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Abstract

This work investigates the role of isochores during pre-implantation process. Using RNA-seq data
from human and mouse pre-implantation stages, we created the spatio-temporal transcriptional
profiles of the isochores during pre-implantation. We found that from early to late stages, GC rich
isochores increase their expression while GC-poor ones decrease it. Network analysis revealed that
modules with few co-expressed isochores are GC-poorer than medium-large ones, characterized by
an opposite expression as pre-implantation advances, decreasing and increasing, respectively. Our
results reveal a functional contribution of the isochores, supporting the presence of structural-

functional interactions during maturation and early-embryonic development.

Keywords: Base composition; GC level; expression; pre-implantation; isochores; RNA-seq;

transcriptome
HIGHLIGHTS

e |sochores GC effects on their expression increases as pre-implantation advances.

e GCrich isochores increase their expression as pre-implantation advance.

e Modules with many co-expressed isochores (medium/large modules) are GC-richer and
have a higher expression compared to small ones.

e From early to late pre-implantation stages, GC-rich modules follow an opposite expression
pattern compared to the GC-poor ones, increasing and decreasing, respectively.
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1. Introduction

Mammalian genomes are composed by isochores, long DNA stretches with fairly homogeneous base
composition. Isochores can be further divided into a number of families characterised by different i)
average GC levels, ii) gene density, iii) chromatin structure, iv) replication timing, v) gene expression,
and other properties [reviewed in 1, 2]. The effects of the compositional properties of coding and
non-coding DNA on the expression activity and its regulatory mechanisms, is an important question

in functional and evolutionary genomics.

In the last decade, several studies using genome-wide expression data corroborated a
positive relationship between the GC levels of genes and their expression in samples from adult
human and mouse individuals [3-11]. The same correlation was absent in mouse embryonic samples
[12], supporting the idea that low GC is fundamental during embryonic development [13-17]. In
parallel, compositional analyses of sequences, report that GC patterns of coding sequences,
promoters and/or flanking regions are major players in regulating the expression of genes and/or
their functional fate in a series of pathological, e.g., cancer [18-20] or physiological processes, e.g.,
ageing [21], circadian regulation [22], development [12-17], as also cellular functions e.g., cell-to-cell
and cell-to-extracellular matrix interactions [23-26]. Distinct compositional properties were also
found between housekeeping and tissue-specific genes [3], and somatic versus germ-line related
genes [3, 27]. The existence of immune cell-specific AT-rich [28] and CG-rich cell cycle specific
promoters [29] has also been reported. This influence of the compositional features on the
regulatory mechanisms of gene expression was recently investigated, concluding that genes
embedded in distinct isochores families are subject to the control of distinct regulatory mechanisms
acting at a chromatin level and of their cis-regulatory regions [30]. The above could explain the
detected patterns between functional classes of genes and their compositional properties, i.e., GC-
rich isochores comprise more genes involved in cellular metabolism than in information storage and

processing [31].

On the other side, embryonic development represents a highly complex process that
requires the involvement of specific spatial and temporal regulations, governed by maternal
transcripts and proteins. The latter, with the advance of this process begin to degrade as embryonic
genome activation initiates (EGA) [32]. EGA reflects the period when the control of development is
transferred from maternal genes to embryonic ones and it is species specific. In mouse EGA initiates
at the 2-cell stage, in human and pig at the 4- to 8-cell stages, and in rabbit and bovine from 8 to 16-
cell stages [33, 34]. EGA is characterised by structural alterations of the nuclear architecture with

functional implications [35-40], and it is followed by the pluripotency gene activation (PGA) [41].
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Here we investigate the relationship between the compositional organisation of the
mammalian genomes in isochores and their implication during pre-implantation process. We aim to
establish the chromosomal transcriptional landscapes of human and mouse isochores, and to assess
the spatio-temporal effects of isochores’ GC level on their expression activity during pre-
implantation process. A network analysis is also applied in order to assess the modules of co-
expressed isochores in the early development, and to investigate their structural and functional
properties. Our findings promote the presence of a link between the large-scale compositional
properties of the genome, the isochores, and their transcriptional activity during pre-implantation,
determined by higher-order epigenetic mechanisms, like methylation, chromatin structure, known

to correlate with the GC level.

