage with any other stage. According to this, there was
a statistically significant (p-adj < 0.001) difference in the
CVs for repeat elements between all stages except the
fact that there was no difference between oocyte, zygote
and two cell stages as well as between eight cell and
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ESC-P0O. A similar result on the statistical significance
was obtained for the CVs of genes; however, this time
there was no difference between 4-cell stage and
ESC-PoO.

In addition to this, relative percentages of
repeat-arisen transcripts with respect to gene-arisen
transcripts were higher at zygote and 2-cell stages (Fig.
le). When we looked at the expression levels of different
repeat families, we realised that satellite expression was
emphasised at the 4-cell level (Fig. 1f, Additional file 1:
Figure S3). However, not all satellites behaved the same
way (Additional file 1: Figure S4). On the other hand,
SINEs (Short Interspersed Nuclear Element) and small
RNA repeats exhibited a decrease in their expressions at
the 4-cell stage. In addition to this, all members of re-
peat families except the SINE-VNTR-Alu (SVA) ele-
ments exhibited a decrease in expression at the
blastocyst stage (Fig. 1f, Additional file 1: Figure S3). As
reported before, expressions of SVA elements were
clearly increased at 8-cell and morula stages [33, 38].
LTR (Long Terminal Repeat) expression was slightly in-
creased at 8-cell and morula, as was the expression of
LINE (Long Interspersed Nuclear Element) elements
even though the latter was less pronounced. The count
numbers, fold changes and FDR (False discovery rate)
analyses for repeats and genes could be found in the
Additional file 3: Table S2, Additional file 4: Table S3
Additional file 5: Table S4, Additional file 6: Table S5,
Additional file 7: Table S6.

Expression dynamics of satellites

Satellites are repeats that are predominantly found in
tandem arrays, whose repeating unit could range from
less than a 100bp to approximately 1500 bp. Even
though they are mostly found at centromeres and peri-
centromeres, some of them are located at various
chromosomal regions including intergenic islands as well
as telomeres [53]. Our expression analysis using the
RepEnrich2 pipeline revealed that most of the satellites
were expressed during human pre-implantation with
stage specific patterns [27]. A number of satellite ele-
ments were highly expressed during 4-cell stage (Fig. 2a).
Yet some other elements were not expressed (i.e. HSAT6
and SAR) or hardly expressed (i.e. Subtel_Sa) during
pre-implantation stages or in ESCs (Additional file 1:
Figure S4).

Among those that are expressed, the expression levels
of ACRO1 and D20S16 peaked at 4-cell stage (Fig. 2a
and b). ACROL1 is a 147 bp satellite repeat found in short
arms of acrocentric chromosomes nearby nucleolus or-
ganiser regions [54], which contain ribosomal RNA
genes and are essential components of chromatin archi-
tecture [55]. D20S16 satellite repeats, which are formed
by 98 bp dimers [56], also showed a similar expression
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and P10:passage10]

Fig. 1 Distinct expression patterns of repeatome across the stages of human pre-implantation and in ICM-derived embryonic stem cells (ESCs). a
Principal component analysis (PCA) of repeatome’s expression levels. Each circle represents a single cell in the corresponding developmental
stage. b Heat-map representation of the expression levels of all 1116 repeat elements. Each row represents a single repeat and columns
represent developmental stages. ¢ Box-plot representation of the coefficients of variation (CV) in repeat expression. d Box-plot representation of
the CVs in gene expression. ¢-d CVs across all single cells in a given developmental stage were calculated for each individual repeat element or
gene separately and they were plotted as boxes and whiskers. @ Read percentages of repeat-arisen transcripts against all gene-arisen transcripts.
Read percentages were calculated from the ratio of the number of all RepeatMasker annotated repeat transcripts over the total transcript
number, which is the sum of all repeat-arisen transcripts and the transcripts originated from UCSC annotated genes. f Average expression levels
of different repeat classes given as log2[Counts Per Million (CPM + 1)]. Error bars represent the standard error of the mean. [For ESCs; PO:passage 0

