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Abstract

The mechanisms of formation of LADs, the lamina associated domains, and TADs, the
topologically associating domains of mammalian chromatin, were investigated here by using as
a starting point the observation that chromatin architecture relies on an isochore framework and
by doing a new analysis of both isochore structure and the isochore/chromatin domain

connection. This approach showed that LADs correspond to isochores from the very GC-poor,
compositionally homogeneous L1 family and from the “low-heterogeneity” L2 (QrsiL-

family; in fact, LADs are compositionally flat, flexible chromatin structures (because of the local
wider nucleosome spacing associated with the high frequency of oligo-A’s) that attach
themselves to the nuclear lamina in self-interacting clusters. In contrast, TADs correspond to the
increasingly GC-richer isochores from the “high-heterogeneity” L2 (& $2b-family and from

the H1, H2 and H3 families. These isochores, making the framework of the individual chromatin
loops or of the chromatin loop ensembles of TADs, were found to consist of single or multiple

GC peaks. The self-interacting single or multiple loops of TADs appear to be shaped by the
property that accompany the increasing levels of GC and CpG islands in their isochore peak
backbones, namely by an increasing bendability (and increasing nuclease accessibility) due to
decreasing nucleosome density and decreasing supercoiling. In conclusion, chromatin
architecture appears not only to be encoded but also to be molded by isochores, the DNA units of
genome organization. This “isochore molding” model of chromatin domains (both LADs and
TADSs) is essentially based on the differential binding of nucleosomes by isochore sequences and

on the role of architectural proteins in closing TAD loops and ensuring TAD insulation.
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Introduction
Isochores, the long (>200 Kb), compositionally “fairly homogeneous” DNA sequences,

were discovered (1) during an effort to better understand the large-scale organization of the
mammalian genome (2). This organization had been revealed by compositional genomics, a
strategy based on the frequencies of short sequences (3; or GC levels as a proxy) which led to a
number of biologically important insights (4-6).

As far as the correlation of isochore composition with chromatin structure is concerned, it
was proposed, more than thirty years ago, that "the different GC levels of isochores, their different
ratios of CpG to GpC, and the accompanying differences in potential methylation sites are bound to
be associated with differences in DNA and chromatin structure and, possibly, with differences in
the regulation of gene expression” (4). Many significant advances along this line were made since,
for instance by finding correlations between isochore composition and the structural/functional
properties of DNA and chromatin (6,7).

In interphase nuclei, chromatin comprises two sets of domains that are largely conserved
in mammals: LADs, the lamina associated domains (~0.5Mb median size), that are scattered over
all chromosomes and correspond to GC-poor sequences (8-10), and TADs, the topologically
associating domains (0.2-2 Mb in size), a system of GC-rich loops (11-14); many TADs can be
resolved into contact domains (0.185 Mb median size; 13). Very recently, a comparison of maps of
chromatin domains with maps of isochores from mouse and human chromosomes showed that
isochores are the genomic units that underlie chromatin domains (15).

In spite of the recent, impressive advances in our understanding of chromatin structure (see
refs. 16-22, for reviews), the problem of the formation mechanism(s) of LADs and TADs is still
unsolved. Interesting models have been proposed for TADs (23-32), but no satisfactory solution

has been reached so far. Three models will be considered here: 1) in the “handcuff model” (32), the
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two ends of a loop are brought together by architectural proteins such as the sequence-specific,
zinc-finger insulation protein CTCF (the CCCTC-binding factor) that bind to each loop boundary
and recruit the cohesin complex; 2) in the “extrusion model” (24, 26-28), a loop is generated
dynamically by a pair of tethered CTCF units that attach to the chromatin fiber and travel along in
opposite directions until they reach converging CTCF-binding sites; 3) in the “insulation-attraction
model” (17) the insulation observed at TAD boundaries is visualized as resulting from stiffness of
the chromatin fiber caused by functional elements (CTCF binding sites, highly active transcription
starting sites etc) associated with increased nucleosome density, while specific local chromatin
interactions are due to “attractive forces” within the domain. The problems of each one of these
models will be discussed in the final section of this article.

Here, the issue of chromatin domain formation was approached by taking into account
the observation that isochores make up the framework of chromatin domains (15) and by having a
new look at isochore structure and at the isochore/chromatin domain connection. This approach
was applied to human chromosome 21 which was chosen because this chromosome 1) is a good
representative of human chromosomes, allowing an extension of the results to all other
chromosomes (as investigated in ref. 15); and 2) is the smallest human chromosome, allowing a
more expanded graphical presentation of data.

