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SUMMARY

There is a growing awareness that repeat sequences (RepSeq) - the main constituents of the human genome - are also
prime players in its organization. Here we propose that the genome should be envisioned as a supersystem with three main
subsystems, each composed of functionally redundant, cooperating elements. We define herein ProA and ProB RepSegs as
sequences that promote either the A/euchromatin or the B/heterochromatin compartment. ProA and ProB RepSeqgs shape
A/B partitioning, such that the relative proportions of ProA and ProB RepSeqs determine the propensity of a chromosome
segment to adopt either an A or a B configuration. In human, core ProA RepSeqs are essentially made of Alu elements,
whereas core ProB RepSegs consist of young L1 and some Endogenous Retroviruses (ERVs) as well as a panel of AT-rich
microsatellites and pericentromeric and telomeric satellites. Additionally, RepSegs with more indefinite character and,
importantly, their derivatives known as "transcriptional enhancers", can shift between ProA and ProB functions and thus act
to open or close specific chromatin domains depending on the cellular context. In this framework, genes and their promoters
appear as a special class of RepSegs that, in their active, transcribed state, reinforce the openness of their surroundings.
Molecular mechanisms involve cooperativity between ProB elements, presumably underpinned by the condensate-like
properties of heterochromatin, which ProA elements oppose in several ways. We provide strong arguments that altered CpG
methylation patterns in cancer including a marked loss in the B compartment, result primarily from a global imbalance in the
process of CpG methylation and its erasure. Our results suggest that the resulting altered methylation and impaired function
of ProB RepSegs globally weaken the B compartment, rendering it more plastic, which in turn may confer fate plasticity to
the cancer cell.
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INTRODUCTION

The genome of higher eukaryotes is organized in the space of the nucleus essentially in two main compartments,
heterochromatin and euchromatin, which are thought to correspond approximately to B and A compartments, respectively,
as defined experimentally by HiC, and within which interactions between distant loci are preferentially detected (1, 2). Bis
significantly more compact and is unfavorable to gene expression such that the vast majority of expressed genes are in A. In
a browser view, this translates into a succession of A and B domains as indicated by the HiC eigenvector profile (HiC EV)
(1), in a characteristic pattern for a given cell type (Fig. 1). The A and B regions may be further divided into subdomains that
constitute the elementary unit of unfolding/refolding of the genome (3). In vertebrates, these domains are called topologically
associated domains (TADs) and are often delimited by boundary elements associated with DNA-binding factors, and in a
high proportion of cases the transcription factor (TF) CTCF (4, 5). In a living cell, the chromatin fiber is pervasively set in
motion due to the action of "active effectors" (6, 7), in particular cohesin rings that relentlessly extrude DNA, forming
chromatin loops that enlarge until the cohesin ring detaches or arrests. This occurs preferentially when a cohesin ring
encounters a bound CTCF molecule and is responsible for TADs appearing as triangles with a marked apex in contact maps
(8-10). Furthermore, such pervasive chromatin loop extrusion by cohesins behaves as a force which globally opposes B
compartment formation, and therefore insufflates dynamics into A/ B partitioning (11, 12).

While the genome itself is generally thought to be essentially identical between all or almost all cells of an organism and
throughout development, A/B compartmentalization is largely undetectable in the early embryo and in the early G1 phase
just after mitosis. Compartments arise gradually in both cases alongside with the emergence and reconstitution, respectively,
of the H3K9me3/HP1a. -based heterochromatin system (13-16), pointing to a key role of heterochromatin and associated
coalescence forces in B compartment formation, and more generally in genome compartmentalization (17, 18), as supported
by modeling (19, 20). The mechanisms responsible for the chromatin states underlying A and B compartments are now well
understood. For each of A and B, they consist of a system of histone marks/chromatin modifier/chromatin binding factors,
with the A and B systems being symmetrical but incompatible ("mutual opposition") (21). Moreover, interwoven feed-forward
loops animate each of the A and B systems, enabling a memory of chromatin states at distinct time and physical scales,
which is responsible for the apparent stability of A and B states (21-24). A/B partitioning is thus governed by a toggle-switch
scheme as described for many metastable 2-state systems, with mutual opposition dictating the existence of two states, and
the strength of arrows and lines dictating the dynamics of alternation between states (Fig. 2). However, what causes
chromatin states A or B to be found at a given location largely remains a conundrum.