trend as ACROL. It is as well noticeable that the expres-
sion of predominantly centromeric CER and mostly peri-
centromeric GSAT satellite repeats peaked at 4-cell level
even though this is less pronounced compared to the
trend seen for ACRO1 and D20S16 repeats. GSATII was
expressed at high levels until the third cell division (end of
4-cell stage) and showed a steep decrease in the following
divisions. Moreover; HSATI and HSATII, which were
shown to be involved in human cancers [28, 29], were
variably expressed within the window that covers 4-cell,
8-cell and morula stages and were hardly expressed in
other time-frames (Fig. 2a and b). On the other hand,
REP522, which is found mostly in telomeric regions, was
upregulated at 8-cell level. Expression line graphs for all
other satellite repeats could be seen in the Additional file
1: Figure S4. These results for the first time uncover the
satellite ~ expression  dynamics  across  human
pre-implantation development stages. Expressions of
ACROL1 and D20S16 seemed to clearly peak at the 4-cell
stage. This time-frame notably coincides with the emer-
gence of de novo heterochromatin in mouse [13, 17, 19,
21].

Expression dynamics of transposons and small RNA
repeats
In order to identify crucial transposons and small RNA
repeats in pre-implantation cells and ESCs, we drew
heat-maps for top-variable 20 repeat elements for each
of these repeat families. Our results are in line with pre-
vious studies, which reported LINE and SINE expression
in human pre-implantation [37, 38]. Some LINE ele-
ments were expressed more in earlier stages of
pre-implantation whereas others showed elevated ex-
pression z-scores at later stages (Fig. 3a). These include
different members of L1, L2 and L3 families. In addition,
top variable SINE elements showed a decrease in their
z-scores at 4-cell and blastocyst levels globally (Fig. 3b).
They seem to reach higher values in oocytes and ESCs
though. A member of SINE family; FLAM_C, showed an
increase at the 8-cell level.

Recently, LTR transposons have gained attention in
pre-implantation development and numerous reports
showed their expression in this context [33, 34, 37, 38,

40, 49, 57-60]. Transcription of HERVK-int and
HERVH-int as well as LTR5_Hs was reported to be of
particular importance [34, 35, 37, 40]. Our LTR expres-
sion analysis was in agreement with these previously
published studies; demonstrating an increased z-score in
the expression for HERVK-int, HERVH-int and
LTR5_Hs elements at later stages of pre-implantation
(Fig. 3c). Together with LTR5_Hs, LTR5 also showed a
stage-specific increase in 8-cell and morula cells.
HERVK-int and HERVH-int showed their highest
z-scores in ESCs passage 0; accompanied by a marked
increase in LTR7, LTR7Y and LTR7A. On the other
hand, numerous other elements including members of
the MLT1 family had higher expression z-scores in the
initial stages of pre-implantation.

SVA repeats, which are non-LTR retrotransposons, ex-
hibited an increase at 8-cell and morula stages (Fig. 3d),
again in concordance with previously published studies
[37, 38, 40]. Members of DNA transposon family, on the
other hand, were expressed mostly in oocytes and early
stages of human pre-implantation with some exceptions
(e.g. MER3, HSMAR1), which showed higher expression
z-scores in later stages (Fig. 3e). Our analysis also
pointed out some small RNA repeats with increased ex-
pression levels in a stage specific manner (Fig. 3f). A
higher level of Ul spliceosomal RNA expression, which
was associated with mouse development before [61-63],
was linked to zygote and 2-cell stages in our analysis.
Yet, expression z-score of 5S RNA was also increased at
these stages. Spliceosomal U5 RNA and a few other
small RNAs, U8, Ul4 and Ul7, whose functions were
associated with rRNA formation [64, 65], had higher ex-
pression z-scores in the 8-cell embryo. Moreover, the ex-
pression of BC200 small RNA, which was shown to play
important roles in brain development [66], was highest
at the morula stage.

