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Several studies on adult tissues agree on the presence of a positive effect of the genomic and genic base com-
position on mammalian gene expression. Recent literature supports the idea that during developmental pro-
cesses GC-poor genomic regions are preferentially implicated. We investigate the relationship between the
compositional properties of the isochores and of the genes with their respective expression activity during
developmental processes. Using RNA-seq data from two distinct developmental stages of the mouse cortex,
embryonic day 18 (E18) and postnatal day 7 (P7), we established for the first time a developmental-related
transcriptomemap of the mouse isochores. Additionally, for each stage we estimated the correlation between
isochores' GC level and their expression activity, and the genes' expression patterns for each isochore family.
Our analyses add evidence supporting the idea that during development GC-poor isochores are preferentially
implicated, and confirm the positive effect of genes' GC level on their expression activity.

© 2012 Elsevier Inc. All rights reserved.
1. Introduction

The genomes of vertebrates are mosaics of isochores, long regions
(from 0.2 Mb up to several Mb) that are fairly homogeneous in base
composition, belonging to a small group of families characterized by
different GC levels (molar ratio of guanine and cytosine over the
total number of bases of the area; [1–4]). The mouse genome, similar-
ly to the human genome, is characterized by five isochore families
(L1, L2, H1, H2 and H3; in order of increasing GC level). The difference
though is the under-representation of the L1 family, and the nearly
absence of the H3 family in the mouse genome [5]. Moreover, the
GC-richest families, representing approximately 15% of the genome,
contain approximately 50% of the protein-coding genes, and are
associated with several structural and functional properties opposite
to those reported for the GC-poorer ones [2]. One such property is
gene expression. Until now, most studies [6–13], using expression
data from sequencing-based (ESTs, SAGE, MPSS) and/or hybridization-
based techniques (microarrays, cDNA arrays), agree on a positive effect
of genes' GC3 levels onmammalian gene expression in the adult tissues.
In the same direction, although through a different approach, two
studies [14,15] suggested that, aside from the GC3 level of the coding
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sequences, the genomic compositional context in which a gene is
embedded affects its expression. Additionally, at the level of genomic
regions, clusters of highly and weakly expressed genes have been
detected [16,17]. The former were named RIDGEs (regions of increased
gene expression), and were located in the gene-dense, GC-rich regions,
while the latter ones, anti-RIDGEs, andwere identified in gene-poor and
low-GC regions. Finally, a recently published study [18], using publicly
available RNA-seq data from three different adult tissues ofmouse, con-
firmed the existence of a higher expression activity of the GC-richer
isochores and genes compared to that of the low-GC ones.

On the other side, there have been an increasing number of
studies supporting the idea that low-GC regions of the genome are
active during development, and switch off after chromatin compac-
tion at the end of it. Specifically, it has been shown that, during
mouse brain development, most expression changes occur in the
genes that are localized in GC-poor, LINE-rich, regions [19]. Similarly,
Ren et al. [20] reported that the genes expressed in early develop-
mental stages, compared to the genes expressed in later developmen-
tal stages, have a preference toward AT-ending codons (low GC). As
GC3 of genes is correlated with the GC level of the isochores [21],
those genes would be also typically embedded in low-GC isochores.
Moreover, Kikuta et al. [22] and Navratilova and Becker [23] provided
evidence of existing conserved systems across vertebrate genomes,
characterized by highly conserved non-coding regulatory elements
and their target developmental genes, shown elsewhere to be embed-
ded in gene-poor/low GC genomic regions [24].
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Motivated by the above studies, we decided to investigate how the
base composition of the isochores and of the genes is related to their
corresponding expression activity, during developmental processes.
Our strategy involved the use of publicly available RNA-seq data
from two distinct developmental stages, embryonic day 18 (E18)
and postnatal day 7 (P7; [25]), in order to establish, for each of
these developmental stages: i) the transcriptome map of the mouse
isochores, ii) the relation between isochores' compositional proper-
ties and their expression activity, and iii) the relation between the
expression activity of the protein coding genes and their location in
the isochore families.
2. Results

