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We investigate the large-scale organization of human genes with respect to “master”
replication origins that were previously identified as bordering nucleotide compositional
skew domains. We separate genes in two categories depending on their CpG enrichment
at the promoter which can be considered as a marker of germline DNA methylation.
Using expression data in mouse, we confirm that CpG-rich genes are highly expressed in
germline whereas CpG-poor genes are in a silent state. We further show that, whether
tissue-specific or broadly expressed (housekeeping genes), the CpG-rich genes are over-
represented close to the replication skew domain borders suggesting some coordination
of replication and transcription. We also reveal that the transcription of the longest CpG-
rich genes is co-oriented with replication fork progression so that the promoter of these
transcriptionally active genes be located into the accessible open chromatin environment
surrounding the master replication origins that border the replication skew domains. The
observation of a similar gene organization in the mouse genome confirms the interplay
of replication, transcription and chromatin structure as the cornerstone of mammalian
genome architecture.

© 2012 Académie des sciences. Published by Elsevier Masson SAS. All rights reserved.

1. Introduction

The organization of genes in the genomes of a wide range of species is non-random [1]. First in bacterial genomes that
are circular and very compact, mostly composed of genes, the distribution of genes is non-random with respect to the
replication origin. Highly expressed genes tend to be close to the origin [2] and essential genes tend to be co-oriented with
the replication fork [3,4], possibly as the result of a selective pressure. In human and mouse, genes only account for ∼30–
40% of the genome content, while protein-coding DNA accounts for less than 5% [5,6]. In a sea of non-coding DNA, where are
the genes? Are they randomly distributed or do they tend to cluster together? Are genes with similar expression patterns
clustered? Are the genes still organized around replication origins? How is this gene organization related to chromatin
environment?

For many years, mammalian genome organization has been linked to the so-called isochore structure [7]. As compared
to GC-poor isochores, GC-rich isochores tend to have a high gene density, short genes and to be more transcriptionally
active [5,8–10]. The recent discovery of replication skew domains in the human and mouse genomes from the analysis of
nucleotide compositional asymmetries [11–13] has provided a new perspective in the understanding of gene organization in
mammalian genomes (Fig. 1) [14,15]. Because skew domain borders were shown to be “master” origins that are likely to play
a key role in the regulation of the replication spatio-temporal program [15–20] by the chromatin tertiary structure [14,18,
21,22], it is of fundamental interest to study the particular organization of genes around them. Indeed, these master origins
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Fig. 1. Illustration of the gene organization around 4 putative replication origins O1, O2, O3 and O4 bordering 3 adjacent skew N-domains in a fragment
of the human chromosome 9 [14]. The skew S = STA + SGC was computed on repeat-masked sequences; each point corresponds to a 1 kbp window: red,
(+) genes (coding strand identical to the Watson strand); blue, (−) genes (coding strand opposite the Watson strand); black, intergenic regions (the color
is defined by majority rule). In most cases, genes are oriented in the same direction as replication fork progressing from the putative replication origins
(vertical dashed lines).

were shown to be specified by a region of open chromatin (∼300 kbp) in an otherwise heterochromatin environment [22]
and that they tend to be replicating early in the S phase [15,16,18]. These early replication initiation zones were further
shown to be permissive to transcription. As illustrated in Fig. 1, around these master origins, genes are abundant and broadly
expressed and their transcription is predominantly co-oriented with replication fork progression [15]. At the center of the
replication skew domains, genes are rare and expressed in few tissues. In this manuscript, we will address some issues that
these preliminary observations raise. In particular we will try to bring some answer to the following questions. Do genes
close to replication skew domain borders tend to be expressed in the germline? What is behind the observed decrease
of average gene expression breadth with the distance to these domain borders in terms of the individual status of genes?
Does the presence of an accessible chromatin in these early initiation zones contribute to the positive regulation of gene
expression?

The manuscript is organized as follows. Section 2 is devoted to materials and methods. In Section 3, we show that human
and mouse genes can be separated in two categories depending on their CpG enrichment at the promoter (either CpG-rich
or CpG-poor). Using a precise germline expression dataset in mouse, we further demonstrate that CpG enrichment at the
promoter is a marker of gene expression in the germline and more precisely in spermatogonia, which is one of the stages
of spermatogenesis. In Section 4, we show that the over-representation of broadly expressed housekeeping genes close to
replication domain borders can mainly be explained by their belonging to the CpG-rich category. Indeed, it is CpG-rich genes,
whether tissue-specific or broadly expressed, that are over-represented close to the bordering master replication origins,
whereas CpG-poor genes appear to be homogeneously distributed in replication skew domains. In Section 5, we investigate
the orientation bias of genes nearby replication domain borders. We show that the preferential divergent orientation is
mostly true for the longest CpG-rich genes in relation to the local accessible open chromatin environment. We conclude
in Section 6 by discussing the robustness of the reported results in mammalian germline cells as well as their possible
generalization to other cell types.