Repeat elements and the expression of nearby genes

To see if there is a correlation between expression levels
of repeats and nearby genes, we looked at the occur-
rence rates of repeat sequences in gene-sets that exhibit
stage specificity in expression during pre-implantation
and in ESCs. Firstly, we identified stage-specific gene
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Fig. 2 Expression dynamics of satellite repeats. a Heat-map representation of satellite expressions. Each row represents a single repeat and
columns represent developmental stages. b Line-plots of individual satellites, which exhibit high expression levels at 4-cell (ACRO1, D20S16, GSAT,
GSATIl and CER) and 8-cell (REP522) stages. HSATI and HSATII expressions are also shown. Each data point represents the average expression level
[log2(CPM + 1)] of the particular repeat in single cells. Error bars represent the standard error of the mean. See Additional file 1: Figure S4 for line

plots of all members of the satellite family

expression  networks  using = Weighted  Gene
Co-expression Network Analysis (WGCNA) [67, 68].
Our analysis revealed 18 distinct modules represented
with different colours (Fig. 4a, upper and lower panel).
Stage-specific genes follow the trend of overexpression
in a single developmental stage. We focused on 9 mod-
ules, which in terms of gene expression exhibit stage
specificity (r>050, p-value <107%) at a single
pre-implantation stage (Fig. 4a, lower panel). Our Gene
Ontology analysis [69] revealed that the context of genes
in these stage-specific modules were in agreement with
the previously reported [36, 42] functional classification
of differentially  expressed genes in  human
pre-implantation (Additional file 1: Figure S5, Add-
itional file 8: Table S7). Next, we investigated the enrich-
ment levels of repeats within the promoter regions of all
genes in the aforementioned 9 stage-specific network
modules. This involved counting the occurrence rates of
individual repeat sequences in the 2-kb upstream regions
of genes and calculating an enrichment-score (ES)
against their occurrence rates in the whole reference
genome alongside a Fisher’s exact test. We showed the
results of this analysis on a dot-plot (Fig. 4b). Most of
the enriched repeats fell into LINE (e.g. L1 family) and
SINE (e.g. Alu elements) category, but the highest en-
richment scores were obtained for LTR elements and
DNA transposons. For repeats that showed a high level
of enrichment (absolute enrichment score (ES) > 3.5,
p-value <107>) in a stage-specific module, we analysed r
correlation coefficients between the expressions of the
particular repeat element and all genes within the given
module across all stages of pre-implantation and in
ESCs. We plotted the r-coefficients for all genes in the
specific module where a particular repeat is enriched
(Fig. 4c).

Looper, a DNA transposon enriched in the 8-cell stage
specific black module, had moderate levels of positive
correlations with genes in this module whilst Looper it-
self being upregulated at the same particular
pre-implantation stage (Additional file 1: Figure S6).
Similarly, LTR70 expression was upregulated in the
8-cell and morula stages; its occurrence was enriched
within the 2kb upstream regions of genes in green
(8-cell) and magenta (morula) modules (Fig. 4b); and its
expression correlated positively up to moderate levels
with genes listed in these modules (Fig. 4c). As an ex-
ample, LTR70 expression correlated highly with the

expression of a magenta module (morula) gene; P32
(C1QBP), which was reported to be crucial in fetal de-
velopment and mitochondrial translation (Additional file
1: Figure S7) [70]. LTR5_Hs, whose sequence occurrence
was enriched in the magenta (morula) module, also
showed meaningful levels of positive expression correla-
tions with genes listed in this module; accompanied by
an increase in the expression of LTR5_Hs per se in the
morula stage (Additional file 1: Figure S6). Interestingly,
LTR5_Hs expression correlated highly with the expres-
sion of the magenta (morula) module gene; NANOGNB,
which has a highly regulatory function during
pre-implantation (Additional file 1: Figure S7) [71]. In
addition to these repeats, we realised that FLAM_C and
SVA_D exhibited moderate to high levels of positive cor-
relations with specific modules despite the enrichment
levels of these two repeats were below the 3.5 ES thresh-
old (Additional file 1: Figure S8). More specifically, the
correlation of the expressions of FLAM_C and the ma-
genta (morula) gene CABP4 was noticeable (Additional
file 1: Figure S7). CABP4 protein was shown to regulate
eye development in mouse [72].