2. Materials and Methods
2.1. RNA-seq data and alignment

To produce the transcriptional profiles of the mouse and human isochores we used publicly available
RNA-seq data for several pre-implantation stages obtained in a recent study [42]. The data consist of
several replicates representing 7 and 6 pre-implantation stages of human and mouse,
respectively.The reads from each stage were aligned against the reference mouse (UCSC release
mm9) and human (UCSC release hgl7) genomes using REad ALigner (REAL) [43]. Details are given in
Supplementary Table 1.

Supplementary Data, Tables and Figures of the manuscript can be found in the following link:

http://www.inf.kcl.ac.uk/research/projects/2016_febs/
2.2. Expression level of isochores

To investigate the expression levels of the mouse and human isochores, the aligned reads were
assigned to the isochores containing their mapped location (Supplementary Table 2). The locations

and GC-spans of the isochores were extracted from [44, 45] for human and mouse, respectively.

To eliminate biases due to the different number of reads aligned from each sample the
aligned reads per isochore (Ri) were normalised by the total count of aligned reads for each sample
(Rt). Moreover, in order to correct to the different length of each isochore the Ri was divided by
the length of each isochore. This is represented by Equation (1), where El represents the expression
level normalised over the length L of the isochore, R; the read count of the isochore, and R; the

normalised read count of the sample.
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(1) Ri
E]iso :lO 2
i =log 2

)

Summarizing, the length normalised expression metric (Equation 1) quantifies the overall
transcriptional activity within each isochore, after normalization of the different length of the
isochores within a same pre-implantation stage. As the normalised counts are very small the

logarithm produces negative values, however, higher expression still corresponds to peaks.

In order to estimate solely the GC effects of the isochores on their expression activity, we
must account for the higher concentration of genes in GC-rich isochores [7]. Thus, reads within each
isochore were normalised by their respective gene density (number of genes within each isochore
over its length) [7]. By D we denote the gene density of the isochore and by Ed the isochores

expression normalised by the gene density, Equation (1) is modified as shown in Equation (2).

Ri
Rt*D

(2) Ed (iso) =log 2( )

The gene density normalized expression metric (Equation 2) corrects the correlations
between isochores expression and their GC by taking into account the higher amount of genes in

the GCrich isochores.

The coding sequences for the mouse and human were retrieved from the Consensus Coding
Sequence Database (CCDS http://www.ncbi.nlm.nih.gov/CCDS/CcdsBrowse.cgi) [46], and assigned to

the isochores based on the coordinates of their exons as given by the CCDS database.

Details on the expression metrics for each individual sample are given in Supplementary
Tables 3 and 4, for mouse and human respectively. Finally, in order to obtain the expression level of
the isochores for each pre-implantation stage, the expression levels of the isochores for each sample
(replicate) representing a same stage were averaged (human Supplementary Table 5, mouse,

Supplementary Table 6.

2.3. Module networks

Module networks for the human and mouse pre-implantation stages were inferred using the

LeMoNe algorithm [47, 48]. LeMoNe uses ensemble-based probabilistic optimisation techniques to
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identify clusters of co-expressed transcripts [49], in our case co-expressed isochores. The algorithm
takes as input the average of the gene density normalized expression level of each isochore for each
pre-implantation stage (Ed values from Supplementary Table 5 and 6). We identified 75 and 58
clusters of co-expressed isochores for human and mouse, respectively (Supplementary Table 7). The
network analysis aims to detected and investigate the modules of co-expressed during pre-
implantation process (time-course), thus expression level of the isochores in the paternal data of

human was not taken into account during modules detection.