2.1. Transcriptome map of mouse isochores in the two developmental
stages

As in our previous study on adult tissues [18], we first established
the isochores' expression profiles (see Eq. (1) in the Material and
methods section) for the two developmental stages along the
isochores of the whole genome (see Supplementary Fig. 1). For each
of these two stages, we can observe a rough agreement of the expres-
sion activity of the isochores with their GC levels. One example can be
clearly seen on Chromosome 1 (Fig. 1). In order to quantify this
relation, we also examined the correlations between the overall
expression activity within each isochore (see Eq. (1) in the Material
and methods section) and that isochore's respective GC level, and
found it to be positive and statistically significant (correlation coeffi-
cient in embryo is 0.507 and in postnatal 0.536; see Supplementary
Fig. 2). Interestingly, these positive correlations were found to be
weaker than those reported in our previous work for adult brain
(R=0.72; [18]).
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Fig. 1. Expression profiles of the isochores on Chromosome 1 for the two developmental sta
respective expression levels (EL; Eq. (1); negative values) for the embryonic (upper panel; b
peaks in the lines.
After the overall transcriptome map was established, we decided
to focus on the correlation between isochores' GC level and their
expression activity. In order to quantify this correlation, it is neces-
sary to eliminate within each isochore the effects of the gene density,
known to be higher in the GC-richer isochores of vertebrates. To
achieve this, the normalized per developmental stage number of
aligned reads within each isochore, was divided by the respective
gene density of the isochore, and the log2 was calculated (see
Eq. (2) in the Material and methods section). This approach led to
the elimination of 335 isochores with no CDS (enriched in low-GC
isochores, L1 and L2; see Supplementary Fig. 3), reducing our initial
dataset to 1984 isochores with at least one CDS. We then measured
the correlation between the expression level of the isochores (after
gene density effects were eliminated) and their respective GC levels,
and found no correlation in either the embryonic or postnatal stage
(Fig. 2). This is in contrast to the positive correlations we reported
in our previous study for the adult brain (R=0.22; [18]).

Summarizing, in this section we report: i) the first transcriptome
map of the mouse isochores for two developmental stages (see
Fig. 1 and Supplementary Fig. 1) and ii) a lack of correlation between
the GC level of the isochores and their expression activity (see Fig. 2).
2.2. Relation between genes' expression activity and their localization in
the isochore families

In this section, we first estimated the expression level of each gene
for each developmental stage (see Eq. (3) in the Material and
methods section). Subsequently, genes were partitioned in the five
isochore families, and, for each family, the average genic expression
was calculated. For both developmental stages, we found an increase
in the average genic expression level as the GC level of the isochore
increases (Fig. 3). In order to reduce possible noise frommisalignments,
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Fig. 2. Correlation between the expression level (normalized by the gene density ED; Eq. (2)) of each isochore and the respective GC level (blue plot for embryo and red plot for
postnatal).
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we repeated the above analysis, after eliminating any coding
sequences with less than 10 aligned reads. This led to a reduction
of the expressed coding sequences to just half of their initial
numbers (P7 from 11,838 to 5358 CDSs; E18 from 11,096 to 5088
CDSs). Despite the application of this expression threshold, we
were still able to find an increase in average genic expression level
as the GC of the isochores increases (see Supplementary Fig. 4). For
each stage, we also examined the isochoric distribution of the coding
sequences with 0, b10, and ≥10 aligned reads. We found that the
coding sequences with b10 and ≥10 aligned reads did not have
any significant differences in their distributions (see Supplementary
Fig. 5), thus excluding the possibility of GC biases between the
number of aligned reads and the base composition of the coding
sequences; an effect that could otherwise be responsible for the
increased expression of the GC-rich genes. We must note, that our
initial datasets of expressed genes in E18 (11,096) and P7 (11,838)
stages are in good agreement with the number of expressed genes
reported by Han et al. ([25]; 13,463 in E18 and 14,243 in P7), and
any differences are due to the use of different databases.

Finally, for each stage, we investigated the compositional prefer-
ences (in terms of isochore families) of the expressed genes (≥10
aligned reads), after they were divided into five categories: i) genes
with higher expression in postnatal (2420 CDSs), ii) genes exclusively
expressed in postnatal stage (1041 CDSs), iii) genes with higher
expression in embryonic stage (1898 CDSs), iv) genes exclusively
expressed in embryonic stage (771 CDSs), and v) genes not detected
to be expressed in any stage (16,001 CDSs). We observed that almost
Fig. 3. Panel A: Average genic expression levels after the genes have been binned in the five i
small negative values (short colored bars) indicate high expression. Panel B: Within each dev
isochore families (Cochran test, non-parametric). The upper table is for the postnatal stage
all gene categories have similar distribution in the isochore families,
except for the genes expressed exclusively in embryonic stage and
those non-detected to be expressed at all, both enriched in genes
located in L2 and H1 isochores, instead of H2 isochores (see Supple-
mentary Fig. 6). Again, there seems to be an agreement between the
number of genes we detected as exclusively expressed in either P7
(1041 CDSs) or E18 (771) with those identified by Han et al. ([25];
1296 in P7 and 660 in E18; any differences are due to the use of
different databases).