DNA methylation dynamics of repeat elements

Even though the methylation of DNA and its effects on
genomic regulation has been widely addressed in the
context of early mouse and human development [13, 37,
59, 73-76], a complete picture that outlines how the
repeatome gets affected by global methylation events
during this period has still been missing. We analysed
DNA-methylation levels of all repeats utilising another
published dataset on single cells of human
pre-implantation embryos [76]. The number of data ob-
tained from single cells using multiple embryos is sum-
marised in the Additional file 9: Table S8. The R code
for this analysis was provided in the Additional file 10
and methylation percentages for all repeats were given
in the Additional file 11: Table S9. Our analysis revealed
a global dip in DNA methylation at the 4-cell level and a
slight increase at the 8-cell level, in agreement with simi-
lar results reported before for global gene studies on
pre-implantion development (Fig. 5a) [13, 37, 59, 76].
We revealed that satellites, SVAs, DNA transposons and
small RNA repeats were also affected by the global dip
in DNA methylation at 4-cell level but some outliers still
exist. One-way ANOVA followed by Tukey’s multiple
comparison tests was conducted to determine the
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Cluster dendogram

Fig. 4 (See legend on next page.)
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(See figure on previous page.)

Fig. 4 Enrichments of repeat elements in the 2-kb upstream promoter regions of stage-specific genes and expression correlations of enriched repeats
with these genes. a Weighted Gene Co-expression Network Analysis (WGCNA) of human pre-implantation development stages and ESCs. Upper panel
shows the cluster dendrogram with hierarchical clustering of co-expressed gene clusters (modules), which correspond to long branches in the
dendrogram and are represented as specific colours undermneath each branch. Vertical lines below module specific colours represent the correlation
statuses of genes with a particular developmental stage (red: positive correlation, blue: negative correlation). Lower panel shows module-stage
relationships. Rows correspond to module eigengenes and columns to human pre-implantation stages and ESC passages. The Pearson’s r correlation
coefficients and associated p-values are given in each cell. The colour code indicates the degree of correlation (red: high, green: low). See Additional
file 1: Figure S5 for expression heat-maps of module-specific genes as well as Gene Ontology analysis results for these genes. b Dot-plot presenting
the enrichment levels of repeats within the 2 kb-upstream promoter regions of genes listed in the corresponding modules. Stage-specific modules
were given in columns and repeat elements that exhibit enrichment were given in rows. The radii of dots represent ES and the colour intensity
indicates p-values obtained by Fisher's exact test. ¢ Expression correlations of module-enriched repeats with genes in the corresponding module. The
Pearson’s correlation coefficients (r) were calculated using all expression data points from single cells from all developmental stages and ESCs for each
enriched repeat (ES > 3.5) and all genes in given modules individually. R correlation coefficients obtained for a particular repeat element and each
single gene in the relevant module were presented as stacked columns. Column colours indicate specific repeat-enriched modules (e.g. green colour
indicates genes within the 8-cell specific green module). Additional file 1: Figure S8 shows additional interesting repeat-module correlations where ES
is less than 3.5 threshold

statistical significances of the differences observed for
each particular developmental stage with any other
stage and this was given as a supplementary table
(Additional file 12: Table S10).

To figure out the impact of DNA methylation on the
expression levels of repeats in different developmental

for mean repeat expression and mean repeat methylation
levels across developmental stages. Our result indicated
moderate to high levels of negative correlation between
DNA methylation and expression levels for SVA trans-
posons and small RNA repeats at 8-cell and morula
stages (Fig. 5b); possibly implying the importance of

stages, we calculated Pearson’s r correlation coefficients DNA methylation/demethylation mechanisms in the
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Fig. 5 DNA methylation dynamics of major repeat classes during human pre-implantation. a Box-plot representations of DNA methylation levels
from single cells across stages of pre-implantation categorised by repeat classes. b DNA-methylation and expression correlation heat-map. Each
cell in the heat-map represents r-correlation coefficients between the average expression levels obtained from a single cell dataset [36] and
average methylation levels for another single cell dataset [76] for all members of a given repeat class in the specified time-frame
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regulation of these particular repeats during these par-
ticular pre-implantation stages. However, we could not
capture a high level of negative correlation between
DNA methylation and repeat expression at the global
level.