3. Results
3.1. The transcriptional activity of the human and mouse isochores

For each mouse and human pre-implantation stage we constructed the transcriptional landscape of
the isochores across their chromosomes (Supplementary Figure 1 and 2). Figure 1 shows the
transcriptional landscape of the mouse and human isochores for chromosome 10 at the different
stages. Chromosome 10 was selected because it contains all isochore families and allow us to
compare and contrast against our two previous studies [7, 12]. We observe that within the
chromosomes the overall expression activity of the same isochore differs between different stages

(see Figure 1, and Supplementary Figures 1 and 2).

In this section, based on the herein available RNA-seq data from several pre-implantation
stages we have constructed a spatio-temporal chromosomal transcriptional landscape of the
mouse and human isochores during pre-implantation process (Figure 1, Supplementary Figures 1

and 2).

3.2. A time-course view of isochores’ GC effects on expression activity.

The GC effects on the expression activity have been widely investigated and established in static
systems, like that of single samples (tissues/cells) from adult individuals or in post-implantation
developmental samples (see Introduction). In this section, we investigate the effect of isochores’ GC
levels upon their expression activity during the temporal and spatial process of pre-implantation. As
reported elsewhere [7, 12], in order to estimate solely the GC effects of the isochores’ on their
expression activity, we must take into account the higher gene density of the GC-rich isochores.
Thus, in this section the gene density normalised expression metric was used (Equation 2 in Material

and Methods).
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For each stage we assessed the Spearman correlation between the GC level of the isochores
and their expression activity (density normalized). Coefficients are given like a time-course histogram
(Figure 2; in table format Supplementary Table 8). For the human data we found positive and
negative coefficients (Figure 2A), while for the mouse only positive ones (Figure 2B). In both species
the coefficients were characterised by an increasing trend from early to late pre-implantation stages
(Figure 2). Moreover, the weaker coefficients obtained for the early stages suggest a weaker activity
of the GC rich and gene-rich isochores, can be explained by the minor gene activation and silencing
of the maternal genes during early stages [32], and a subsequent increased activity at the EGA and
PGA stages [41]. Both, EGA and PGA, can explain the differences we detected in the patterns of the
compositional correlations between the two species, e.g., mouse EGA initiates at the 2-cell stage,
human 4- to 8-cell stages [33, 34]. For sake of comparison, correlations are also given using the
length normalized expression metric (Supplementary Table 8). As expected, correlations increase,

but still an increasing trend from early to late stages can be observed.

In order to assess those cases in which the increase of the coefficients between consecutive
stages was significant, we applied a Fisher r-to-z transformation (Z scores are given in
Supplementary Table 9). In human significance was found between the coefficients from: a) oocyte
to pronuclei, b) zygote to 2-cell, and c) 4-cell to 8-cell stage (Figure 2A; see also Supplementary
Table 9). In mouse significance was detected only between 2-cell and 4-cell stage (Figure 2B;
Supplementary Table 9), which corresponds with the initiation of the EGA. Similarly, the significant
increase in the coefficients between 4-cell to 8-cell stage in human coincides with the EGA (Figure

2A; see also Supplementary Table 9).

Additionally, the expression profile of each isochore family as pre-implantation advances
was created (Figure 3). In human, GC-rich (H2/H3 isochores) isochores have a similar profile, while
the GC-poor (L1, L2 and H1) ones have a similar pattern until the EGA initiation (4 cell stage). In
mouse a similar pattern is found, although differences are less evident. Interestingly, the extreme
GC rich isochore (H3) has a low expression, as that of the lowest in GC isochore family, L1. This can
be explained by the near absence of H3 isochores in mouse. To this end, Ed of the oocyte was
compared to that of all stages. In human, the GC-poor isochores (L1 and L2) present a statistically
significant lower expression in the stages of 8 cell and morula than in the oocyte, while the GC-rich
ones (H2/H3) a higher one (Supplementary Figure 3). In mouse, significance was detected only for
the L2 and H1 isochores. The expression of the L2 isochore in oocyte when compared to the early
stages shows a statistically significant higher expression, followed by a lower one when compared

to late stages (8 cell and morula). The H1 isochore presents a statistically significant increase only
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compared to the early stages, followed by an invariant expression. The above suggest that the
observed shift in the correlations (Figure 2), is due to a decrease in the expression of the low GC
isochores and an increase of that of the GC-rich ones during late stages (Figure 3, Supplementary

table 3).

