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Abstract

The formation of mammalian chromatin domains was investigated by analyzing the domain/isochore
connection. This showed that LADs correspond to GC-poor isochores and are compositionally flat,
flexible chromatin structures because of the local nucleosome depletions associated with the presence
of oligo-A’s. In contrast, TADs correspond to GC-rich isochores that consist of single or (much more
frequently) multiple, GC peaks that shape the single or multiple, loops of TADs. Indeed, the increasing
nucleosome depletions linked to the GC gradients of isochore peaks lead to an increasing chromatin
flexibility (accompanied by an increasing accessibility and decreasing supercoiling). In conclusion,
Isochores not only encode but also mold chromatin architecture; while architectural proteins play arole
in closing and insulating TAD loops. An extension of this model concerns the encoding of open and
closed chromosome compartments by aternating GC-rich and GC-poor isochores, the interactions

among compartments defining the 3-D chromosome folding.
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In interphase nuclei, chromatin comprises two sets of domains that are largely conserved in
mammals. LADSs, the lamina associated domains (~0.5Mb median size), that correspond to GC-poor
sequences (1), and TADs, the topologically associating domains (0.2-2 Mb in size), a system of GC-
rich loops (2); many TADs can be resolved into contact domains (0.185 Mb median size; 3).

In spite of the recent, impressive advances in our understanding of chromatin structure, the
problem of the formation mechanism(s) of LADs and TADs s still unsolved. Three interesting models
proposed for TAD formation are: the “handcuff model” (4); the “extrusion mode” (5,6); and the
“Insulation-attraction model” (2). In this article the problems of these models will be discussed and a
new model will be presented.

The issue of chromatin domain formation was approached here by taking into account
the observation that isochores make up the framework of chromatin domains (7) and by having a new
look at isochore structure and at the isochore/chromatin domain connection. The isochore connection
was also used to investigate another open problem, that of “spatial compartments” (8). This approach
was mainly applied to human chromosome 21 which was chosen because this chromosome is a good
representative of human chromosomes, allowing an extension of the results obtained to all other
chromosomes that had been investigated previoudly (7).

It should be recalled that isochores, the long (>200 Kb), compositionally “fairly homogeneous’
DNA seguences that belong to a small number of families (L1, L2, H1, H2, H3 in the human genome)
characterized by increasing GC levels, were discovered (9) using compositional genomics, namely
DNA fractionation according to the frequencies of short sequences (10; or GC levels as a proxy), the
sequences that determine the fine structure of the DNA double helix and the interactions of DNA with
proteins. The aim of this strategy was to understand the large-scale organization of the vertebrate

genome (seeref. 11).
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The isochore/chromatin connection. The compositional profiles of the DNA sequence from human
chromosome 21 were looked at through non-overlapping 100Kb windows (Fig.1A), and by using a
fixed-window (Fig.1B), or a dliding window approach (Fig.1C). In Fig.1B, the compositional
fluctuations of Fig.1A disappear because of the strict averaging procedure applied, whereasin Fig.1C
the fluctuations are flattened but can still be seen as spikesin GC-rich regions.

A new, ssimpler, in fact elementary, approach was used here, namely plotting the GC values of
100Kb DNA blocks as individual points (see Fig. 1D). This approach (which is preferable to that of
Fig.1A for reasons of graphical clarity) was suggested by the fact that the frameworks of LADs and
TADs are made up by GC-poor and GC-rich isochores, respectively (7). 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 on the other.

Fig. 1D (and its enlarged version, Supplementary Fig. Sl) expectedly showed a

compositionally flat L1 region 2 and the H1 and L2 peaks (a to 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) families were not randomly
fluctuating within the compositional borders of the corresponding families (see Supplementary Table
S1), but consisted, in fact, of sets of GC peaks. Upon close ingpection, these very evident peaks were

seen to correspond to the minute peaks of Fig. 1C.

Isochores and LADs. As shown in Fig. 2A, the major LAD of chromosome 21 corresponds to
the large L1 isochore of region 2. In L1 isochores (~65% AT) trinucleotides only consisting of A’s
and T's represent 30% of the sequence (12) and hexa-, hepta- and octa—A’s are present (V.Sabbia,

personal comm.); this situation favors local nucleosome depletions (13). The other LADs correspond
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to the L1 isochores that separate two L2 peaks, and to a “valley” L2 isochores comprised between
two H1 isochores (on theright side of Fig. 2A).

The results of Fig.2A (aswell as similar ones on chromosomes 20 and 19; see Supplementary
Fig.S2) show that LADs correspond not only to L1 isochores that represent ~19% of the genome
(incidentally, a value not too far from the ~15% involved in “stable contacts’; seeref. 1), but also to
L2 isochores (and even to H1 isochores in the rare case of very GC-rich chromosome regions such as
those present in chromosome 19).