Though there was a trend that most satellites followed
global DNA methylation patterns, fluctuations in their
expressions could not easily be explained by their DNA
methylation levels. For example, a dramatic increase was
obvious for the expression of D20S16 satellites at the
4-cell level (Fig. 2b), but the decrease seen at the DNA
methylation was not as robust (Additional file 1: Figure
S9). Likewise, the sharp increase in the expression of
REP522 satellites at 8-cell level (Fig. 2b) was not accom-
panied with DNA demethylation at this stage for this
particular repeat. More examples such as GSAT could be
counted among repeats whose expressions could not
simply be explained by DNA demethylation.

Discussion

Our analysis on single cell pre-implantation and embry-
onic stem cell RNA-seq data presents the information
obtained from the whole repeatome in early human de-
velopment. The PCA analysis (Fig. 1a) confirmed the
stage-specific behaviour of repeatome during this devel-
opmental frame. Moreover, the coupled increase in the
intercellular variation in the expressions of repeats as
well as genes during the 2-cell to 4-cell transition (Fig.
1c and d) was interesting to note. Lineage specification
is widely accepted to start after the 8-cell stage [13, 77]
and some evidence was reported for cell-fate allocation
for mouse pre-implantation at stages before the 8-cell
level [78]. Based on our variation analyses on repeat and
gene expressions, the contribution of repeatome to this
phenomenon would be a valuable hypothesis to be tested
with future experimental studies. Another interesting
point was the relatively high number of repeat-arisen
transcripts with respect to gene-arisen transcripts in zyg-
ote and 2-cell stages, where maternally inherited factors
are still in charge [79]. On the other hand, global levels
of repeat expressions were mildly decreased in the blas-
tula stage whereas this trend was not marked at the
genes level.

Satellites are mostly associated with heterochromatin
[80, 81] and it is known that the heterochromatic his-
tone mark H3K9 methylation gets passively diluted dur-
ing the first two cell divisions after fertilisation as
mentioned above [8, 13]. This could be one of the pos-
sible reasons behind the obvious global increase in satel-
lite expression at the 4-cell stage. A specific increase in
the expressions of major satellites was reported at the
2-cell stage in mouse [15, 19]. This was just before the
chromocentre formation took place at the 4-cell stage,
whereas our analysis with human embryos revealed that
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most of the increase in satellite expression is taking
place at the 4-cell level. This could point out a possible
timing difference between mouse and human embryos,
as reported before in other key developmental concepts
such as zygotic/embryonic genome activation [42, 45,
82]. It is not known which satellite transcripts partici-
pate to de novo heterochromatin formation mechanisms
in human embryos but those that show significant up-
regulation at 2- and 4-cell levels (e.g. ACRO1, D20S16,
GSATI, GSATII and CER) could be explored. Moreover,
it is worth mentioning that our analyses on human
pre-implantation cells did not pick up high levels of
HSATI and HSATII transcription, which was previously
linked to cancer [28, 29]. Furthermore, it would be of
preference to cross-validate our findings on repeat ex-
pressions with other datasets and upcoming studies on
the RNA-sequencing of human embryos without the
poly(A) pre-selection would help regarding this matter
as mRNA-biased protocols do not allow one to detect all
types of repeats; particularly excluding the satellites [83].