The discrepancies in coefficients, and in the number of significant differences between
coefficients of adjacent stages (Figure 2, Supplementary Table 8), as also in the expression profiles
between mouse and human (Figure 3, Supplementary Figure 3), can be explained, at least in part,
by the less wide GC distribution of the mouse genome (lower and absent amount of L1 and H3

isochores, respectively).

In this section, we found that the solely effects of isochores’ GC levels upon their expression
activity is a dynamic and stage-specific phenomenon, with an increasing trend as pre-implantation
advances (Figure 2).The increasing trend of the coefficients reflects at the late stages a reduced
expression activity of the low GC isochores and an increased one of the GC —rich ones (Figure 3).
Interestingly, the significant differences between coefficients of adjacent stages were found to
agree with well-known and established pre-implantation events, e.g., EGA, PGA thus increasing

evidence of a biological significance of the herein estimated correlations.

3.3. Isochores’ co-expression network.

Genome-scale network analysis across conditions or a time course experiment is significantly
important with large scale applications to biomedical research, including gene function, metabolic
pathways, as well as cell function-related networks. Using the LeMoNe (Learning Module Networks)
algorithm, we applied and assessed clusters of co-expressed isochores (modules) through network
analysis. Very briefly, using the average density normalised expression of the human and mouse
isochores, we identified clusters of co-expressed isochores (modules) across pre-implantation. As
anticipated in the Material and Methods, for the human isochores we found 75 modules, while for

the mouse isochores we found 58 modules (Supplementary Table 7).

Once the modules were established, we estimated the correlations between the number of
isochores within each module and its average GC level. We found a positive correlation (human R=
0.59, p< 0.0001; mouse R= 0.41, p < 0.0013; Figure 4), suggesting that modules with few co-
expressed isochores are GC-. Afterwards, for each pre-implantation stage we assessed the
correlations between the average expression activity of each module and its average GC level. In

human we found negative and statistically significant correlations, with an increasing trend as pre-
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implantation advances (see Supplementary Figure 4), indicating a decrease in the expression of the
GC-poor modules. In mouse, non-significant weak positive correlations were detected (see
Supplementary Figure 4). Thus, despite the increasing trend a definite conclusion could not be
drawn; instead we could only suggest a possible increasing trend in the expression of the GC rich

modules at late stages of mouse.

The co-expression network analysis, applied here for the first time upon genomic regions,
revealed existing compositional patterns between modules size (number of co-expressed isochores)
and expression activity (functional property). Indeed, medium/large modules are enriched in GC-rich
isochores, and have a lower expression compared to the small modules (Figure 4, Supplementary
Figure 4). Moreover, we showed that from early to late pre-implantation stages, GC-poor modules
decrease their expression while GC-rich ones increase it (Supplementary Figure 4). The above
suggests an implication of distinct regulatory mechanisms, e.g., chromatin structure which correlate

with the GC level, in the GC-rich and GC—poor modules.

4. Conclusion

This work represents an innovative exploration on the role of the isochores on the transcriptional
events guiding the biological process of pre-implantation. We constructed the transcriptional
landscapes of mouse and human isochores across distinct pre-implantation stages (Figure 1,
Supplementary Figures 1 and 2), and showed that isochores’ GC level exert a dynamic and stage-
specific effect upon their transcriptional activity; favouring the expression of the GC-rich isochores in
the late stages and the low GC in the early stages (Figure 2, Figure 3, Supplementary Figure 3).
Finally, the co-expression network analysis, applied here for the first time upon the expression
activity of the isochores (genomic regions), permitted to put in evidence that: i) modules with many
co-expressed isochores have a rich representation of GC-richer isochores (Figure 4), and ii) GC-rich

modules present a higher expression in late stages (Supplementary Figure 4).