2. Materials and methods

2.1. Sequence data

Sequence data were retrieved from the Genome Browser of the University of California Santa Cruz (UCSC) [23]. We used
human genome assembly of May 2004 (NCBI35 or hg17) and mouse assembly of February 2006 (NCBIm36 or mm8).

Compositional skew Compositional skew (or skew) was computed as

S = STA + SGC = nT − nA

nT + nA
+ nG − nC

nG + nC

where nT , nA , nG and nC are the number of T, A, G and C counted along the sequence masked for repeats, using the
RepeatMasker annotation. The STA and SGC were shown to be positively correlated [11,12,24–28], so that we considered the
sum of the two.
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GC content GC content was computed as

GC = nG + nC

nA + nT + nG + nC

where nA , nT , nG and nC are the number of A, T, G and C counted along the sequence masked for repeats, using the
RepeatMasker annotation.

CpG enrichment CpG enrichment (also called CpG observed/expected ratio) was computed as

nCpG.(nA + nT + nG + nC )

nC nG

where nA , nT , nG and nC are the number of A, T, G and C and nCpG is the number of dinucleotides CG counted along the
native sequence.

2.2. Skew domains data

In this work, we considered for our analyses the 678 N-domains detected by Huvet et al. [15] in addition to the 135 N-
domains and 113 Split-N-domains [14] that were detected in Zaghloul’s thesis [29]. This resulted in a final data set of 926
skew domains.

2.3. Genes and transcription data

CpG-rich and CpG-poor genes We defined as CpG-rich genes, genes with a CpG enrichment at the Transcription Start Site
(TSS) (calculated in a 1 kbp window centered on the TSS) > 0.48 and as CpG-poor genes with a CpG enrichment at the TSS
< 0.48.

Human genes annotation We used the RefSeq annotation table from the UCSC Genome Browser. We preferred the RefSeq
annotation over the Known Genes annotation used in the other chapters because the RefSeq annotation is more precise and
is thus more appropriate for analyses at the TSS of genes. When several genes presenting the same orientation overlapped,
they were merged into one gene whose coordinates corresponded to the union of all the overlapping gene coordinates. This
resulted in a data set of 18 351 genes.

When analyzing genes within skew domains, we only considered genes that are entirely comprised inside of a domain.
The distance of the gene to its closest border corresponds to the distance between the border and the closest end of the
gene (which corresponds to the TSS if the gene is oriented divergently from the border and to its transcription stop site if
the gene is oriented convergently towards the border). This way of measuring the distance enables to avoid possible biases
due to the variability in gene sizes. We considered 6875 genes in the 926 N- and Split-N-domains.

Human intergenes Intergenes are defined as the complementary on the genome of genes taken from the Known Genes an-
notation of the UCSC Genome Browser, and that were extended by 2 kbp on each side. We chose to take the complementary
of the Known Genes annotation, which contains more transcripts than the RefSeq annotation, and to extend genes by 2 kbp
on each side in order to define intergenes in a conservative way.

Human expression breadth Expression breadth was determined from EST data as described in [15]. EST data were obtained
from Sémon et al. [30,31]. The expression breadth of a gene corresponds to the number of tissues where it is expressed.
Each gene was associated to an expression value in a set of 50 non-cancerous tissues. When a tissue was associated to
expression data both at an adult and an early developmental stage, the expression level was averaged between the two
stages. Expression breadths vary between 0 and 46 tissues, with a median value of 11.

The gene annotation we used was different from the one in the EST expression data. We therefore associated genes to an
expression breadth value when we could find an overlapping transcript with the same orientation. Out of the 6875 genes
in N- and Split-N-domains, 5495 could be assigned an expression breadth value.

Human genes expression level Expression level of genes was determined using microarray data from the GNF Atlas of human
gene expression [32], where probes were associated to an expression value in 79 different tissues. We used in our analyses
expression data determined in testis germ cells. We associated genes to the mean expression value of the probes that were
strictly comprised in the gene and that had the same orientation. We ended up with expression level data for 4810 genes
out of the 6875 genes we considered.

Mouse genes annotation In order to determine CpG enrichment at the TSS of all mouse genes, we used the RefSeq annotation
table of the UCSC Genome Browser. When several genes presenting the same orientation overlapped, they were merged into
one gene whose coordinates corresponded to the union of all the overlapping gene coordinates. This resulted in 18 976
distinct genes over the 21 mouse chromosomes.
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Mouse genes germline expression Expression level was determined from microarray data from [33], where probes were asso-
ciated to an expression value in spermatogonia, spermatocyte, spermatid and whole testis. The original data set, available in
the GermOnline database http://www.germonline.org, comprises 6000 genes that were found to be differentially expressed
between the different stages analyzed (spermatogonia, spermatocyte, spermatid and whole testis). These genes correspond
to the Ensembl genes (ensGene) annotation table of the UCSC Genome Browser. Among these 6000 genes, 258 were present
twice or three times in the data set. We associated to these genes the average expression value of the corresponding entries,
and ended up with a data set of expression level for 5483 genes.