As far as nomenclature is concerned, although TADs comprise, by definition, all the
topologically associating domains, in the context of this article TADs will indicate the chromatin
domains other than LADs. The main reason for this choice is that the mechanisms of formation of
the two sets of domains are different, even if based on the same fundamental DNA property,

differential nucleosome binding.
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Materials and methods

The sources of the data presented in the panels of Fig. 1 A, B, C, E, are given in the Figure legend.
Fig. 1D and 1F are point-by-point plots of the 100Kb sliding window profiles of Fig. 1B and Fig.

1E, respectively. Fig. 2 is just an enlarged view of Fig. 1D. The panels of Fig. 3 and 4 (except for
Fig. 4D) are from ref. 15, the vertical lines showing, however, new correlations (see ref. 15 for

additional information).

Results
Isochore structure: a new analysis

Figure 1A shows the compositional profile of the DNA sequence from human
chromosome 21 as seen through non-overlapping 100Kb windows. This window size was used
because 100Kb is a plateau value under which the composition of DNA segments shows an
increasing variance with decreasing size (33) due to several factors (for instance, the distribution
of interspersed repeated sequences).

Figures 1B and 1C display the isochore profile as obtained from the chromosome 21
sequence using either a sliding window approach (34,35; Fig. 1B) or a fixed window approach
(33,36; Fig. 1C). Both approaches flatten the compositional profiles by averaging, in two
different ways, the fluctuating values of the large regions characterized by “fairly homogeneous”
composition, the isochores. In the case of the sliding window approach, remnants of the
fluctuations can still be seen as spikes in GC-rich regions, whereas in the case of the fixed
window approach the fluctuations disappear because of the strict averaging procedure applied.

A new, simpler, in fact elementary, approach was used here, namely plotting (see Fig.
1D) the GC values of 100Kb DNA blocks of Fig. 1B as individual points. This approach was

suggested by two recent results: 1) correlations hold between isochore properties and the
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properties of chromatin domains (7); and, more precisely, 2) the framework of TADs and LADs
is made up by GC-rich and GC-poor isochores, respectively (15). One may therefore imagine a
possible topological similarity between the flat structure of LADs and the loops of TADs on the
one hand, and the compositionally flat GC-poor and the compositionally heterogeneous GC-rich
isochores, respectively, on the other. If such is the case, a simple 100Kb point-by-point profile of
GC levels is clearly preferable not only to both sliding and fixed window approaches, that flatten
the compositional profile, but also to the color bar plot of 100Kb DNA segments (Fig. 1A) for
reasons of graphical clarity.

The point-by-point profile (see Fig. 1D) expectedly showed the compositionally flat
region 2 and the H1 and L2 peakdd f) of regions 1 and 3, that were already evident in Figs.
1A, 1B and 1C. It also led, however, to the discovery that the sequences of isochores from H1
(region 4), H2 (region 5) and H3 (region 6) isochores were not simply fluctuating within the
compositional borders of the corresponding families (see Supplementary Table S1), but
consisted, in fact, of sets of GC peaks. Upon close inspection, these very evident peaks can be
seen to correspond to the minute peaks of Fig. 1B, that were flattened by the sliding window
approach. Expectedly, the peaks of the point-by-point plots covered a broader GC range
compared with the flattened peaks of the sliding window approach, as shown by comparing Fig.
1D with Fig. 1B, and Fig. 1F with Fig. 1E, which displays the high resolution compositional
profiles of a multi-peak H2 isochore from chromosome 20.

In purely compositional terms (see Fig. 2 for a larger-scale presentation of the data of Fig.
1D), three different situations were found: 1a) a series of single peaks (regions 1 and 3)
corresponding to an H1 isochosg,(and to several L2 isochordstf f), in which latter case
very few points were slightly beyond the “fixed” isochore family borders, but still within the

“extended” borders of Supplementary Table S1; 1b) several very sharp H3 single peaks (region
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6), in which case an overall GC range of 18% was reached; 2) a homogeneous L1 isochore
(region 2), in which the overall GC range barely reached 4% and all points were within the
“fixed” GC borders of isochore family L1; and 3) two series of GC-rich multi-peak isochores that
belonged to H1 (region 4) and H2 (region 5) families in which, again, very few points were
slightly beyond the “fixed” isochore family borders. The striking difference between the
compositional profile of L1 and H3 isochores is shown in Fig. 2A. Expectedly, when using a
higher resolution windows (50Kb; see Supplementary Figure S1), the compositional profiles of
isochore peaks became broader in the GC level gradients and more complex, because of the

presence of interspersed repeated sequences and CpG islands (see ref. 33).