Such opposite profiles between GC-rich and GC-poor modules may reflect the implication of
distinct regulatory mechanisms, chromatin structure and/or DNA methylation events, modulated by
their different compositional properties. Indeed, during pre-implantation a modification of the
nuclear position of genes occurs, observed also in level of chromatin domains and chromosome
territories (CTs) [37-39]. Particularly at the onset of EGA, nuclear architecture is re-organized,
characterized by clustering of CTs in the nuclear periphery and the formation of a nuclear phenotype

[40]. At the nuclear periphery, typically there is a gene-poor heterochromatin which correlates with
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GC-poor isochores [53] and is enriched with transcriptionally silent genes, whereas the gene dense
chromatin (transcriptionally active genes) resides predominantly in the nuclear interior [54-57]. In
the context of epigenetic reprogramming during mammalian preimplantation embryos, another
crucial element is DNA methylation [58-60], able to reset the epigenome before pluripotency. A
recent study [61] reported that the major event of genome-wide demethylation occurs at the 1-cell
stage in mouse, and is completed at the 2-cell stage in human. In this regard, the genomic regions
undergoing hypomethylation it has been shown to have to have high CpG density, while the
hypermethylated ones have low CpG density the former corresponding to GC-rich regions and the
latter ones to GC-poor [62, 63]. Finally, despite our study did not investigated the role of the genes
expression activity and their compositional properties, it worth pointing out a possible influence
on the correlations of the compositionally distinct constitutive and the tissue-specific genes, GC-
rich and GC-poor, respectively [3, 5]. Indeed, part of the discordant correlations and patterns
between the two species may reflect the reduced GC distinction of the constitutive and
tissue-specific genes in mouse, in accordance with the less pronounced isochoric structure,

reflecting a less complex “epigenetic landscape” compared to human [3].

Summarizing, epigenetic events, as those described above, modulated by the structural
properties of the genome can explain the transcriptional differences we observed between GC-rich
and GC-poor isochores. It is worth pointing out, that similar relationships between compositional
properties of coding and non-coding DNA and the implication of distinct regulating mechanisms have
been reported in post-implantation [12-17] and during human brain ageing [21]. Our results increase
evidence that the regulatory mechanisms implicated during pre-implantation process are influenced
by the large-scale compositional properties of the genome. This work is the first where a genome-
wide compositional approach is applied to describe the transcriptional events during pre-
implantation, promoting the view of the genome as a system with continuous functional and
structural interactions. Future analysis using larger datasets and combining more resources may
shed light on the epigenetic mechanisms that act during a biological process, influenced by the

distinct compositional properties of the genome.
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Figure Legends

Figure 1: Compositional overview of the human (upper panel) and mouse (lower panel) chromosome 10
(Mb) and the corresponding expression profile of the available samples. The color code spans the spectrum
of GC levels in the isochore families, indicated from ultramarine blue (GC-poorest L1 isochore family) to
scarlet red (GC-richest H3 isochore family). Y-axis denotes the expression levels (EL - Equation (1))
transformed in positive values. High expression corresponds to peaks.

Figure 2: The profile of the spearman correlation coefficients between expression of the isochores (gene
density normalised- Equation (2)) and their GC level as pre-implantation advances for human (Panel A)
and mouse (Panel B). Arrows indicate the direction (increase or decrease) of those cases where the
difference in coefficients between adjacent stages was significant (p-values are given in Supplementary
Table 8, panel A and C). Each colour indicates a specific stage.

Figure 3: The profile of the average gene density normalized expression activity (Ed) of each
isochore family during pre-implantation process in human (Upper panel) and mouse (lower panel).