Epigenomics has produced a wealth of data over the last 20 years depicting chromatin fiber composition and long-range
interactions throughout the human genome. Epigenomics is unbiased as to the nature of the underlying sequences, however
interpretation often turns out to be gene-centered, with more attention being paid to active chromatin states, associated with
gene activity, than to inactive chromatin states that actually occupy most of the genome (25, 26). In addition, repeat
sequences (RepSeqs) have largely been left out due to technical hurdles. In this article, we re-analyze with fresh eyes a set
of epigenomic data in an attempt to identify general rules and key players responsible for human genome organization. We
first show that genome organization is largely inscribed in the DNA sequence, and set out to identify the DNA elements
involved. We incriminate RepSegs, providing strong evidence that they are responsible for the formation of a default
chromatin landscape largely invariant between cell types, which predetermines some domains for compartments A or B, and
dictates the propensity of other regions to shift between the A and B states. In these latter regions, DNase | hypersensitive
sites (DHS), which are DNA elements that bind transcription factors and for a majority correspond to the so-called
transcriptional "enhancers", hitherto considered to activate gene transcription only in a direct manner, appear in fact
responsible for domain opening.

RESULTS

Genome organization is largely inscribed in the DNA sequence

Let's observe the HiC EV profile obtained with a 100 kb resolution along a representative 25 Mb region of chromosome 10
(Fig. 1A and Extended Data Fig. 1A). In Fig. 1A, the HiC EV is aligned for 8 ENCODE reference cell lines. HUVEC shown at
the top is a primary cell "line" (cord blood endothelial cells, expanded in culture), and it will serve as our reference cell in this
study. Most striking is the general conservation of the profile. In particular, one can distinguish regions that belong to the
same compartment in all 8 cell lines and cover a majority of the 25 Mb region. These regions will be referred to as



"AlwaysA/AlwaysB" (Fig. 1A, bottom part). Conversely, "AorB" are regions that are either A or B depending on the cell line
(Fig. 1A, bottom part), and of those, regions that are A (respectively B) in our reference line HUVEC will be referred to as
AorB:A (respectively AorB:B). The left half of the chromosome segment shown in Fig. 1A is enriched in AlwaysA/AlwaysB
regions whereas the right half is enriched in AorB regions (Extended Data Fig. 1B). In HUVEC, AlwaysA, AlwaysB, AcrB:A,
AorB:B regions cover each about 25% of the genome (Fig. 1C). Intriguingly, the absolute values of the HiC EV appears lower
in the AorB regions when compared to the AlwaysA/AlwaysB regions where it is fairly uniformly high (Fig. 1A and E).

In order to better take into account genome heterogeneity, we further partitioned the hg19 version of the human genome into
24 subclasses of 100 kb bins according to gene density and whether histone marks typically found at active promoters are
detected in the bin ("active" or "inactive" bins) (Fig. 1C; Extended Data Fig. 1B; see Resources & Methods section). As
anticipated, a majority of active bins are found in A subclasses (orange bars), whereas a majority of gene-empty bins are
found in B subclasses. The counts for the latter would be even higher if one used more recent versions of the human
genome than hg19, which contains limited portions of the pericentromeric sequences. That some gene-empty, mostly
inactive bins harbor active promoter marks is due to the fact that such marks may be found outside promoters, at potent
enhancers in particular. In the following, we will mainly focus on 13 major subclasses, each represented by more than 400
bins (Fig. 1C). The case of B/AlwaysB bins featuring active promoter marks and/or a high gene density, and which largely
overlap with so-called "gene complexes”, will be treated separately. Approximately half of the genes in the human genome
are contained within AorB regions (Extended Data Fig. 1C). AorB regions are A or B depending on the tissue type or
developmental stage, or on alterations associated with immortalization or carcinogenesis for a particular cell line, and are
accordingly enriched in genes involved in evolutionarily specialized but diverse functions, by opposition to housekeeping
genes which are more enriched in AlwaysA regions, as revealed with a Gene Ontology (GO) analysis (Extended Data Fig.
2). AorB bins are found in approximately equal numbers in two situations: (i) at junctions between A and B domains, where
the HiC EV curve crosses the value 0 (Fig. 1A and C, pink curve); (ii) in relatively small domains that contain mostly AorB
bins (Fig. 1A, compare right and left parts of the 25 Mb region; Fig. 1C, pink curve; Fig. 1D). Thus, whereas AorB regions
found at A/B transitions may rightfully appear as the place where A and B influences from adjacent regions confront each
other, these observations suggest that AorB regions also represent a specific habitat, favorable for genes whose expression
must be strongly regulated, as independently supported by a previous report (27).