2.4. Statistical tests

For the analysis of correlations, we reported the Pearson product moment correlation coefficient r and the associated
P -value for no association (r = 0).

We used the Wilcoxon rank sum test to assess if two distributions are statistically different or if they cannot be differ-
entiated and correspond instead to two samples of the same distribution (Hypothesis H0). The Wilcoxon rank sum test is
a non-parametric statistical test that makes no assumptions on the form of the distributions analyzed. We also used the
Kruskal–Wallis rank sum test which is an extension of the Wilcoxon rank sum test to the comparison of more than two
distributions.

All statistical computations were performed using the R software (http://www.r-project.org/).

3. Sorting the genes according to their expression level in the germline

3.1. CpG islands and DNA methylation

The methylation of DNA consists in the addition of a methyl group on cytosine nucleotides. DNA methylation, as an
efficient pathway for gene silencing, plays a great role in the regulation of genomes. It is interesting to note that there are
great differences in the methylation landscapes of genomes across species. In contrast with invertebrates or certain plants
like Arabidopsis thaliana that exhibit a mosaic pattern of methylation, mammalian genomes tend to be globally methylated
except for small CpG-rich regions, that are called CpG islands (for review, [34]). These CpG islands (CGIs) have attracted a
considerable amount of interest since they were first described [35–37].

Methylated cytosines become hypermutable, turning into thymines, so that CpG deficiency is an indicator of the level of
germline DNA methylation. It was early proposed that CGIs escaped germline DNA methylation [37,38]. CGIs were linked to
the presence of a promoter active in the germline in a single-gene analysis in mouse [39] and genes with a CGI-promoter
were shown to be expressed in early embryo using a data set of ∼400 human genes with a mouse ortholog [40]. Indeed,
CpG islands were shown to be associated to 60% of human gene promoters [41] and also to replication origins in mammals
[42,43]. A recent study, that mapped 283 replication origins in the ENCODE regions of the human genome, showed that
indeed they were associated to CGIs but that this was only true for half of them [44]. In mouse, a study recently mapped
97 replication origins in 0.4% of the genome, among which 39 map to a CGI and showed that origins that map on a CGI
correspond to the strongest origins in ES cells [45]. It was also reported that more than 65% of skew domains borders from
[15] match a CGI [46].

3.2. Two classes of promoters: CpG-rich and CpG-poor promoters

There are several methods to detect CpG islands on the genome using DNA sequence analysis. The standard definition
of CGIs are regions of length >200 bp, with a GC content �50% and a CpG enrichment >0.6 [37]. The CpG enrichment
(see Section 2) is also sometimes called the CpG observed/expected ratio. A variant definition proposed by [47] uses a more
stringent set of parameters to define an island (length >500 bp, with a GC content �55% and a CpG enrichment >0.65).
Initially, when using the CGI annotation of the UCSC Genome Browser (based on the first definition), we found several
promoters that were not overlapping a CGI yet had an enrichment in CpG content at the promoter. This led us to adopt
a different method for assessing the CpG status of promoters. We estimated, as noted by [48], that it is clearer to simply
consider the CpG enrichment at the promoter calculated in a 1 kbp window centered on the TSS (see Section 2), rather than
its association to a CpG island, whose definition is based on ad hoc criteria.

The distribution of CpG enrichment of human genes, as noted by others [49–51], is bimodal (Fig. 2(a)), which is also
the case in other mammalian genomes, including the mouse genome (Fig. 2(b)). We could thus easily separate genes in
two categories depending on their CpG enrichment at the promoter. We used a threshold value of 0.48 so that genes with
a CpG enrichment >0.48 were considered CpG-rich and those with a CpG enrichment <0.48 CpG-poor (Fig. 2). The CpG-
poor category has a normal distribution corresponding to the average CpG enrichment of the globally methylated genome,
whereas the CpG-rich category has been less subject to DNA methylation in the germline and therefore to CpG loss [49].
We found that our criteria define 65% of the genes as being CpG-rich in good agreement with the previous estimate (60%)
of Antequera [41].

Let us point out that these two classes of promoters have different regulations and present different characteristics.
Whereas CpG-poor genes have a specific initiation site, usually a TATA-box, CpG-rich genes have a broad initiation site [52].
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Fig. 2. Histogram of the CpG enrichment calculated in a 1 kbp window centered on the TSS of all 18 351 human genes (a) and of all 18 976 mouse genes
(b) (see Section 2). A vertical bar is drawn at the threshold value (0.48) chosen to distinguish between CpG-rich genes (green, on the right of the line) and
CpG-poor genes (red, on the left of the line).