As far as L2 isochores are concerned, it appears that some of them show a flat profile

correspond to LADs and may be called L2 (see, for example, the largest LAD of chromosome 20 in

Supplementary Fig.S2B), whereas other ones are in the shape of single peaks (see Figs. 1 A-D and
2A), correspond to interLADS'TADs and may be called L2" (see the following section). The
remaining L2 isochores are present as valleys flanked by GC-richer isochores (see Supplementary

Fig. S2 and Supplementary Table S1 for the relative amounts of L2 sub-families).

Isochores and TADs. It should be recalled that the isochores from the five families of the
human genome (and other mammalian genomes) are characterized not only by increasing GC levels
and different short-sequence frequencies, but also by increasing compositional heterogeneities and
increasing frequencies of CpG, CpG islands and Alu sequences (14). Moreover, at the chromatin
level, GC increases are correlated with higher bendability (even compared with random sequences
having the same composition; 15), higher nuclease accessibility (16), lower nucleosome density (17)
and lower supercoiling (18), all properties linked to DNA sequences.

The connection of the isochores of chromosome 21 (as seen in Fig. 1D and in Supplementary

Fig. S1), with chromatin loops can be described as follows (see Fig. 2A,B,C): 1) regions 1 and 3

show a series of H1 (a) and L2 (b to f) isochores in which latter case at least some of their single
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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 GC-poor interLAD; 3) the
multi-peak H1 isochores of region 4 correspond to a large interLAD region and to severa 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 (see below for explanations); 5) a series of H3 GC peaks 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 |east three chromatin loops (see below).

Two conclusions can be drawn at this point: 1) the two classes of 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 (7). It should be mentioned that multi-loop
TADs are much more frequent than single-loop TADs as judged from the results of ref.7, and by the
fact that H1 and H2 TADs correspond to ~40% of the genome while L2" and H3 TADs only
correspond to ~20% of the genome (see Supplementary Table S1); 2) the lack of a one-to-one
correspondence between GC peaks and chromatin loops may have two explanations, that are,
however, compatible with each other: the first one, the lack of resolution, is demonstrated by the fact
that the GC peaks/loops correspondence is improved at high resolution (see Supplementary Figs. S3-
S5); the second one is the lack of interaction, i.e. the isochore peaks are there, but the loops are not

formed (a point discussed later).

Isochores and chromosome compartments. A higher level of isochore organization was
originally discovered (19) by finding that coding sequences are not randomly distributed in the
human genome. Later assessments on the increasingly available numbers of genes confirmed a much

higher gene density in GC-rich compared to GC-poor isochores. This led to the definition of two
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“genome spaces’ (20,21): the gene-poor, GC-poor “genome desert” (L1 and L2 isochores; the latter
being now split into two sub-families, L2" and L2", only the first one belonging to the “genome
desert”) and the gene-rich, GC-rich “genome core” (L2", H1, H2, H3 isochores; see Supplementary
Table 1 and Supplementary Fig.S6).

In the interphase nucleus of both warm- and cold-blooded vertebrates the chromatin
corresponding to the GC-rich, gene-rich isochores was shown to be characterized by an open
structure and an internal location, whereas the chromatin corresponding to the GC-poor, gene-poor
isochores showed a closed structure and a peripheral location; moreover, large chromosomes showed
a polarity because of the preferential locations of GC-rich, gene-rich isochores in telomeric regions,
and of GC-poor, gene-poor isochores in centromeric regions (22,23).

Open and closed chromatin domains were later shown to define two different “spatial
compartments’, A and B (8), the former one being gene-rich, accessible, actively transcribed, the
latter more densely packed. These properties suggest that the A and B compartments may be
identified with the open and closed chromatins that correspond to the genome core and to the genome
desert respectively. This suggestion is supported 1) by the comparison of sub-compartments (3) with
isochore profiles (7) since A1l 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 (7); 2) by the comparison of the
A and B compartment profile of chromosome 21 (Fig.2D from ref.24) with the corresponding
compositional profile (Fig. 2B), the profiles of LADs (Fig. 2A) and the heatmaps of TADs (Fig.2C);
indeed, the A compartments correspond to the single L2" peaks of regions 1 and 3 and to the multiple
H1, H2, H3 peaks of regions 4 to 6, whereas the B compartments correspond to the L1 isochore of
region 2 and to the X and Y sequences; 3) by the similarity of FISH results using H2/H3 and L1

probes (22) with Hi-C results on interphase chromatin of single cells (25).
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Encoding of chromatin domains by isochores. The results from the isochore/chromatin domain
connection provide a conclusive evidence for the idea 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 (7): 1) by showing in more detail a match between the
chromatin domains and the isochores of chromosome 21 (as well as of chromosomes 20 and 19; see
Supplementary Fig. S2); 2) by discovering L2" and L2 sub-families on the basis of their
correspondence with different chromatin domains (TADs and LADs, respectively); and 3) by
generalizing these results to al human chromosomes.