To be more nuanced than just mentioning AorB, we created an indicator referred to as "AorB vector" (AorBvec) scoring the A
or B status for each 100 kb bin in the 8 cell lines (Fig. 1B and E). The value of the AorB vector is +4 when the considered bin
is Ain all 8 lines, i.e. AlwaysA +3 when the considered bin is Ain 7 lines and B in 1 line, and so forth down to -4 for AlwaysB.
The AorB vector is therefore a sort of probability function that a bin is A or B in a given cell line, which could be rendered
more accurate by including a larger number of cell lines. AorB regions therefore display AorBvec values between -3 and +3.
The AorB vector profile is overall strikingly similar to the HiC EV profiles of the cell lines and in particular to our reference
HUVEC HiC EV (Fig. 1A, B, and E), which has several implications. First, AorB regions, which alternate between A and B
compartments_between cell lines, largely coincide with regions displaying low absolute values of the HiC EV, i.e. low
apparent contact preference between A and B compartments in a given cell line (“low A character” or "low B character”).
AorB regions therefore display high chromatin "plasticity" both within an individual cell and between tissues. AlwaysA and
AlwaysB regions instead contribute to the similarity of the HiC EV and AorBvec profiles by featuring high absolute values for
both parameters, indicative of low plasticity. Second, an AorB:A domain in HUVEC is more likely to be AorB:A than AorB:B in
another cell line, especially when it contains genes: there is an "A trend" - and conversely an AorB:B domain in HUVEC wiill
most often be B in another lineage. This translates into identical signs for HiC EV and AorBvec (Fig. 1E) (“directionality”). In
conclusion, the striking conservation of the HiC EV profiles between cell lines indicates that major determinants of HiC EV
and altogether of A/B partitioning are to be found in the DNA sequence as suggested earlier (28, 29), determining both
compartment directionality and the degree of plasticity.

The identification of ProA and ProB elements in the human genome points to a key role of repeat sequences
in genome organization

Identifying cis-determinants of A/B partitioning: ProA and ProB elements

Since we showed that genome organization appears largely inscribed in the DNA sequence, we decided to identify sequence
determinants of A/B compartmentalization. One may think essentially of two types of DNA features: GC content (%GC), the
density of different types of repeat sequences (referred to as RepSegs in the following), and genes, which can be viewed as
a particular type of repeat sequences. It is in fact already known that the genome partitions into domains of varying %GC that



closely coincide with the A and B domains (see Fig. 4A), with a higher %GC found in the A compartment. Therefore, %GC is
a good predictor of A/B partitioning (30). Strikingly, high %AT appears to promote the spreading of the recently described
heterochromatin in prokaryotes (31), and there is evidence suggesting that this may also be true in eukaryotes (32-34). Thus,
one reason for the presence of high %AT, and hence low %GC, in the B compartment might be because it may promote the
binding of structural heterochromatin proteins to DNA or nucleosomes by mechanisms which await characterization. Notably,
DNA binding is regarded as a preliminary step before structural heterochromatin proteins bind nucleosomes (35, 36). AT-
binding factors, both structural proteins and RNA as well as remodeler machineries may also be involved (37, 38).