Besides, CpG-rich promoters evolve more rapidly than CpG-poor ones. A hypothesis on the origin of the two categories –
CpG-rich and CpG-poor – was proposed in [51] but not investigated further: these two categories could have a different evo-
lutionary history, with CpG-rich genes being the ‘oldest’ ones, present before the global methylation appeared in vertebrate
genomes, and CpG-poor genes being more ‘recent’.

3.3. CpG enrichment at the promoter is a marker of spermatogonia expression

The relation between CpG enrichment at the promoter and germline expression has already been shown for a small
subset of genes [40]. We wanted to confirm this result for the whole set of human genes. We used data from the GNF Atlas
of human gene expression [32], where expression levels were assessed for all human genes in 79 tissues using microarray.
Using the GNF Atlas data set, we found that CpG enrichment at the promoter did not relate well to expression in ‘testis
germ cells’ as many CpG-poor genes are expressed in these cells, and the overall correlation between CpG enrichment
and expression level only reaches 0.12. This poor correspondence could be due to an improper estimation of germline
expression. We therefore performed the same analyses this time using more precise germline expression data [33] in mouse
where each stage of spermatogenesis was distinguished. To our knowledge, there was not a similar data set in human. Note
that this data set of mouse germline expression was only available for a subset of 5483 mouse genes that were found to
be differentially expressed in between the stages analyzed (spermatogonia, spermatocyte, spermatid and whole testis). The
bimodal distribution of CpG enrichment at promoters that we observed in human can also be observed in other mammals.
In mouse, less genes are associated to CGIs than in human [38], but the distribution of CpG enrichment at promoters
remains comparable (Fig. 2(b)), so that we could use the same threshold (0.48) to distinguish between CpG-rich and CpG-
poor genes. We also verified that the histogram of CpG enrichment at the promoter was also comparable for the subset of
5483 mouse genes for which germline expression was available [29].

We were then able to compare expression in spermatogonia, spermatocyte, spermatid and whole testis and how they
each correlated to CpG enrichment. The correlations between CpG enrichment and expression level are respectively r = 0.33;
P < 2 × 10−16, r = 0; P = 0.09, r = −0.15; P < 2 × 10−16 and r = −0.08; P = 8 × 10−10 for spermatogonia, spermatocyte,
spermatid, and the whole testis. Besides, we obtained a clearly distinct distribution of the expression levels of CpG-rich and
CpG-poor genes only when considering the spermatogonia data set (Fig. 3). This shows that taking into account all stages
of spermatogenesis to measure germline expression can be misleading when trying to relate expression to CpG content.
One explanation for the difference between spermatogonia and other stages is that spermatogonia undergo several mitotic
divisions, whereas differentiation into spermatocytes and spermatids happens through meiosis, so that one can expect that
it is mainly in spermatogonia that DNA substitutions are accumulated. Using the GNF Atlas data set, it was reported that
17% of CpG-rich genes that undergo de novo methylation correspond to testis specific genes [49]. It would also be interesting
to reiterate this analysis using spermatogonia expression data and see if this proportion increases.

4. Organization of human genes in replication skew domains

4.1. CpG-rich genes are over-represented close to the skew domain borders

The distribution of promoter CpG enrichment of the 6875 genes found in the 926 replication skew domains previously
delineated in the human genome, is quite similar to the one observed genome-wide (Fig. 2(a)). Yet, when separating genes
according to their distance from their closest border, we found that mostly one population, the CpG-rich one, is present
close to borders, this tendency weakening as the distance increases (Fig. 4). The proportion of genes close to borders that
are CpG-rich reaches 80% (Fig. 5(a)). The average density in CpG-rich genes reaches ∼7 genes per Mbp close to borders and
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Fig. 3. Histogram of expression for the 5483 mouse genes for which germline expression was available (see Section 2), with CpG-rich genes shown in green
(solid bars) and CpG-poor genes in red (open bars), in (a) spermatogonia, (b) spermatocyte, (c) spermatid and (d) whole testis.

Fig. 4. Histogram of the CpG enrichment calculated in a 1 kbp window centered on the TSS of the 6875 human genes found in skew domains (see
Section 2). Genes were separated in three subsets depending on their distance d from their closest domain border: (a) d < 100 kbp, (b) 100 < d < 500 kbp,
and (c) d > 500 kbp. A vertical bar is drawn at the threshold value (0.48) chosen to distinguish between CpG-rich genes (green, on the right of the bar)
and CpG-poor genes (red, on the left of the bar).

decreases with the distance to borders while the average density in CpG-poor genes is almost constant in domains at a
value of ∼1.5 genes per Mbp (Fig. 5(b)). These observations suggest that regions around borders are transcriptionally active
in the germline. This is particularly patent in Fig. 6 where the 926 skew domains were centered and ordered vertically
from the smallest (top) to the largest (bottom) and only gene promoters were represented. By a simple visual inspection,
we recognize the edges of the skew domains from the local enrichment of GpG-rich gene promoters (Fig. 6(a)), whereas
the CpG-poor gene promoters seem to be spatially distributed without preferential positioning relative to the replication
domains (Fig. 6(b)). Similar results were obtained in the mouse genome in Figs. 6(c) and 6(d) which strongly suggest that
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Fig. 5. (a) Proportion of genes in skew domains that belong to the CpG-rich (green) and to the CpG-poor (red) category versus the distance to the closest
domain border. At each distance, the sum of the two curves is 1, so that an equiprobable repartition between the two categories gives a value of 0.5.
(b) Average gene density (nb genes per Mbp) versus the distance to the closest border for CpG-rich genes (green) and CpG-poor genes (red).