As far as the latter point is concerned, the compositional profiles, the TAD heatmaps and the
LAD maps (7) show that: 1) the isochores from the L1 family and the L2 sub-family correspond to

LADs in all human chromosomes; 2) L2" peaks emerging from an L1 background and corresponding
to interLADS/TADs are also found in other human chromosomes (although less frequently than in
chromosome 21); likewise, H3 isochores, that encompass a broad GC range and correspond to
interLADS/TADs are present in most human chromosomes; 3) the spikes of the compositional
profiles of H1 and H2 isochores of Fig. 1C, 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 a., paper in preparation), as well as to self-interactions of the corresponding
chromatin; finally, weak LADs flank centromeres in all chromosomes (see Supplementary Fig.S2).
This general match is important in that the only alternative to the encoding proposed here is that the
match of thousands of LADs and TADs with the corresponding isochores is just a coincidence (and

this cannot be quia absurdum).
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Molding of LADs and TADs by isochores. A preliminary remark should be made to stress that
the models under discusson here essentialy 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 the “constitutive” LADs and the TADs discussed
here are stable in mammals, chromatin structures and interactions within and between domains may
change during differentiation, evolution and even during the cell cycle (26). As already mentioned,
this does not prevent the isochore structures typical of chromatin domains still to be present and
capable to become the framework of LADs and TADs under the action of appropriate factors.

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 the
presence of oligo-A sequences; 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. This
leads to self-interactions (see Fig. 2), as well as to interactions with other LADs from the same
chromosomes (7; see, for example, thetwo X and Y LADs bracketed by black linesin Fig. 2).

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,
increasing bendability and accessibility, as well as to decreasing supercoiling (12-18). 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) playing arolein closing
the loops and in ensuring loop insulation.

Figs. 3A and 3B display the “isochore molding” models developed here for the formation of
LADsand TADs. In these new models, a crucial roleis played by isochore sequences, the differential

nucleosome binding and the corresponding local (in LADs) or extended (in TADs) flexibilities of the
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chromatin fibers. While Fig.3B concerns the case of single isochore/single peak/single loop,
Supplementary Fig.S5 displays that of single isochore/multiple peaks/multiple loops. Incidentally the
“isochore molding” model for TADs is compatible 1) with both the absolute requirement of CTCF
binding to close chromatin loops into insulated TADs (27) or the lack of such requirement (28); 2)
with an absolute need of cohesin for TAD formation (29); and 3) with the interaction of
topoisomerase Il beta with cohesin and CTCF at topological domain borders (30).

Going back to the previous models of TAD formation (see Supplementary Fig.S7), the
“handcuff” 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 problems of the “extrusion moddl” are 1) the random location of
extrusion start sites that would be, therefore, independent of DNA sequences; and 2) the fact that the
source of the energy which is required has not been identified so far. In the “insulation-attraction”
model, the problem is that chromatin flexibility is seen as modulated 1) by nucleosome spacing
which is not visualized, however, as directly linked to DNA base composition; and/or 2) by other
properties.

Now, the “handcuff model” and, even more so, the “insulation-attraction” model can be seen
as steps in the direction of the “isochore molding” model and can easily merge into the latter model
(compare Supplementary Figs.S7A and S7C with Fig. 3B). In contrast, the problems of the “extrusion
model” (see Supplementary Fig.S7B) cannot be solved. Indeed, the predicted random location of
extrusion starting sites is contradicted by the fact that the tips of chromatin loops correspond to the
highest GC values of isochore peaks. As far the energy source problem, one should consider what
happens in the case of the “mitotic memory”, namely in the rapid and precise re-establishment of the
original interphase chromatin domains at the exit from mitosis. In the case of the “extrusion model”,

the formation of thousands of loops involves the simultaneous attachment of loop extruding factors
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(the cohesin complex) and extrusion processes that require a source of energy which is still unknown.
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. It is obvious that the “extrusion
molding” model isincomparably less parsimonious in terms of energy than the “isochore model”.

In conclusion, the “isochore molding” model of chromatin domains represents a paradigm shift
compared to the models just discussed since 1) it is essentially based on well-known physico-
chemical properties of isochore sequences such as their differential binding of nucleosomes; 2) it
provides the same basic explanation for both TADs and LADs; and 3) it leads, in the case of TADs,
to a central folding (relative to boundaries) that facilitates the interaction of binding sequences with

architectural proteins.