Considering this background knowledge about %GC, we will focus on "interspersed" repeats in the following to try to identify
cis-determinants of A/B partitioning. In other words, we aim here at identifying what will be called in the following ProA and
ProB DNA elements, defined as elements that locally promote the formation of A and B compartments, respectively. We
reasoned that the density in individual determinants of HiC EV should correlate (or anti-correlate) with the HiC EV value, and
conversely, knowing such densities should allow one to predict the HiC EV profile (Fig. 2). We therefore first assessed the
copy count in 25 kb bins for each of the 1395 RepSeq subfamilies of the RepBase library, and classified these subfamilies
according to their degree of Spearman correlation with the HiC EV in HUVEC (Fig. 3A; Table 1; see Resources & Methods
section). We arbitrarily retained families scoring above 0.01 and below -0.01, for which the calculated correlation value is
highly significant (P < 0.01), and called these two sets CorrA RepSeq and CorrB RepSeq, containing 250 and 367
subfamilies, respectively (Fig. 3A; Table 1). As expected, considering the procedure by which CorrA and CorrB RepSeq sets
were defined, their density profiles approximately follow the HiC EV profile (see below). For each RepBase subfamily, we
further assessed the correlation with the HUVEC ChlP signals for H3K9me3 and H3K27me3, which are typifying histone
marks for the HP1a -based and Polycomb-based heterochromatin systems, respectively (Table 1). We also assessed the
enrichment in A or B compartments, and in AlwaysA or AlwaysB regions (Table 1). A UMAP analysis of the RepSeq
subfamilies using these parameters as well as copy count and estimated evolutionary age shows a butterfly image with
trends expected for the B compartment (such as high correlation with H3K9me3 and low correlation with HiC EV) in the left
wing, and conversely, trends expected for the A compartment in the right wing (Fig. 3B). A major part of RepSeq subfamilies
building the left wing were independently shown to be enriched in genome fractions biochemically characterized as being
embedded in heterochromatin (39) (Fig. 3B). Thus, RepSeq subfamilies can be neatly partitioned into those associated with
A and those associated with B. The fact that the CorrA and CorrB RepSeq sets each form a distinct cluster on the outer
edges of the cognate wings confirms a strong association (Fig. 3B). Correlation with HiC EV is largely conserved between
cell lines for RepSeq for values below -0.01 or above 0.01 such that CorrA and CorrB sets would only slightly differ had a
different cell line been selected as a reference (Extended Data Fig. 3; Table 2).

CorrA RepSeq subfamilies primarily consist of transposable elements (TEs) covering more than two thirds of the TE inserts
in the genome, and contain the vast majority of short interspersed elements (SINE) subfamilies (Fig. 3C). CorrB TE RepSeq
subfamilies mainly consist endogenous retroviruses (ERVs) and long interspersed elements (LINE) L1 (L1) (Fig. 3C).
Together, CorrA RepSeq and CorrB RepSeq contain 90% of the 3.4 million TE inserts in the human genome, covering
37.6% of the hg19 length. The TE subfamilies absent from both lists (and therefore more evenly distributed in the genome)
consist in large part of relatively young ERV subfamilies with low insert counts ("BetW", Fig. 3C-D; Extended Data Fig. 4 and
5; Table 1). The CorrB RepSeq set further contain simple repeats (also called "microsatellites”, or "STR, for short tandem
repeats"), and low complexity sequences that represent about one third of the CorrB RepSeq copies (Fig. 3A; Extended Data
Fig. 5). A salient feature of the CorrB non-TE RepSeqs is their predicted propensity to adopt a non-B DNA structure: (i)
CorrB simple repeat sequences consist in alternating purine and pyrimidine, with only C (or G) on one strand when not made
only of A and T, which has a predicted capacity to adopt a Z-DNA conformation (40, 41); (ii) such A-rich and AT-rich low
complexity sequences can form triplexes with RNAs via Hoogsteen pairing, in particular with the IncRNA KCNQ10T1 (42,
43) (Table 1). In addition, simple repeats are commonly transcribed and high GC skewing of CorrB non-TE RepSeq suggests
that they are prone to forming R-loops upon transcription (44-46). Simple repeats are known to specifically bind a host of TFs
(47). Both Z-DNA and R-loop forming potential has also been demonstrated for TEs, especially SINEs and ERVs (46, 48-50).
Finally, satellite sequences building up constitutive heterochromatin at (peri)centromeres and telomeres, which by definition
fall into AlwaysB and are poorly represented in hg19, are also part of CorrB RepSeq (Extended Data Fig. 5). R-loop
formation is a conserved feature of pericentromeric satellites, and thought to serve a physiological, regulatory role in
promoting specific DNA transactions (50-53).