Fig. 6. Organization of CpG-rich (left panels) and CpG-poor (right panels) genes inside replication skew domains. Human genome (top panels): the 926 skew
domains were centered and ordered vertically from the smallest (top) to the longest (bottom); the position of the gene promoters in each domains are
figures as a dot along the corresponding horizontal line. Mouse genome (bottom panels): same representation of the positioning of mouse gene promoters
inside the 585 replication skew N-domains identified in the mouse genome [13].
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Table 1
Repartition of the 6875 human genes in skew domains into categories of CpG enrichment and expression breadth. Percents
in exponent correspond to vertical frequencies and percents in indices correspond to horizontal frequencies. A gene is
considered tissue-specific if it is expressed in 10 tissues or less and it is considered broadly expressed if it is expressed in
25 tissues or more (see Section 2).

All Broadly expressed Tissue-specific

CpG-rich 4481(65%)
(100%)

405(91%)
(9%)

1637(54%)
(37%)

CpG-poor 2394(35%)
(100%)

39(9%)
(2%)

1396(46%)
(58%)

All 6875(100%)
(100%)

444(100%)
(6%)

3033(100%)
(44%)

Fig. 7. Histogram of the expression breadths of (a) all human genes, (b) CpG-rich genes and (c) CpG-poor genes found in skew domains for three classes
of distance d from their closest border: in red d < 100 kbp, in green 100 < d < 500 kbp, and in blue d > 500 kbp. Each histogram has 5 bins with
approximately the same number of genes.

the enrichment of genes expressed in the germline nearby master origins that border the replication skew domains is a
general feature common to mammalian genomes.

Remarks. It was already noted that CpG-rich genes tend to be seated in high GC isochores [40,53]. Indeed, skew domains
borders do not correspond to high GC isochores, with the average GC content around borders being ∼41% which corresponds
to the genome average [22,54].

4.2. Distribution of expression breadth inside replication skew domains

As reported in [15], the average expression breadth around skew domains borders is high and decreases towards the
domain center. Indeed, the relation between a high expression breadth and the presence of a CGI-promoter is non-reciprocal.
If housekeeping genes are almost always CpG-rich, the opposite is not true as all expression breadths are represented in the
CpG-rich category (Table 1). We defined as broadly expressed genes that are expressed in 25 tissues or more (see Section 2).
We found that 90% of these broadly expressed genes are CpG-rich, which is consistent with other analyses that reported
proportions of CpG-rich housekeeping genes between 90% and 100% [38,40,55].

In the CpG-rich category itself, do broadly expressed genes and tissue-specific genes have similar CpG enrichment? In the
CpG-rich category, broadly expressed genes tend to be more CpG-rich than tissue-specific ones. The difference in CpG enrich-
ment, even though much smaller than the one between CpG-rich and CpG-poor genes, is statistically significant (Wilcoxon
rank sum test P = 2 × 10−12). Hence, we will be cautious when relating our observations to either CpG enrichment at the
promoter or expression breadth, as the two are not completely independent.

Given the link we found between CpG enrichment at the promoter and distance to the border (Figs. 5 and 6), we wished
to verify that the higher expression breadth close to the border was not in fact subsequent to the presence of more genes
of the CpG-rich type. We therefore estimated how the distribution of expression breadths varies with the distance to the
border (i) for all genes, (ii) for CpG-rich genes and (iii) for CpG-poor genes. If the over-representation of housekeeping genes
close to borders is only a consequence of the over-representation of CpG-rich genes, we expect to find the same distribution
of breadths at all distances in both the CpG-rich and the CpG-poor categories. This is close to what we found: the variation
in the distribution of breadths with the distance that is observed for all genes (Fig. 7(a)) is greatly reduced once separating
genes into a CpG-rich and a CpG-poor category (Figs. 7(b) and 7(c)).