Isochores and LADs

It is well established (see refs. 8-10) that LADs 1) may cover ~35% of the human
genome; 2) comprise 1,100-1,400 discrete domains demarcated by CTCF sites and CpG islands;
3) have a median size of ~0.5Mb; 4) are scattered over all chromosomes; 5) can be subdivided
into cLADs, i.e., “constitutive” LADs present in the four cell types originally tested and fLADs
“facultative” LADs, only present in some cell types (in fact, only ~15% of the genome is
involved in “stable contacts” present in most cells); 6) are characterized, in the case of cLADs,
by conserved positions in syntenic regions of human and mouse chromosomes; 7) show a
correspondence of cLADs and ciLADs (the “constitutive inter-LADs”) with GC-poor and GC-
rich isochores, respectively.

As shown in Figs. 3A (and 4A,4B), the major LAD of chromosome 21 corresponds to a
large L1 isochore (which, incidentally, includes an exceptional GC-poor interLAD; see also the
interval in the self-interacting domains corresponding to the L1 isochore of Fig. 4C). The other

LADs correspond to the L1 isochores that separate the L2 peaks (to be described below and in
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the following section), and to a “valley” L2 isochore comprised between two H1 isochores (on
the right side of Fig. 3A). Moreover, two LADs flank the centromere; in fact, this appears to be
the rule for all human chromosomes, as judged by looking at the results of ref. 15.

In chromosome 20 (Fig. 3B), the largest LAD corresponds to an L2 isochore (interrupted
by an interLAD) while several other LADs correspond to L2 valley isochores flanked by H1
isochores; among faint LADs, one (extreme right) corresponds to an H1 isochore comprised
between two H2 isochores and two other ones flank the centromere. In the very GC-rich
chromosome 19 (Fig. 3C), two LADs correspond to two H1 isochores flanking an H2 isochore
and two other LADs correspond to L2 isochores flanking an H1 isochore; finally, two faint LADs
flank the centromere.

These results show that LADs correspond not only to L1 isochores that represent ~19% of
the genome (incidentally, not too far from the ~15% involved in “stable contacts” that are
extremely gene-poor; see ref. 10), but also to L2 isochores and even to H1 isochores in the rare
case of very GC-rich chromosomesg.,chromosome 19) and chromosomal regieng.( the
telomeric end of the short arm of chromosome 1).

As far as L2 isochores are concerned, it appears (see Supplementary Table 1 and Fig. 1)

that 1) some isochores belong to a “low-heterogeneity” L2 sub-family that may be called L2

show a flat profile (see, for example, the largest LAD of chromosome 20); and 2) some other

isochores belong to a “high-heterogeneity” L2, of | 8ub-family that are higher in average GC

and are in the shape of single peaks (see Figs. 1 A-D and 3A). Now, as shown in Fig. 3, L2

isochores correspond to LADs, whereadis@chores correspond to interLADs and TADs (see

the following section). The remaining L2 isochores are generally present as valleys flanked by
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GC-richer isochores (see Fig. 3A,3B,3C; the relative amounts of L2 sub-families are presented in

Supplementary Table S1).

Isochores and TADs

It should be recalled, as a preliminary remark, that the isochores from the five families
(L1, L2, H1, H2 and H3) of the human genome (and other mammalian genomes; 38) are
characterized not only by increasing GC levels and different short-sequence frequencies, but also
by increasing compositional heterogeneities, increasing levels of CpG, CpG islands and Alu
sequences and by decreasing levels of LINE sequences and of 5mC/CpG ratios (33,39-43; G.
Lamolle, H. Musto and G. Bernardi, paper in preparation). Moreover, at the chromatin level, GC
increases are correlated with higher bendability (44), higher nuclease accessibility (45,46), lower
nucleosome density (47) and lower supercoiling (48), all properties linked to DNA sequences.

The connection of the isochores of chromosome 21, as seen in Figs. 1D and 2, with
chromatin loops can be described as follows (see Fig. 4A,4B,4C): 1) regions 1 and 3 show a
series of H14) and L2 b tof) isochores in which latter case at least some of their single peaks
appear to correspond to individual self-interactions; 2) region 2 is the GC-poorest L1 isochore
which corresponds to two self-interactions separated by an exceptional interLAD; 3) the multi-
peak H1 isochores of region 4 correspond to a large interLAD region and to several self-
interactions; the two short X and Y sequences, corresponding to LADs, separate region 4 from
regions 3 and 5; 4) the small multi-peak H2 isochore (region 5) seems to correspond to a single
self-interaction; this may be due to a lack of resolution (see below); 5) a series of H3 isochores
(red points comprised between two red arrows) correspond to a series of self-interactions
comprised between the two red lines on the heat map; in this case, the six H3 isochore peaks

correspond to at least three chromatin loops (see below). In conclusion, the two classes of
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isochores, single-peak and multi-peak, essentially correspond to two classes, single-loop and
multi-loop, respectively, of TADs, both of which also show inter-chromosomal interactions (15).