Encoding of the genome compartments by isochores. Fig.2 shows that in chromosome 21 the A
compartments correspond to GC-rich isochores and to single- or multiple-loop TADs, whereas the B
compartments correspond to GC-poor isochores and LADs. The alternance of A and B compartments
along chromosomes (see Fig.2D, 3C, 3D and ref.31) and the strong intra-chromosomal interactions of
LADs at the lamina and the inter chromosomal interactions of TADs in the central part of the nucleus
(7) lead to a three-dimensional folding of interphase chromosomes which is also encoded in the
sequences of isochores as shown in Fig.3D (apparently this folding is only absent in the materna
chromatin immediately after fertilization; 32). Under these circumstances, it is not surprising that
CTCF depletions (27,28) and cohesin removal (29) do not affect the segregation of the active and
inactive genome compartments, since they concern a different level of genome organization, that of

chromatin domains.
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The genomic code. This definition was originally coined (33,34; see also ref.11) for two sets of
compositional correlations 1) those that hold among genome sequences (for instance, between coding
and contiguous non-coding sequences and among the three codon positions of genes); and 2) those
that link GC-rich and GC-poor isochores with all the structural/functional properties of the genome
tested so far (35; see for example Supplementary Table S2 of ref.7). Here, a third crucia point is
added, namely the encoding of chromatin domains and of the open/closed compartments by
isochores. Strictly speaking, this is the real genomic code, the correlations just mentioned rather
reflecting isochore properties.

The genomic code is important in that 1) it leads to an integrated view of the genome; 2) it
implies the now well-known existence (i) of “genomic diseases’, namely of diseases due to sequence
alteration that do not affect genes or classical regulatory sequences, but sequences that cause regional
changes in chromatin structure (36); and (ii) of large-scale genomic differences among individuals
due to insertiong/deletions, tranglocations, etc (37); 3) is the strongest, final argument against “junk

DNA".
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Figure L egends

Figure 1. A: Compositional profile (38) of human chromosome 21 (release hg38) as seen through non-
overlapping 100-Kb windows. DNA sequences 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 (see Supplementary Table S1). B. Isochore
profile of human chromosome 21 (release hg38) using a non-overlapping 100Kb window and the
isoPlotter program (38).C. Isochore profile of human chromosome 21 using the matched b37 assembly
of ref. 3 and a dliding window approach (39) with “fixed” isochore borders (see Supplementary Table
1). This profile is slightly more extended on the centromeric (left) side than those of Figs. 1A and 1B.
D. GC levels of 100Kb windows of human chromosome 21; data of Fig. 1C are plotted as points (see
Supplementary Fig.S1 for an enlarged version). This figure shows that individual isochores from the

L2" to H3 families are in the form of peaks that do not appear in a clear way in the standard

presentation of compositional profiles of chromosomes (Fig. 1A), except for the broad, isolated H1 (a)

and L2" peaks (b to f). Black, blue and red lines, aswell as double lines (X,Y), separate regions 1 to 6.

Figure 2. The LAD profile of human chromosome 21, A (from ref.40) is compared with 1) the
corresponding isochore profile B; 2) the heat map of chromatin interactions C (from ref. 7 showing
several intra-chromosomal interactions of LADS); and 3) the A/B compartment profile D (data for mid
G1 from ref. 24). For vertical lines, double lines and regions see legend of Fig.1D. in panels A-B red
lines link H1 and H2 peaks of inter-LADs. E. Results on open and closed chromatin in interphase
nuclei as obtained 1) by FISH using H2/H3 and L1 probes on human lymphocytes (red and green
signals respectively; yellow signals correspond to the overlap of red and green signals; see ref.22 for

details); and 2) by Hi-C on haploid mouse ES cells (25; compartment A blue, compartment B red); in
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this case, both the nuclear membrane and the nucleolar periphery are in red). Figure 2E was kindly

provided by Salvo Saccone.

Figure 3. The “isochore molding model” for the formation of LADs and TADs. A. A 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-dimensonal
physical adaptation by bending and twisting to (and embedding in) the lamina due to local nucleosome
depletions associated with oligo-A sequences (yellow bands). B. A GC-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 Alu 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. Supplementary Fig.S3 displays the case in which a multiple-peak
isochore encodes a multiple-loop TAD. C. An isochore profile of a chromosome segment in which all
families are represented is compared with the corresponding compartment profile to show that while
the L1 and L2 isochore correspond to the B compartment, the other isochores correspond to the A
compartment. Thin lines and the broken lines connecting B and A compartments, respectively, indicate

strong and weak intra-chromosomal interactions.
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