It seems nevertheless that CpG-rich genes found at less than 100 kbp from their closest border (shown in red in Fig. 7(b))
have a higher expression breadth than other CpG-rich genes found further away. Indeed, Wilcoxon rank sum tests of the
distributions of expression breadths of CpG-rich genes comparing the three classes of distances from the border (Fig. 7(b))
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Table 2
For the 4355 human genes in skew domains found at a distance d � 500 kbp from their closest border: repartition into 12 categories according to their
orientation with respect to their closest border, their CpG enrichment at the promoter and their expression breadth. Percents in exponent correspond to
vertical frequencies and percents in indices correspond to horizontal frequencies. A gene is considered tissue-specific if it is expressed in 10 tissues or less
and it is considered broadly expressed if it is expressed in 25 tissues or more (see Section 2). B-div. stands for border-divergent and B-conv. stands for
border-convergent. BE stands for broadly expressed and TS stands for tissue-specific.

All CpG-rich CpG-poor

All BE TS All BE TS

B-div. 2866(66%)
(100%)

2162(70%)
(75%)

208(72%)
(7%)

727(66%)
(25%)

704(56%)
(25%)

13(59%)
(0%)

422(57%)
(15%)

B-conv. 1489(34%)
(100%)

927(30%)
(62%)

82(28%)
(6%)

380(34%)
(26%)

562(44%)
(38%)

9(41%)
(0%)

324(43%)
(22%)

All 4355(100%)
(100%)

3089(100%)
(71%)

290(100%)
(7%)

1107(100%)
(25%)

1266(100%)
(29%)

22(100%)
(0%)

746(100%)
(17%)

show that the three classes distributions are significantly different. CpG-rich genes at a distance d < 100 kbp have a dif-
ferent distribution of expression breadths than CpG-rich genes at a distance 100 < d < 500 kbp (P = 6.9 × 10−4) and than
CpG-rich genes at a distance d > 500 kbp (P = 4.7 × 10−8). Even though a residual effect of the distance from the bor-
der can be observed, our analysis nevertheless shows that the average decrease in the expression breadth from borders
is in a great part explained by the differential distribution of CpG-rich and CpG-poor genes around skew domains bor-
ders.

Whereas broadly expressed genes are almost exclusively CpG-rich, tissue-specific genes can be either CpG-rich or CpG-
poor (Table 1). It appears that all CpG-rich genes, regardless of their expression breadth, are over-represented close to
borders. This result can be linked to the observation that the frequency of tissue-specific genes that are associated to a CGI
is higher in regions of high GC content, whereas the frequency of housekeeping genes that are associated to a CGI presents
no link with isochores [40]. As previously noted, skew domains borders do not correspond to GC-rich isochores, yet they
share some characteristics with these regions in terms of open chromatin, early replication timing, high gene density and
over-representation of CpG-rich genes [16,22,54].

The separation of genes in these two CpG-rich and CpG-poor categories helped us making better sense of the previous
results and our observations put forward the CpG enrichment at the promoter as a key parameter to understand the dis-
tribution of genes around skew domains borders. We will see in the following analyses that it is also a key parameter to
explain other aspects of gene organization around skew domains borders such as orientation bias and gene length.

5. Gene orientation and length inside replication skew domains

5.1. CpG-rich genes have the strongest orientation bias

It was reported that close to borders genes are majoritarily oriented divergently from the border [15]. Given the impor-
tance of separating between CpG-rich genes and CpG-poor genes, we asked if the orientation bias of genes was true for
both categories or not.

It appears again that it is mainly CpG-rich genes that have an orientation bias, with the proportion of border-divergent
genes reaching 80% close to the border, whereas in CpG-poor genes this proportion reaches only 60%. A summary table
(Table 2) with the number of border-divergent and border-convergent genes clearly shows that the orientation bias is mainly
found in the CpG-rich category with an average ratio of 70% for CpG-rich genes and 56% for CpG-poor genes. Inversely, when
looking at how border-divergent genes are distributed among the two categories of genes, it appears that 75% belong to the
CpG-rich category, whereas the bias is less pronounced for border-convergent genes (62% vs 38%). We also observed that the
proportion of broadly expressed or tissue-specific genes is similar for border-divergent genes and border-convergent genes
when considering either CpG-rich or CpG-poor genes.

In contrast, we found that the expression breadth parameter is not related to the orientation bias. Indeed, when sep-
arating the CpG-rich category between broadly expressed genes and tissue-specific genes, both subsets have comparable
orientation bias (data not shown).

In summary, our analyses show that (i) genes close to skew domain borders are mainly CpG-rich and border-divergent,
and that (ii) these two properties are not independent as, close to borders, CpG-rich genes have a high probability to be
border-divergent which is not the case for CpG-poor genes.