The correspondence between isochore peaks and self-interactions is improved at a higher
resolution of the heat map (compare the high-resolution Fig. S2A with the low resolution Fig.
S2B). Likewise, a very good match of isochore peaks with chromatin loops can be seen in the
high resolution heatmap of the multipeak H2 isochore of chromosome 20 (see Supplementary
Fig. S3). Finally, 34 TADs/LADs were identified by molecular imaging on chromosome 21 (49).

A very interesting correlation is shown in Fig. 4D, in that GC-rich regions 1 and 3-6
correspond to A compartments (open chromatin; see ref. 23) whereas GC-poor region 2 and X
and Y sequences correspond to B compartments (closed chromatin). More precisely, the A
compartment corresponds to multi-peak isochore TADs (regions 1,3,4,5,6), the B compartment to

individual LADs (region 2,X,Y), the former being predominant in the telomeric region.

Discussion and Conclusions

Encoding of chromatin domains by isochores

Very recent investigations showed that GC-poor and GC-rich isochores should be
visualized as the framework of chromatin architecture or, in other words, as the DNA units that
underlie LADs and TADs, respectively (15). This was a crucial step towards the idea that
isochores encode chromatin domains. The present results provide a conclusive evidence for this
idea 1) by showing in more detail a match between the chromatin domains and the isochores of
chromosome 21, including the isochores from the newly discovereahid2 2 sub-families; 2)
by finding that isochores mold chromatin domains (see the following subsection); and 3) by

generalizing these results to all human chromosomes.
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Indeed, the compositional profiles, the TAD heatmaps and the LAD maps (15) show that:

1) the isochores from the L1 family and the kBb-family correspond to LADs in all human

chromosomes; 2) 'eaks emerging from an L1 background and corresponding to interLADs
and TADs are also found in other human chromosomes, although less frequently than in
chromosome 21, likewise, H3 isochores, encompassing a broad GC range and corresponding to
interLADs and TADs are present in most human chromosomes; 3) the spikes of the
compositional profiles of H1 and H2 isochores of Fig. 1B, that reflect the peaks of Fig. 1D, are
regularly present in H1 and H2 isochores from all human chromosomes and correspond to the
peaks of the point-by-point profiles (P. Cozzi et al., paper in preparation), as well as to self-
interactions; finally, weak LADs flank centromeres in all chromosomes. This general match is
important in that the only alternative to the encoding proposed here is that the match of the
thousands of LADs and TADs with the corresponding isochores is just a coincidence (and this

cannot bejuia absurdum

Molding of LADs and TADs by isochores

A preliminary remark should be made to stress that the models under discussion here
concern the basic evolutionarily stable chromatin domains, since, as it is well known, epigenetic
modifications and environmental factors may cause changes in chromatin architecture; indeed,
while self-associating domains are stable in mammals, chromatin interactions within and between
domains may change during differentiation (see refs.16-22 for reviews) and evolution (the latter
subject will be discussed elsewhere).

The present results solve an important open problem, namely the mechanism of formation
of chromatin domains. Indeed, LADs should be visualized as chromatin structures corresponding

to GC-poor isochores that are flexible, because of the local wider nucleosome spacings linked to
11
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the richness of oligo-A sequences in the corresponding isochores (39,43,50,51; G. Lamolle, H.
Musto, G. Bernardi; paper in preparation). LADs only twist and bend in the three dimensions in
order to adapt and attach themselves to (and even embed in) the lamina, which is reassembled
after mitosis (10). Expectedly, this leads to self-interactions (see Fig. 4), as well as to interactions
with other LADs from the same chromosomes (15; see, for example, the two X and Y LADs
bracketed by black lines in Fig. 4).

In the case of TADs, the GC gradient within each GC-rich isochore peak is accompanied
by increasing levels of CpG, CpG islands and Alu sequences that lead to increasing nucleosome
spacing, bendability and accessibility, as well as to decreasing supercoiling (44-48). These
factors constrain the corresponding chromatin to fold into loops, the tips of the loops
corresponding to the highest GC levels, the GC peaks; the architectural proteins (CTCF, cohesin)
play an important role in closing the loops and in ensuring loop insulation. It should be stressed
that the term loop is just a conventional definition for the basic structure of TADs, since the
folding of chromatin involves supercoiled structures that are increasingly underwound with
increasing GC levels (48).