Summarizing, in this section, we show that GC-rich genes have a
higher expression compared to the GC-poor genes (Fig. 3 and
Supplementary Fig. 4), and that the genes exclusively expressed in the
embryonic stage, compared to those expressed either in both stages
or exclusively in the postnatal stage (later stage), are preferentially
located in GC-poorer isochores (see Supplementary Fig. 6).

3. Discussion

The application of RNA-seq data provides a rapid and cost-
effective way to obtain large amounts of transcriptome data for
genome-wide investigations. Very recently, using RNA-seq data we
were able to establish the first transcriptome map of the mouse
isochores from three adult tissues, and to confirm the positive effects
of the isochores and genes compositional properties on their corre-
sponding expression activity [18], supporting the appearance of the
isochores as a result of evolutionary adaptation process [2,3]. As we
anticipated (see Introduction section) there is increasing evidence
sochore families. Larger negative values (tall colored bars) indicate low expression, and
elopmental stage the p-values of the average genic expression differences between the
(P7) and the lower table for the embryonic stage (E18).

image of Fig.�3


Table 1
For each developmental stage the number of aligned reads to the isochores and to the
coding sequences (using the two expression thresholds).

Development stages

Embryo (E18) Postnatal (P7)

Isochores 1,643,644 1,732,507
CDSs 246,122 282,628
CDSs (≥10 aligned reads) 223,398 259,234
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supporting the idea that low-GC genomic regions are involved during
developmental processes. In the current study, using publicly avail-
able RNA-seq data from two distinct developmental stages, we
reported the first development-related transcriptome map of the
mouse isochores (Fig. 1 and Supplementary Fig. 1), and we showed
an absence of correlation between the isochores' expression activity
and their GC levels (Fig. 2). This absence of a correlation, is in contrast
with what we have previously published for the adult brain in mouse
[18], and it can be interpreted as an increased expression activity of
the low-GC isochores; reflecting an implication of the low-GC
non-coding DNA for an orderly chromatin condensation and a
chromatin-mediated activation of the development-specific genes,
before its compaction at the end of this process. Finally, the findings
at the gene level (Fig. 3 and Supplementary Fig. 4) confirm that
during development, as shown for the adult brain (see [18]), the
genes located in GC richer isochores have a higher average expression
compared to the genes located in GC poorer isochores. Interestingly,
we also observed an increasing trend in the GC level of the expressed
genes as development advances. Indeed, the genes exclusively
expressed in the embryonic stage, when compared to those
expressed either in both stages or only in the postnatal stage, were
found to be GC-poorer (see Supplementary Fig. 6). This finding,
although not possible to ascertain due to the low number of develop-
mental stages, is in line with the observation of Ren et al. [20], who
reported that the genes expressed in the early developmental stages,
compared to the genes expressed in the later developmental stages,
have more AT-ending codons (lower GC).

The functional role of genes' compositional properties on gene
expression activity, in different cellular contexts (see Introduction
section) and biological processes, i.e., aging [26], and that of the
isochores' on the regulation mechanisms, represents a relevant
subject of study. Indeed, a recent work [27], reported differences in
the frequency of the short sequences (di- and tri-nucleotides)
between the isochore families, accounting for their different proper-
ties, i.e., codon frequencies, the distribution of DNA methylation,
CpG doublets, and CpG islands [28], as well as the chromatin
structure [29–31]. In a similar context, it has been suggested that
the genes located in different isochore families are subject to different
regulation mechanisms, acting at the level of chromatin structure
(nucleosome positioning) or of their regulatory regions [32]. Other
studies, promote an existing relation between the compositional
structure of promoters and genes with their biological functions.
Indeed, Carninci et al. [33], have shown that mammalian promoters
are separated into two distinct classes, the TATA-box-enriched class
and the GC-rich class, each class used differently in the different
biological contexts and/or gene families. In the same direction, another
investigation [34], reports an existing functional preference of the
GC-rich and the GC-poor promoters; the former preferentially
involved in binding and protein transport activities, and the latter
ones in environmental defense responses. Moreover, for the immune-
cell specific promoters it has been shown to be GC poor [35]. Finally, a
similar relation between base composition and biological function is
also reported at the level of genes. Sandelin et al. [24] reported that
genes located in the gene desert (low-GC regions) are enriched in
specific gene ontology terms, among them, development. Another
work [36], revealed that different functional classes include genes
characterized by different compositional properties, i.e., genes involved
in cellular metabolism have significantly higher GC3 levels to the genes
involved in information storage and processing.