Knowing RepSeq composition and density suffices to accurately predict HiC EV

As anticipated based on our definition of CorrA and CorrB elements, using CorrA and CorrB RepSeq sets together with gene
density in a linear model approach gives a very good score for predicting the HiC EV, the predicted profile most closely
resembling that of AorBvec (Fig. 4B, line 12). This score is better than that obtained using %GC as the only parameter (Fig.
4B, line 15), suggesting that RepSeqgs have a contribution to the prediction beyond their GC content. Furthermore, this score
is in the same range as the ones based on chromatin features known to be associated with gene activity and highly enriched
in the A compartment (Fig. 4A; Extended Data Fig. 1A). This is the case in particular for the count of DNase | hypersensitive
sites (DHS), which has a very strong predictive power as already reported (54, 55) (Fig. 4B, line 11), or the GROseq signal,
which reflects gene transcription activity itself (Fig. 4B, line 5). As also expected, in the linear models, the multiplicative
coefficients associated with the CorrA RepSeq density, gene density and chromatin features associated with gene activity
are positive, while the coefficients are negative for the CorrB RepSeq counts, which can be interpreted as the former
seemingly promoting A character whereas the latter would seemingly promote B character. Furthermore, combining
chromatin features with DNA features improves the prediction score. Intriguingly, in this case the features associated with
gene promoter activity (H3K4me3, ChromHMM strong Promoter) contribute to the models with negative scores (Fig. 4B, line
1-2), which suggests that while DHS and enhancers are clearly ProA features, gene promoters in an active state behave to
some extent as ProB features. In conclusion, it appears that the distribution of most RepSeq subfamilies in the human
genome is sufficiently heterogeneous with respect to compartmentalization such that one can define two sets of RepSeq on
the basis of correlation with the HiC EV, together covering roughly 90% of RepSeq inserts in the genome, and predict the
organization of the genome into A and B compartments just by taking this into account.

Identifying core sets of ProA and ProB elements and mechanisms involved

Can it be claimed however that CorrA and CorrB RepSeq specifically promote A and B compartments, respectively? ProA
and ProB elements are expected not only to locally promote the cognate character in the cognate compartment, but also to
antagonize the opposite character according to the toggle-switch scheme (Fig. 2), and therefore to be depleted in the
opposite compartment. In other words, ProA and ProB elements should be significantly enriched in the A and B
compartments, respectively, which is clearly not the case for all CorrA and CorrB RepSeq subfamilies (Fig. 3D). We
therefore decided to apply an additional filter by retaining only those RepSeq CorrA (or CorrB) that show enrichment above
1.17 in the A compartment (or B compartment) (Fig. 3D; Extended Data Fig. 5). The density of the corresponding RepSeq
CorrA.enrichA and CorrB.enrichB subfamilies more closely follow the HiC EV curve than observed for the complete CorrA
and CorrB sets (Fig. 4A). These two "Corr.enrich" RepSeq sets now clearly fulfill expectations for sequences that promote A
and B character, respectively. This does not preclude that additional RepSeq subfamilies may have a role in genome
organization. The following two putative RepSeq profiles would clearly evade our correlation/enrichment-based selection: (i)
"Compartment mitigators", such as RepSeqs that would have some specialization in promoting B character within an A
context, and vice-versa; (i) "Chameleons" that would tend to behave as ProA in an A context and as ProB in a B context. In
addition, some RepSeq subfamilies may play a role through only some of their members without reaching our thresholds
when analyzed as a group. The CorrA.enrichA and CorrB.enrichB RepSeq should therefore be understood as archetypal
ProA and ProB RepSeq that display both pure and pronounced ProA and ProB character, respectively. These are clearly the
types of profiles that should be considered in further endeavours to try to understand the molecular mechanisms by which
RepSeqs are involved in genome compartmentalization. CorrA.enrichA and CorrB.enrichB TEs represent 1.3 and 0.3 million
inserts in total, each covering approximately 12% of the hg19 genome length, respectively, and are essentially composed of
Alu and SVA sequences for ProA and of ERV and L1 elements for ProB (Fig. 3C; Extended Data Fig. 4 and 5). By
comparison with CorrA and CorrB sets, both CorrA.enrichA and CorrB.enrichB RepSeq sets are slimmed down with respect
to relatively old subfamilies, and are therefore correspondingly enriched in relatively young subfamilies (Fig. 3C; Extended
Data Fig. 5A). This is consistent with a model in which ProA and ProB elements may promote the A and B compartments,
respectively, via their cis-regulatory elements, which degenerate and loose functionality with age (Box1). Thus, similarly to
the cis-regulatory elements of genes known as promoters and enhancers, RepSeq harbor cis-regulatory elements, which
bind both activators and repressors, locally anchoring transcriptional activating and repressing systems, respectively (56-64).
Repression of young, potentially active TEs appears especially crucial to maintain genome stability by inhibiting both
transcription and recombination, which chiefly involves HP1a /H3K9me3-based heterochromatin in somatic cells (4, 56, 65)
(Box2). As the most prominent chromatin marker in the B compartment is precisely the H3K9me3 mark (Fig. 4A), this striking
coincidence suggests a capacity for any newly inserted TEs to act as a ProB element, without making any assumptions
about the exact underlying mechanism. While TE cis-regulatory sequences decay and lose functionality as the TE sequence
overall drifts with evolutionary time, heterochromatin marks may still be observed long after a TE has seemingly lost any
transcription potential (56, 66) (Box1).