Figs. 5A and 5B display the “isochore molding models” developed here for the formation
of LADs and TADs. In these new models, a crucial role is played by isochore sequences, the
differential nucleosome bindings and the corresponding local (in LADs) or extended (in TADS)
flexibilities of the chromatin fibers. Needless to say, the “isochore molding models” are in
agreement with the encoding of chromosome domains by isochores.

Interestingly, the “isochore molding model” of chromatin domains represents a paradigm
shift compared to previously proposed models (discussed in the following sub-section). Indeed,
the new model 1) is essentially based on the physico-chemical properties of isochore sequences

and on their differential binding of nucleosomes; and 2) provides the same basic explanation for
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both TADs and LADs. As already mentioned, the model still involves the interactions of
architectural proteins visualized by other models.

Finally, it should be stressed that the “isochore molding model” is compatible 1) with both
the absolute requirement of CTCF binding to close chromatin loops into insulated TADs (52) or
the lack of such requirement (53); 2) with both a partial or an absolute need of cohesin for TAD
formation (54); and 3) with the interaction of topoisomerase Il beta with cohesin and CTCF at

topological domain borders (55).

The “isochore molding model” and the other models of TAD formation

Figs. 6A, 6B and 6C present the existing models for the formation of TADs, the “handcuff
model” (32), the “extrusion model” (24, 26-28) and the “insulation-attraction model” (17). The
first model has two problems: 1) the practical impossibility for the boundary of a given loop to
find the other boundary in the very complex nuclear space; and 2) the lack of an explanation for
the folding process itself. The main problem of the “extrusion model” is the fact that the source
of energy required is unknown. In the third model, the problem is that chromatin flexibility is
seen as modulated 1) by nucleosome spacing not visualized, however, as directly linked to DNA
base composition; 2) and/or by other properties.

The “isochore molding model” of chromatin domains can solve the problems of both the
“handcuff model” and the “insulation-attraction model”, and add a new element to the “extrusion
model” of TAD formation. Indeed, in the case of the “handcuff model”, the “isochore molding
model” accounts for the formation of loops as due to the GC gradient and the accompanying
increasing nucleosome depletion and flexibility, as well as for a central start (relative to loop
boundaries) of the folding process, this symmetry favoring (together with supercoiling) the

joining of the ends of the corresponding loops (Fig. 7A). In the case of the “insulation-attraction
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model”, the “isochore molding model” shows that chromatin flexibility is directly linked to DNA
base composition and to its accompanying properties (such as CpG islands density). In
conclusion, both the “handcuff” and the “insulation-attraction” models can merge into the
“isochore molding model”, if the properties of the latter are taken into consideration (Fig. 7A).

In the case of the “extrusion model” (the object of a very recent discussion; 56), the
“isochore molding model” suggests that extrusion may start at chromatin sites corresponding to
isochore GC peaks. In this case loop molding would help extrusion and would lead to a “central”
extrusion process. Moreover, CTCF, the component of the extrusion factor which directly
interacts with DNA, has a binding site, CCCTC, which is very likely to be present in GC-rich
isochore peaks (Fig. 7B). Incidentally, this modified “extrusion model” would require less energy
because extrusion would concern a molded (and supercoiled) loop so avoiding the pulling of
chromatin fibers from increasingly longer distances. In contrast, when extrusion starts at random
sites, as predicted by the model, isochore molding would be a serious obstacle to extrusion,
because it would create chromatin folds that should be resolved by the extrusion process.

At this point, one may have the impression that the “isochore molding model” and the
“extrusion model” as just described are equivalent in terms of explaining the formation of TADs.
This is not so for at least two major reasons.

In the “isochore molding model” cohesin provides the final closure of the (supercoiled)
loop already started by the CTCF interactions. In the “extrusion model” the cohesin complex
(cohesin + CTCF) provides the initial step (as well as the following ones) of loop formation.
According to what was just mentioned above, the (supercoiled) loop is already present as a result
of the “isochore molding” and the extrusion does not concern any more the formation of the loop
but simply its extrusion, at the expense of an unknown source of energy. In other words,

extrusion is useless while still requiring energy .
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The second reason concerns what happens in the case of the “mitotic memory”, namely the
rapid and precise re-establishment of the original interphase chromatin domains at the exit from
mitosis. In the case of the “isochore molding model”, the basic information required for such
quick re-establishment is already present in the sequences of isochores (with the additional
possible help of CTCF if retained over the interphase to mitosis transition; see ref. 7). In the case
of the “extrusion model”, the formation of thousands of loops involves the simultaneous
attachment of loop extruding factors (the cohesin complex) and extrusion processes requiring a
source of energy which is still unknown. It is obvious that the “isochore molding model” which
relies on well-known intrinsic physical properties of DNA (that also account for the formation of
LADs) and on “classical” interactions with architectural proteins is more parsimonious and more
likely to be correct than the second one, which, again, has no real purpose because of the

preceding re-establishment of chromatin domains, while still requiring energy.