Summarizing, the aforementioned studies, including the present
one, support a functional implication of the isochores and genes'
compositional properties in different biological contexts. Specifically,
our results add new insights on the role of the isochores during devel-
opmental process, although more data are necessary in order to fully
determine this existing relationship, and re-confirm a positive effect
of genes' GC level on mammalian gene expression. Concluding, we
propose that a compositional exploration of the expression patterns
during biological processes may increase our understanding on how
the compositional properties of coding and non-coding (in terms of
isochores) sequences affect expression activity.

4. Material and methods

4.1. Data and alignment

In order to conduct our analyses, we used the publicly available
RNA-seq data (Solexa/Illumina technology), produced using single-
end cDNA libraries of mouse brain at stages E18 and P7 from Han et
al. [25]. We aligned the reads against the mouse genome reference
(UCSC release mm9; http://genome.ucsc.edu/) using REad ALigner
(REAL: http://www.exelixis-lab.org/real/; [37]). REAL is based on a
new, relatively simple, algorithm for the alignment of short reads
onto a reference sequence. We used the appropriate arguments to
allow up to two errors per read with no gaps, and to report the unique
alignment (non-repeat hit) with the least number of errors. We used
only the single-end data and not the paired-end produced by Han et
al. [25], since REAL cannot handle paired-end reads. However, Han
et al. [25] found a high consistency in their results between
single-end and paired-end data (for E18 the Pearson's correlation
coefficient was 0.96, and for P7 0.95), indicating that both the
single-end and the paired-end sequencing yielded similar results.
The results of aligning reads, for each developmental stage, to the
isochores and to the coding sequences are shown in Table 1.

4.2. Expression level of isochores

To investigate the expression levels of the mouse isochores, the
aligned reads were assigned to the isochores containing their mapped
location. The locations and GC-levels of the isochores were extracted
from [5]. To eliminate the effect of the different number of reads
aligned from each developmental stage and the different length of
each isochore, the aligned reads per isochore were normalized by
the total count of aligned reads of the respective developmental
stage and the length of the respective isochore. A scaling factor was
applied at this stage, and then the log2 of each normalized read
count was calculated, reflecting the expression level of each isochore.
This is represented by Eq. (1), where EL represents the expression
level normalized over the length L of the isochore, Ri the number of
aligned reads of the isochore, Rds the total number of aligned reads
for the developmental stage, and f the scaling factor.

EL ¼ log2
Ri

Rds �L
� f

� �
ð1Þ

Because the normalized counts are very small, the logarithm
produces negative values, however, higher expression still corre-
sponds to peaks. Details on the isochores' coordinates, GC levels,
aligned reads, and expression levels, for each developmental stage,
can be found in Supplementary Table 1. As explained in the Results
section, in order to account for the higher concentration of genes in
isochores with higher GC level, the normalized by stage read counts

http://genome.ucsc.edu/
http://www.exelixis-lab.org/real/
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of each isochore were also normalized by the respective gene density,
and the log2 for each isochore was calculated. If by D we denote the
gene density of the isochore and by ED the isochoric expression
normalized over the gene density, Eq. (1) is modified as shown in
Eq. (2).

ED ¼ log2
Ri

Rds � D
�f

� �
ð2Þ

Details on the isochores' properties and their expression levels for
each developmental stage can be found in Supplementary Table 2.

4.3. Expression level of genes

To investigate the expression at the gene level, the coding
sequences for the mouse were retrieved from the Consensus Coding
Sequence Database (CCDS; ftp://ftp.ncbi.nih.gov/pub/CCDS). From
the 22,158 coding sequences (CDSs), 28 were found to lack a starting
or stop codon, and were eliminated. The remaining 22,130 CDSs were
assigned to isochores based on the coordinates of their exons, as
given in the CCDS database. Similarly to the procedure adopted for
the expression levels of the isochores, the expression level of a CDS
(ECDS) was produced with Eq. (3), where RCDS represents the count
of aligned reads in the exons of each CDS, R′ds the total number of
reads aligned to coding sequences for the developmental stage, and
“‘” the length of the CDS.

ECDS ¼ log2
RCDS

R′
ds � ‘

� f
� �

ð3Þ

Details on the expression levels of the CDSs, for each developmen-
tal stage, can be found in Supplementary Table 3.

Supplementary data to this article can be found online at http://
dx.doi.org/10.1016/j.ygeno.2012.11.006.
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