Interspersed repeats such as LINEs, SINEs, LTRs,
DNA transposons, and small RNA repeats exhibited di-
verse expression patterns among different members of
the relevant group (Fig. 3). Some members of these
groups were highly expressed in ESCs and were hardly
expressed in pre-implantation stages. Moreover, all
members of the SVA transposons were highly expressed
in 8-cell and morula stages. The high number of spatio-
temporal data points used in this study allowed us to
examine the correlations between repeat expressions
and the expression levels of nearby genes, helping us to
further refine the links between proximal repeats and
gene expression. Genes in the magenta (morula) module,
which were associated with ribonucleoprotein complex
formation, RNA processing as well as cellular metabol-
ism in the morula stage (Additional file 1: Figure S5), ap-
peared to correlate well with their promoter enriched
repeats LTR70, LTR5_Hs, SVA_D and FLAM_C (Fig.
4c). Nevertheless, LTR70 and some other repeats were
also associated with the green module in terms of ex-
pression correlations and enrichments. The potential of
these repeats on influencing the expression of genes in
the relevant modules could be tested with future experi-
mental studies.

Our DNA methylation analysis showed that repeatome
is affected by global methylation changes during
pre-implantation and our results are complementing
earlier studies [37, 76]. The increase in the average ex-
pressions of all satellites at the 4-cell level corresponds
well with the reported global dip in DNA methylation at
this stage. On the other hand, our analysis suggests that
expression is probably influenced by further factors (e.g.
histone modifications such as H3K9 methylation) for
satellites, as small changes in their DNA methylation
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statuses could not simply explain drastic changes in their
expressions. When other repeats (e.g. transposons) were
considered, methylation levels only negatively correlated
with expression in particular pre-implantation stages
and only for particular repeats; again highlighting pos-
sible involvement of further factors such as histone
modifications, which were reported to be essential for
the silencing of many repeats [80, 84]. Still, a combina-
torial code of different types of DNA methylation (i.e.
5mC:5-methylcytosine, 5hmC:5-hydroxymethylcytosine,
5fC:5-formylcytosine and 5caC:5-carboxylcytosine) on
repeats was also reported [85]. It should be noted that
our analysis utilised a dataset that did not distinguish
different types of DNA methylation. Our RNA expres-
sion and DNA methylation correlation was performed
using the mean values for each data point because the
two datasets were not paired. Future studies could make
use of newer techniques, which enable collecting both
RNA sequencing and DNA methylation data from a sin-
gle cell [86].

Conclusions

Taken together, our results show that repetitive elements
undergo coordinated developmental changes in their ex-
pression patterns. This may underlie a possible regula-
tory role for the repeatome in human pre-implantation
development. The marked increase in the expressions of
satellite repeats could be investigated with further ex-
perimental studies in order to comprehensively under-
stand the organisation of heterochromatin in the human
embryo. Additionally, the factors involved in the DNA
methylation / de-methylation of particular repeats such
as SVA repeats and small RNAs should be identified as
these elements showed highest negative correlation be-
tween expression and DNA methylation. Other key ele-
ments identified in this study could also serve as a
beneficial resource for future studies in the field of gen-
ome research, epigenetics and developmental biology.
The research pipeline followed in this study could pro-
vide an example where repetitive DNA expression and
its links to gene regulation are studied.

Methods

Data collection

A total of 124 raw single cell RNA-sequencing (RNA--
seq) data of developing human embryos presented in a
previous study [36] (GEO Accession: GSE36552) were
downloaded in FASTQ file format from Sequence Read
Archive (SRA) database [87] (SRA Accession:
SRP011546) with SRA Tool Kit v.2.9.0 using the follow-
ing command: fastq-dump --gzip --skip-technical --read-
ids --dumpbase --clip --split-3. Single cell DNA
methylome sequencing data from another published
study [76] were downloaded in BED file format from
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Gene Expression Omnibus (GEO Accession: GSE81233)
with wget command line utility of the Linux
environment.