Isochores as functional genome units

The present results lead to a new vision of isochores since they not only correspond to a
fundamental level of genome structure and organization (6), but also to a set of functional
genome units that encode and mold LADs and TADs. Several observations support the above
conclusion: 1) the evolutionary conservation of the GC-rich and GC-poor isochore patterns in
mammals (38) matches that of TADs and LADs (8-14); 2) GC-rich isochores are replication units
characterized by all early replicons (57) and TADs from cells of adult organisms are stable units
of early replication timing (58); 3) TADs show a visible similarity between sperm cells and
fibroblasts of the mouse in spite of the replacement of histones with protamines (59); 4) codon
usage is tightly linked to isochore composition (4, 6) as it is to chromatin architecture (60); 5)

previous investigations led to the idea of “genomic diseases”, defined as diseases due to sequence
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alterations that do not affect genes or classical regulatory sequences, but other sequences that
“cause regional changes in chromatin structure” (61), and we now know that alterations of the
architecture of chromatin domains (both LADs and TADs), known to lead to senescence and
diseases, are due to changes in their isochore framework (16-22).

Interestingly, the isochore/chromatin domain connection has some practical implications.
Indeed, screening even a small human population in terms of chromatin structure in view of
detecting “genomic diseases” is simply not feasible at least at the present time; the availability of
LADs and TADs maps along sequenced human chromosomes may allow, however, to link
alterations at the DNA sequence level with chromatin structure alterations. For instance, the maps
of insertions, deletions and SNPs of Venter's chromosomes (62) in combination with reference
chromatin structure maps, might lead (hopefully not) to detect problems in Venter's chromatin
domains.

Finally, the fact that alterations in chromatin architecture, not affecting genes or classical
regulatory sequences, lead to problems in transcription represents the strongest and final

objection to the idea that non-coding DNA is “junk DNA”.

Other levels of organization of the human genome

We can now consider a higher level of isochore and chromatin organization. At the DNA
level, two “genome spaces” were defined on the basis of gene density (63,64): the gene-poor
“genome desert” (L1+L2 isochores; the L2 isochores should now be split into’taad 22
sub-families; see Supplementary Table 1) and the gene-rich “genome core” (H1+H2+H3
isochores. In the interphase nucleus, the chromatin corresponding to the genome core showed an
internal location and an open structure, whereas the chromatin corresponding to the genome

desert showed a peripheral location and a closed structure (see Table 1); moreover, the former
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showed a preference for (generally GC-rich) telomeric regions, the latter for centromeric regions,
this preference explaining the polarity of chromosomes (65; see also ref. 66).

The recently proposed chromosome compartments, A and B, characterized by open and
closed chromatin, respectively (23), show properties very similar to those just described (see
Table 1). Indeed, the two compartments, A and B, appear to correspond to the two genome
spaces, the “genome core” and the “genome desert”, as well as to TADs and LADs. This
conclusion is supported by the comparison of sub-compartments with isochore profiles, in which
case Al sub-compartments correspond to H2/H3 isochores (sometimes including flanking
isochores from the H1 and even from the L2 family), A2 sub-compartments to H1 and L2
isochores, B1-B3 sub-compartments to L2 and L1 isochores (15). The compartmentalization of
the two genome spaces appears to be due to their different locations on interphase chromosomes
and on chromosome folding (see the compartment profile of chromosome 21 in Fig. 4D).

Another, lower, level of organization concerns differences among isochores from the same
families. Differences in the frequencies of oligo A’s, of short sequences, of CpG islands and of
repeated sequences make such isochores different from each other with repercussions on
nucleosome density and on the corresponding LADs and TADs. In other words, there is a
spectrum of properties within the isochores from the same family and, as a consequence, within

the corresponding LADs and TADs.