Figure 4: The correlations between the number of the isochores within each module and their
corresponding average GC level. The upper panel reports the correlations for the human modules, and the
lower panel for the mouse modules.

Supplementary Figures

Supplementary Figure 1: Compositional overview of the human chromosomes (Mb) and their
corresponding expression profiles for each available sample. The color code spans the spectrum of GC
levels in the isochore families, indicated from ultramarine blue (GC-poorest L1 isochore family) to scarlet
red (GC-richest H3 isochore family). Y-axis denotes the expression levels (EL - Equation (1)) transformed
in positive values. High expression corresponds to peaks.

Supplementary Figure 2: Compositional overview of the mouse chromosomes (Mb) and their
corresponding expression profiles for each available sample. The color code spans the spectrum of GC
levels in the isochore families, indicated from ultramarine blue (GC-poorest L1 isochore family) to scarlet
red (GC-richest H3 isochore family). Y-axis denotes the expression levels (EL - Equation (1)) transformed
in positive values. High expression corresponds to peaks.

Supplementary Figure 3: The p-values (Cochran test, non-parametric t-test) between the average
expression level of each isochore in the oocyte stage compared to that of each stage. Upper panel for
human, and lower panel for mouse. Green cells indicate a higher expression in that specific stage
compared to oocyte (increase) and the red ones a lower one (decrease).

Supplementary Figure 4: The spearman correlations between the average GC level (%) of each
module and its corresponding average expression level, for each stage. On the left in table format
and on the right in histogram. Upper panel for human and lower for mouse.
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Supplementary Tables

Supplementary Table 1: This table reports for each human and mouse sample, the GSM accession
(Sample record), the description, and the SRA (Sequence Read Archive) accession, and the number of raw
reads. Moreover, report the aligned reads per sample in number and in percentage (%).

Supplementary Table 2: This table reports for each isochore the number of aligned reads per isochores.
The worksheet “Aligned Reads Human” contains the aligned reads for the human isochores, and the
worksheet “Aligned Reads Mouse” for the mouse isochores.

Supplementary Table 3: This table reports the expression level of each human isochore for all available
samples. The worksheet (El_Hs) reports the length normalised expression (El) of the human isochores, and
the worksheet (Ed_Hs) the gene density normalised expression (Ed) of the human isochores.

Supplementary Table 4: This table reports the expression level of each mouse isochore for all available
samples. The worksheet (E1_Mm) reports the length normalised expression (El) of the mouse isochores,
and the worksheet (Ed_Mm) the gene density normalised expression (Ed) of the mouse isochores.

Supplementary Table 5: This table reports the average expression level of each human isochore for the
samples representing a same stage. The worksheet (El_Hs) reports the average of the length normalised
expression metric (El) of the human isochores, and the worksheet (Ed_Hs) the average of the gene density
normalised (Ed).

Supplementary Table 6: This table reports the average expression level of each mouse isochore for the
samples representing a same stage. The worksheet (E1_Mm) reports the average of the length normalised
expression metric (El) of the mouse isochores, and the worksheet (Ed_Mm) the average of the gene density
normalised (Ed).

Supplementary Table 7: This table reports information for the human and mouse modules. The first
column reports the isochore, the 2" the module in which the isochore belongs, the GC % level of the
isochore, and the corresponding expression in the different stages (gene density normalised
expression metric). The last columns indicate the isochore family. The worksheet ‘“Modules Human”
reports human modules, and the worksheet “Modules mouse” for mouse.

Supplementary Table 8: This table reports for each sample the coefficients and the corresponding p-
values, as estimated between isochores’ GC and their corresponding expression activity. Panels A and C,
report the spearman correlations when the gene density normalised expression metric was used (Ed), while
B and D when the length normalised (El) was used instead. Panel A and B are for human, and C and D for
mouse.

Supplementary Table 9: This table reports the Fisher r-to-z transformation results applied upon
coefficients of consecutive stages. Z scores and p-values are given. Green cells denote those significant
cases.
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