Read mapping and expression profiling of genes and
repeats

Human reference genome hgl9 and its corresponding
gene annotation in GTF format were downloaded from
the UCSC Genome Browser (https://genome.ucsc.edu/).
The rsem-prepare-reference command of RSEM tool
v.1.3.0 [88] was used to build the Bowtie-2 [89] indices.
For the alignment of RNA-seq reads to reference tran-
scriptome and the measurement of relative abundances
at gene level, we employed the rsem-calculate-expression
script of RSEM with default parameters. We made use
of Bowtie v.2-2.3.4 in both creating the indices and
alignment step. We filtered out the genes with an ex-
pression level <1 Transcripts Per Million (TPM) in all
developmental stages and these genes were not consid-
ered for downstream analysis. For the estimation of re-
peat expressions at genome-wide level, we implemented
a previously developed analysis pipeline; RepEnrich2
(https://github.com/nerettilab/RepEnrich2). The details
of this computational approach can be found where it
was initially described [27]. Estimated count values per
repeat for each sample were normalised against the li-
brary size of a given sample and then Counts Per Million
(CPM) values were calculated across all samples. Only
the repeats having expression > 1 CPM in all single cells
of at least one particular developmental stage were in-
cluded in downstream analysis in order to reduce noise
in the expression matrix.

To determine the significance of differences in repeat
expression across the developmental stages, we used the
edgeR package v3.24.3 [90] of R statistical computation
environment v3.4.4  (http://www.R-project.org) and
compared the expression level at a given stage with the
preceding one. Trimmed Mean of M-values (TMM) -
normalisation was applied to the count values from
Repenrich2 and a generalised linear model was set up
with developmental stage as factor. Then, dispersion
estimation was done with estimateDisp function, and
appropriate contrast statistics were employed using
glmFit function of edgeR.

Weighted Gene co-expression network (WGCNA) analysis

To identify co-expressed gene modules of the developing
human embryos, we employed Weighted Gene
Co-expression Network (WGCNA) analysis [67] in R en-
vironment and TPM values of coding genes were used
as input. A signed weighted correlation network was
built by calculating correlation coefficient value between
all gene pairs across the developmental stages from 124
single cells individually. Then, the soft threshold value of
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the correlation matrix was set to 12, which is the default
value for WGCNA analysis, and the adjacency matrix
was created. In order to group together the genes show-
ing high similarity in their expression pattern over time,
we used average linkage hierarchical clustering method
and co-expression network modules were determined
with the Dynamic Tree Cut Algorithm [91]. In this step,
we set minimum module size to 30 genes. Expression
profile of each network module was summarised by cal-
culating the module eigengene individually, representing
the first principal component of the corresponding mod-
ule. In the last step of the network analysis, the modules
with highly correlated eigengenes (r > 0.7) were merged
into a single module.

Enrichment analysis of repeats

For each gene, repeat elements located within the 2 kb up-
stream region of the transcription start site (TSS) were de-
termined in order to discover the potential contribution of
repeats to nearby gene regulation. We utilised hgl9 refer-
ence genome and RepeatMasker annotation that were
downloaded from the UCSC database, and overlapping
genomic features were detected with the intersectBed
command of bedtools [92]. We calculated ES of repeat el-
ements for each network as follows:

ESx = (r/R)/(g/G)

e where R is the total number of all repeats located
within the 2 kb upstream regions of the module
genes,

e G is the total number of all repeats located within
the 2 kb upstream regions of all genes in the
genome,

e ris the total number of repeat of interest located
within the 2 kb upstream regions of the module
genes,

e g is the total number of repeat of interest located
within the 2 kb upstream regions of all genes in the
genome.

The statistical significance of each enrichment score
was calculated with the Fisher’s exact test as we previ-
ously described in one of our studies [93]. Any repeat
element was considered as significantly enriched and in-
cluded in further analysis if it was associated with at
least 5 genes within each module, with ES > 1.5 and
p-value <0.0001.

Determining the methylation levels of repeat regions
Methylation levels of repeat regions were calculated with
an in-house R script. Here, we first identified CpG sites
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falling within each repeat coordinates collected from the
UCSC database. CpG percentages were calculated by
taking the ratio of the number of reads supporting meth-
ylated to that of total reads. A similar approach was also
used by Zhu et al. in the estimation of DNA methylation
levels of repeat regions in human pre-implantation em-
bryos [76]. We utilised a stringent criterion to call DNA
methylation levels and removed CpGs with a coverage of
less than 5 reads as it was done previously by Stadler et
al. [94]. In other words, only the CpGs that were covered
at least 5x were included in the quantification of DNA
methylation levels, which were identified by taking the
ratio of the number of reads supporting methylated to
that of total reads (methylated and unmethylated) for
each repeat element. The R script for our methylation
analysis could be found in the Additional file 10.