The genomic code
The encoding of chromatin domains by isochores deserves the name of “genomic code”.
This definition was originally coined (67,68; see also ref. 6) for two sets of compositional

correlations 1) those that hold among genome sequences (for instance, between coding and
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contiguous non-coding sequences and among the three codon positions of genes) and that reflect
isochore properties; and 2) those that link isochores with all the structural/functional properties of
the genome (6,7,15), the latter now including the properties of TADs and LADS. Here it is
proposed that the definition of “genomic code” be applied to the encoding of chromatin domains
by isochores, since this is in fact the basis for the second set of the correlations just mentioned.
Interestingly, the genomic code may be visualized as the fourth, and last, pillar of molecular
biology, the first one being the double helix (1951-1953), the second the regulation of gene
expression irkE. coli (1957-1961), and the third the genetic code (1961-1966). In contrast with

the other pillars, the genomic code took decades to be established.
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TABLE 1. GENOME ORGANIZATION: DNA AND CHROMATIN (&)

2 Genome spaces (61,62)

2 Nuclear locations (63,64)
2 Chromatin structures  (64)
2 Replication timings (57,58)

2 Genome compar tments (23)

Genome core;
GC-rich, gene-rich
isochor es

Internal

Open
Early

A, open chromatin

Genome desert:
GC-poor, gene-poor
isochores
Peripheral

Closed
Late

B, closed chromatin

6 I sochor e families (6,8)kub-families®
2 Chromatin domains (10-14)

L2", H1, H2, H3
TADs

L1, L2
LADs

(a) See sub-section “The large-scale organization of the human genome” in the
Discussion/Conclusions section of the manuscript for a description of this Table.

(b) Present work
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Figure Legends

Figure 1. A: Compositional profile (from ref. 36) of human chromosome 21 (release hg38) as seen
through non-overlapping 100-Kb windows. DNA stretches from isochore families L1 to H3 are
represented in different colors, deep blue, light blue, yellow, orange, red, respectively. The left-side
ordinate values are the minima GC values between the isochore families listed on the right side
(see Supplementary Table Sa) correspond to an H1 pea&) (nd to several '2peaks f to f;

the thin yellow bars in peaks e andf correspond to single 100Kb blocks that are assigned to the

H1 family if using “fixed” isochore borders (as shown in the Figure), but to L2 isochores if
“extended” borders (see Supplementary Table 1) are used. Six regions numbered 1 to 6 (top and
bottom of the Figure) of the compositional profile are separated by vertical lines or double lines, X

and Y.

B. Isochore profile of human chromosome 21 using the matched b37 assembly of ref. 13 and a
sliding window approach (34,35) with “fixed” isochore borders (from ref. 15). The color
convention is as in Fig. 1A. This profile is slightly more extended on the centromeric (left) side

than those of Figs. 1A and 1C.

C. Isochore profile of human chromosome 21 (release hg38) using a non-overlapping 100Kb

window and the isoPlotter program (from ref. 36).

D. GC levels of 200Kb windows of human chromosome 21. Data of Fig. 1B are plotted as points.
This figure shows that individual isochores from thé t®H3 families are in the form of peaks.

The GC gradients of the peaks do not appear in a clear way in the standard presentation of
compositional profiles of chromosomes (Fig. 1A), except for the broad, isolatex) Biid(L2

peaks b tof). Upon close inspection, however, the peaks of the H1, H2 and H3 isochores of this
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Figure show a correspondence with the small peaks of isochores belonging to H1, H2 and H3

family present in Fig. 1B. Blue and red arrows delimit regions 2 and 6, respectively. Black, blue
and red arrows, as well as X,Y double lines (see Fig. 4 and its legend for additional information)
separate regions 3,4 and 5; horizontal lines correspond to minima GC values between isochore

families (see legend of Fig. 1A and Supplementary Table 1).

E.F. The compositional map of a 2.1Mb region of human chromosome 20, using a sliding window
approach (34,35) and the “extended” family borders of Supplementary Table 1 (Fig. 1E), is
aligned with the corresponding “point-by-point map” (Fig. 1F, in the Fig. 1D style). The
correspondence of five peaks and valleys from the latter (red lines) precisely correspond to the
peaks and valleys of the compositional profile; several additional peaks and valleys show a less
precise, yet unequivocal correspondence (blue lines). The GC range of the peaks from the bottom
profile, 1F, is much larger (about double) than the corresponding one of the top profile, 1E. The
whole region may be visualized as a multipeak H2 isochore on the basis of the bottom profile (see

also Supplementary Fig. S3).

Figure 2A. GC levels of 100Kb windows from L1 and H3 regions of human chromosome 21
comprised between the blue and red arrows (regions 2 and 6) of Fig. 1D, respectively, are
displayed at a higher magnification. Horizontal lines correspond to “fixed” minima GC values

between isochore families (see Supplementary Table 1). The abscissa scale is in 100Kb units.