L1 inserts meet these expectations as the youngest L1 subfamilies are enriched among the RepSeq scoring best as ProB,
with a trend by which scores tend to diminish with age (Fig. 3D, Extended Data Fig. 5A). By contrast, the youngest Alu
elements do not feature marked polarity, and only young Alu subfamilies that have already significantly drifted score as
CorrA.enrichA (Fig. 3D, Extended Data Fig. 5A). This is consistent with a scenario in which new L1 inserts are born as strong
ProB. New Alu inserts may instead feature both ProA- and ProB-type potential and progressively lose the latter through
sequence drift, being eventually selected against in the B compartment and selected for in the A compartment as ProA, as
previously suggested by others (67). While a majority of ERV subfamilies score on the B side, no such clear trends as for Alu
and L1 are found for the ERV1 and HERVK subfamilies, with an abundance of young subfamilies displaying a mixed
character, similar to young Alu elements (Extended Data Fig. 5A). The LTRs of young ERVs are GC-rich sequences
(Extended Data Fig. 6), and can generally behave as bona fide, potent enhancers of gene expression, as demonstrated both
in classical reverse genetics assays and by in situ inactivation of individual inserts, with subfamilies displaying distinctive
tissue-specificity associated with the binding of tissue-specific transcription factors (59, 60, 68-72). Young ERVs inserts are
therefore markedly bipotential, having strong enhancer capacity while being also prominent targets for heterochromatin-
mediated repression (60, 65, 73). Correspondingly, a very large number of ERV LTRs are found associated with either an
active or a repressed chromatin state in various tissues (26). This suggests a role for ERVs as compartment mitigators or
chameleons, with the large number of ERV subfamilies being suggestive of specialization in specific tissues, stage of
development, or signaling pathways. The idiosyncratic evolution of individual TE inserts belonging to other classes, in
particular L1 and Alu, may allow the emergence of elements with high enhancer activity and therefore similar bipotentialities
as the LTR of ERV inserts, as indeed observed (62, 63, 72, 74).

In conclusion, core sets of TEs featuring more pronounced ProA or more pronounced ProB character are enriched in and
shape the cognate compartment. Linear models suggest that molecular mechanisms responsible for active and repressed
chromatin states can underlie the ProA and ProB functions of active gene cis-regulatory elements and young TEs,
respectively. How Alu elements perform their ProA function stands as a riddle at this stage, and will be addressed in the
Discussion. Notably, to a degree, active and repressed chromatin states potentially confront each other at every TE ina
dynamic manner, which may be captured in specific settings (73). Therefore, we propose that most if not all TEs may be
involved in shaping genome organization through a combination of ProA and ProB capacity.