5.2. Border-divergent CpG-rich genes are longer than expected

CpG enrichment at the promoter is a key parameter to describe the distribution, activity and regulation of human genes.
We have found that it is also the case when describing gene organization around skew domains borders in terms of gene
density and orientation. Is it also true in terms of gene length? It was reported that, close to skew domains borders, border-
divergent genes are on average three times longer that border-convergent genes, and that the average gene length decreases
with the distance to the border [15].
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Fig. 8. For human genes in skew domains at less than 500 kbp from their closest border, median gene length in kbp vs (a) expression breadth and (b) CpG
enrichment at the promoter for border-divergent genes (red dot) and border-convergent ones (blue triangle). Genes were ordered according to increasing
values of expression breadth in (a) and CpG enrichment at the promoter in (b) and separated in 7 even groups for which median values of gene length and
of expression breadth in (a) and CpG enrichment at the promoter in (b) were calculated. Vertical bars extend from the first quartile (25% of the distribution)
to the third quartile (75% of the distribution). B-div. stands for border-divergent and B-conv. stands for border-convergent.

5.2.1. Genome-wide analysis
Genome-wide studies have related the length of human genes to expression breadth and expression level. It was shown

that highly expressed genes and housekeeping genes are shorter than average [56–58]. It was proposed that their shorter
length results from a selective pressure to save time and energy during transcription [56]. Actually, genes tend to be shorter
in GC-rich regions than in GC-poor regions [5,59], and the probability for genes to be CpG-rich is higher in GC-rich re-
gions [53]. As previously mentioned, housekeeping genes, which are almost always CpG-rich, are also known to be short.
One could therefore think that CpG-rich genes are shorter than CpG-poor genes. It is the contrary however that is observed.
It was reported in [50] that intron length was higher for CpG-rich genes. We similarly found that gene length increases with
CpG enrichment at the promoter. The median gene length reaches ∼15 kbp for CpG-poor genes, whereas in the CpG-rich
category, it increases from ∼20 kbp for genes with a CpG enrichment at the promoter of ∼0.6 to ∼35 kbp for genes with
a CpG enrichment at the promoter of ∼0.9. The main difference in gene length is found when comparing the CpG-rich and
the CpG-poor categories, but there is also, inside the CpG-rich category, some increase in gene length with CpG enrichment.

Indeed, when considering expression breadth, it turns out that CpG enrichment at the promoter is a key parameter to
describe the length of genes belonging to the “tissue-specific” category and that are not broadly expressed. Importantly, the
length of broadly expressed genes is definitely smaller than what is expected given their belonging to the CpG-rich category,
which is compatible with an effect of selection for economy in transcriptional cost [56] that would be more pronounced in
this subset of genes.

5.2.2. Analysis inside skew domains
When concentrating our analysis of gene length inside replication skew domains only, we could take into account the

orientation and the distance of genes with respect to their closest domain border. Indeed, it was reported that close to
borders, border-divergent genes are longer that border-convergent ones [15]. Can the greater length of border-divergent
genes be accounted for by the over-representation of CpG-rich genes?

As shown in Fig. 8(a), we actually recovered the relation between gene length and expression breadth observed genome-
wide, both for border-divergent and border-convergent genes. For a given expression breadth, border-convergent genes tend
to be smaller than border-divergent ones (Fig. 8(a)). However, we recovered the positive relation between CpG enrichment
at the promoter and gene length only for border-divergent genes (Fig. 8(b)). The difference in length between border-
divergent and border-convergent genes does not thus simply reflect a difference in their CpG enrichment at the promoter.
Border-divergent genes are not only longer than border-convergent ones, but when comparing them to the genome average
they also appear longer than what is expected given their CpG enrichment at the promoter. For a CpG enrichment of
0.85–0.95, the median gene length in the genome is ∼30–35 kbp whereas for border-divergent genes, it reaches ∼45–
50 kbp, suggesting that they constitute a particular subset of long human genes. We performed a Wilcoxon rank sum test to
compare the distribution of gene lengths between all human CpG-rich genes, and CpG-rich border-divergent genes and CpG-
rich border-convergent genes found in skew domains at less than 500 kbp from their closest border. We found in all two
by two comparisons that the length distributions presented statistically significant differences. CpG-rich border-divergent
genes have a different length distribution than all CpG-rich genes (P < 2 × 10−16), CpG-rich border-convergent genes have a
different length distribution than all CpG-rich genes (P = 1.7 × 10−9), and CpG-rich border-divergent genes have a different
length distribution than CpG-rich border-convergent genes (P < 2 × 10−16). The median gene length of CpG-rich genes
decreases from ∼60 kbp at the border to ∼20 kbp at a distance of 1 Mbp from the border, while CpG-poor genes have
a median length of ∼25 kbp close to the border and ∼10 kbp at a distance of 1 Mbp. CpG-rich genes close to borders
are longer than what is expected given their CpG enrichment and are also majoritarily border-divergent. When further
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separating genes into four categories depending both on their CpG enrichment at the promoter and on their orientation
with respect to their closest border, we found that close to skew domains borders, the orientation factor is determinant,
as border-convergent genes are short, whether CpG-rich or CpG-poor, whereas border-divergent genes are long. The CpG
enrichment also matters for border-divergent genes as CpG-rich border-divergent genes are significantly longer than CpG-
poor border-divergent genes close to borders (Fig. 8(b)). If the CpG enrichment at the promoter appears as a key factor, our
observations show that it does not explain the difference in gene length between border-divergent and border-convergent
genes (Fig. 8(a)) and put forward the orientation of the gene with respect to its closest border as an additional factor to
describe variations in gene length.