B.C. GC levels of 100Kb windows from the regions 1,3,4 and 5 of human chromosome 21. See the
legend of Fig. 2A for other indicationS. Region 4 is delimited by two GC-poor sequences, X and

Y, that correspond to LADs (see Fig. 4 and its legend for additional information).
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Figure 3. A. The isochore profile of human chromosome 21 (from ref. 15; see also legend of Fig.
3A) is compared with the (inverted) LAD profile (from ref. 10) to show the correspondence of
LADs 1) with L1 isochores (blue lines; two broken blue lines bracket the largest L1 isochore, in
which case the LAD is (exceptionally) interrupted by an interLAD); 2) with one L2 “valley”
isochore (blue line, last on the right side); and 3) with two LADs flanking the centromere. Four
“high heterogeneity” L2 “peak” isochores (red lines) correspond to interLADs, or TADs; the H1
peak right of the centromere corresponds to the same interLAD as the fipstak2 Two LADs

flank the centromere. The multicolored bar on the right is the color code for isochore families.

B. The isochore profile of human chromosome 20 (from ref. 15; see also legend of Fig. 3A) is

compared with the (inverted) LAD profile (from ref. 10) to show the correspondence of LADs with

a large low-heterogeneity L2 (D2sochore (bracketed by broken blue lines; on the left of the

panel) which includes an interLAD (red line) and with several L2 “valley” isochores (blue lines),
as well as the correspondence of interLADs with GC-rich isochores (red lines); two faint LADs

flank the centromere.

C. The isochore profile of human chromosome 19 (from ref. 15; see also legend of Fig. 3A) is
compared with the (inverted) LAD profile (from ref. 10) to show that two LADs correspond to H1
isochores (blue lines) flanking a H2 isochore, an interLAD (red line); two other LADs (on the left)

correspond to L2 “valley” isochores (blue lines); two faint LADs flank the centromere.

Figure 4. The compositional profile of human chromosomeRfiom Fig. 1D), is compared 1)
with the corresponding LAD profileéA; an inverted scale from ref.10 is shown on the top right of
the figure); 2) with the heat map of chromatin interacti@drom ref. 15) and with Fig. 1B on

the right side; 3) with the A/B compartment profil data for mid G1 from ref. 37). Regions 1
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and 3 correspond to multiple interactions and to open chromatin; region 2 to multiple interactions
and closed chromatin, as well as to an interLAD. Two double vertical black lines, X and Y,
corresponding to LADs (characterized by both self- and intra-chromosomal interactions) and to
closed chromatin separate region 4, a multi-peak H1 isochore block corresponding to multiple
interactions and open chromatin, from regions 3 and 5. The small multi-peak H2 isochores (region
5) corresponds to a single self-interaction and to open chromatin (see Text). A telomeric block of
H3 isochores (region 6) defined by red points, arrows and lines corresponds to several (at least

three) self-interactions on the heat map and to open chromatin (see Text).

Figure5. The “isochore molding model” for the formation of LADs and TABSA GC-poor

chromatin fiber corresponding to an L1 isochore; blue bar) bounded by CTCF binding sites (green
boxes ) attaches to the lamina, forming a LAD; the wavy profile indicates the three-dimensional
physical adaptation by bending and twisting to (and embedding in) the lamina due to local
nucleosome depletions associated with oligo-A sequences (yellow bAnAsEC-rich chromatin

fiber corresponding to an H3 isochore folds upon itself forming a single-loop TAD bounded by
CTCF-binding sites (green boxes); the yellow to red color gradient indicates an increasing GC
level with increasing frequencies of CpG islands and repeated sequences. These properties are
responsible for the increasing flexibility due to the increasing nucleosome depletion and for the

folding. The supercoiling of the loop (see Text) is not shown.

Figure 6. Models for the formation of TAD#\. The “handcuff model” of TAD formation
(according to the graphical abstract of ref. 14): the two ends of a loop are brought together by
CTCF units (yellow boxes) that bind to their binding sites (blue arrows) located on the loop
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boundaries and recruit the cohesin complex (red cifBle)he “extrusion model” of TAD

formation (according to ref. 56). A loop is generated dynamically by extrusion factors (a pair of
CTCF units and cohesin), that attach to the chromatin fiber and travel along in opposite directions
until they reach converging CTCF binding sites (not sho@n]T.he “insulation-attraction model”

(from ref. 17). Chromatin stiffness at boundaries is associated with closer nucleosome spacing due

to the presence of CTCF sites, promotors etc (and/or with other properties).

Figure 7. Versions of the previous models as revised on the basis of the “isochore molding model”.
A. The “handcuff” and the “insulation-attraction model” merge into the “isochore molding model”.
B. The “extrusion model” of ref. 56 is modified on the basis of the “isochore molding model”.
Extrusion starts not at random positions but at the GC-richest chromatin peaks and involves a

supercoiled chromatin (not shown).
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