Statistical analysis and graphical representation

All statistical analyses in this study were conducted
within the R computation environment. Pearson’s correl-
ation and enrichment score analyses were performed
with cor.test and fisher.test functions, respectively.
Heat-maps were drawn with heatmap.2 function of R
and all expression values were scaled by row.

Z-scores were calculated as the following:

z-score = (average expression of the given repeat in the specified developmental stage
—mean expression for the average expressions for the given repeat across all developmental stages)
/(standard deviati

of the average exp for the given repeat across all developmental stages)

For clustering, Euclidian method was utilised and PCA
was conducted with plotPCA function. For the visualisa-
tion of expression and methylome data, we made use of
ggplot2 package. One-way ANOVA followed by Tukey’s
multiple comparison tests was performed to compare
the differences of CVs and methylation percentages be-
tween different developmental stages. Those with p-adj
< 0.001 were considered to be statistically significant.

Additional files

Additional file 1: Figure S1. Principal component (PCA) analysis of
gene expression. Each circle represents a single cell in the corresponding
developmental stage. Figure S2. Box-plot representations of repeat and
gene expressions obtained from single cells across stages of human pre-
implantation and different passages (PO and P10) of embryonic stem cells
(ESQ). a Expression levels of 1116 repeat elements. b Expression levels of
UCSC annotated genes. Figure S3. Box-plot representations of expression
levels of all members of each major repeat class across stages of human
pre-implantation and different passages (PO and P10) of embryonic stem
cells (ESQ). Figure S4. Line plots representing the expression levels of
each member of satellite repeat family. Error bars indicate standard errors
of the mean. Repeats that are expressed below the 1-CPM threshold are
not shown. Figure S5. Heat-map representing the expression levels of
genes in stage specific modules as analysed with weighted gene co-
expression network analysis (WGCNA). Gene Ontology terms enriched in
these modules and their corresponding p-values are listed next to them.

Figure S6. Line plots representing mean expression levels of repeats that
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exhibit higher than 3.5 fold enrichment in any WGCNA module. In
addition to 11 repeats which are above the 3.5 threshold; FLAM_C,
SVA_D and SVA_F levels are also shown. Error bars indicate the standard
error of the mean. Figure S7. Scatter plots representing the correlation
between developmentally important genes and the relevant repeats. Fig-
ure S8. Additional module-repeat correlations for repeats that are below
the 3.5 enrichment threshold. Figure S9. Line plots representing mean
DNA methylation levels of different members of satellite repeat family.
Error bars indicate the standard error of the mean (PDF 18534 kb)

Additional file 2: Table S1. Number of embryos and single cells used
in the RNA-seq analysis (XLSX 39 kb)

Additional file 3: Table S2. CPM values for repeats (XLSX 1675 kb)

Additional file 4: Table S3. Fraction counts of repeats by RepEnrich2
(XLSX 782 kb)

Additional file 5: Table S4. Repeat expression fold changes and FDR
values (XLSX 266 kb)

Additional file 6: Table S5. TPM values for genes by RSEM

(XLSX 17108 kb)

Additional file 7: Table S6. Expected counts for genes (XLSX 16383 kb)
Additional file 8: Table S7. List of WGCNA module specific genes

(XLSX 272 kb)

Additional file 9: Table S8. Number of single cells used for DNA-
methylation sequencing data and their GEO accession numbers
(XLSX 34 kb)

Additional file 10: R script for methylation percentage analysis (R 4 kb)

Additional file 11: Table S9. Methylation percentages of repeats
(XLSX 2183 kb)

Additional file 12: Table S10. Statistical analysis of DNA methylation
percentages for repeats (ANOVA followed by Tukey test results)
(XLSX 66 kb)
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