It was proposed that the predominant orientation of genes divergently from skew domains borders and the smaller gene
length observed in border-convergent genes could result from a selection to minimize collisions between the replication fork
emanating from the border and the RNA polymerases transcribing genes [15]. This hypothesis was however challenged by
the observation that genes that are transcriptionally active during the S phase, which is when the collisions can occur, and
genes that are inactive during the S phase present comparable orientation biases with respect to their closest border [46].
An analogous explanation involving transcription could also be considered [60]. If initiating transcription can transcribe
neighboring genes, it is an advantage for genes (i) to be clustered according to their expression pattern, (ii) to be arranged
with a coordinated orientation on the neighborhood of highly used transcription initiation sites. The presence of a long CpG-
rich border-divergent gene close to skew domains borders could result from a selection to favor the complete transcription
of this gene (i) by placing its promoter in the burst of open and accessible chromatin structure surrounding the master
replication origins at skew domain borders [14,22] and (ii) by not placing other long genes next to it particularly oriented
convergently. The absence of long border-convergent genes could minimize the pervasive antisense transcription of border-
divergent genes [29].

6. Conclusion and perspectives

Quite often, large expression breadth is taken as proxy to define essentiality and broadly expressed genes are named
“housekeeping”. Housekeeping genes are expected to be under selective pressure to be expressed the right way. It was
for example proposed that the clustering of housekeeping genes in regions of open chromatin could be due to selection
to reduce transcriptional noise [61]. The fact that we find that all CpG-rich genes, whether tissue-specific or broadly ex-
pressed, are over-represented close to domains borders (Figs. 5 and 6) raises the question of whether (i) there was selection
involved to have an over-representation of housekeeping genes close to skew domains borders, (ii) selection favored the
over-representation of CpG-rich genes expressed in the germline, or (iii) there was no selection involved and for instance,
what played a role in defining skew domains borders is the presence of CpG-rich genes. Genes expressed in the germline,
some of which become repressed in somatic cells with de novo methylation [49,62,63], are not expected to be under the
same kind of selective pressure as housekeeping genes. Yet, this is difficult to assert as (i) what happens in the germline
is determinant for what will happen next in the life of the organism and (ii) germ cells undergo many cell divisions thus
enabling some cell selection. Therefore germline expression could be under a stronger selective constraint than expression
in the liver or in the brain for example. For a discussion on the patterns of germline mutations, see [64]. It would be thus
interesting to distinguish between skew domain borders that are surrounded by housekeeping genes and those that are
surrounded by tissue-specific CpG-rich genes and compare how they differ in terms of markers of open chromatin and in
terms of replication timing. An additional difference between CpG-rich tissue-specific genes and housekeeping genes is that
the promoters of CpG-rich tissue-specific genes are likely to be methylated in many tissues, where they are not expressed.
Could this have an effect on skew domains borders around which CpG-rich genes are tissue-specific rather than broadly
expressed? It seems unlikely that the methylation of CpG-rich tissue-specific promoters could have an effect on the overall
chromatin opening of the region. Indeed, the proportion of CGIs that undergo de novo methylation is small, with only 6–8%
of human CGIs becoming methylated in somatic tissues, and preferably those that are intergenic or intragenic [65].

The recent availability of replication timing data in different cell types in human [66–69] and mouse [70–73] genomes
has provided the opportunity to study the possibility of coordinated changes in replication timing and gene expression
during differentiation. In a previous work [18], we have shown that for seven different human cell types including ES cells,
somatic and HeLa cells, about half of the human genome can be divided in replication domains where the mean replication
timing has a characteristic U-shape with early initiation zones at the borders and late replication at centers. Remarkably,
a significant overlap is observed between these replication U-domains in different cell lines and also with germline skew N-
domains. By further demonstrating that the average replication fork polarity is directly reflected by both the compositional
skew and the derivative of the replication timing profile [18–20,74,75], we have argued that the experimental observation
that this derivative displays an N-shape in replication U-domains sustains the existence of large-scale gradients of replication
fork polarity in somatic and germline cells. The analysis of chromatin interaction (4C, Hi-C) and chromatin marker data has
further revealed that these replication U-domains indeed correspond to high-order self-interacting chromatin units [18,76].
The compartmentalization of the human genome into these structural and functional domains provides new perspectives in
the modeling of the spatio-temporal replication timing program in relation with transcription and chromatin environment
[18,77,78]. Further analyses of gene expression data inside replication U-domains in different cell types are on the way
with the specific goal to confirm that the enrichment of expressed genes nearby the early initiation zones bordering these
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domains is a general signature of the coordinated regulation of transcription and replication by the chromatin tertiary
structure.
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