Compositional genomics reveals general trends for the local densities of ProA and ProB elements, and a
marked heterogeneity between functionally similar territories

By way of extension, CorrA.enrichA and CorrB.enrichB sets will be referred to as ProA and ProB RepSeq sets in the
following. Compositional analysis of the human genome shows a trend by which the density of both TE and non-TE RepSeq
ProB gradually rises from high A character subclasses to high B character subclasses, and the reverse is true for RepSeq
ProA and chromatin features associated with gene activity, in particular DHSs, with the AorB subclasses displaying
intermediate profiles (Fig. 5A; see Extended Data Fig. 8A for all 24 subclasses). This general pattern is remarkably
congruent with the expectation outlined in Fig. 2. In addition, there is a direct relationship between the enrichment value of a
ProA RepSeq subfamily in AlwaysA and in A in general, and for a ProB subfamily in AlwaysB and in B (Fig. 5B). It appears
therefore that the marked functional character of Always regions with respect to compartmentalization coincides with a
marked character in ProA and ProB RepSeq composition. The absolute values of ProA TE counts along these trend lines is
much higher than that of ProB RepSeq, such that to facilitate comparisons we will divide ProA TE counts by 3 (referred to as
ProA* count) in subsequent analyses and representations. Thus, using this arbitrary gimmick to calculate a ProA/ProB
RepSeq ratio, the ProA "weight" appears, on average, four times higher than the ProB weight in AlwaysA subclasses with the
highest A character compared with AlwaysB subclasses with the highest B character, and the mirror image is true for bins
with high B character (Extended Data Fig. 8A). Interestingly, again using ProA* and ProB counts, the total RepSeq count
appears relatively constant in all subclasses, on average (Extended Data Fig. 8A, middle panel). That both absolute and
relative ProA and ProB densities appear to obey such general trends is consistent with a model in which the ProA and ProB
elements are organized into two systems in which functionally interchangeable elements cooperate at a distance, all the
more efficiently when they are closer, and which ultimately obey, as systems, the toggle-switch rule shown in Fig. 2.
Cooperation between ProB elements may occur according to principles explained before (17), building a heterochromatin
network which conceivably represents a major organizational force, while ProA elements are envisioned to cooperate in
antagonizing the latter. Gene complexes mainly fall into B chromatin subclasses 5-8 and 13-16 and display a strikingly
chimeric composition, harboring high densities of both ProA and ProB RepSeq (Extended Data Fig. 8A).

It is important to note that these are only general trends and that a wide range of values is observed for each feature
considered within each subclass, indicating a marked heterogeneity between bins within a subclass and prominent overlap



between subclasses (Fig. 5; Extended Data Fig. 8C). A similar picture is observed when %GC classes are analyzed
(Extended Data Fig. 8B).

Is such a heterogeneity compatible with the notion of RepSegs as key players in genome organization, or may it even have a
specific role? In the following analysis (Fig. 5C), multiple features are assessed in AorB bins that are outliers in HUVEC
compared to the seven other reference cell lines (i.e. HUVEC.A(vecB) bins which score A in HUVEC but display a B trend,
and vice-versa for HUVEC.B(vecA) bins). Only AorB bins which are "outstanding outliers" in HUVEC, i.e. displaying a large
difference between HiC EV and AorBvec values, are considered (see Resources and Methods section). Such
HUVEC.A(vecB) and HUVEC.B(vecA) regions feature especially low and high levels of Polycomb facultative chromatin-
associated markers, respectively, but otherwise display the expected average levels of chromatin markers associated with
gene activity for A and B bins (Fig. 5C). However, they tend to display a remarkable, chimeric composition with regards to
RepSeq. Thus, the %GC and RepSeq composition of HUVEC.A(vecB) globally follow the trend of the corresponding
HUVEC.B subclasses, consistent with them belonging to the B compartment in a majority of cell lines. The exception are
CorrB RepSeq, with CorrB.TE density tending to approach that found in the corresponding A subclasses and CorrB non-TE
density being especially high, in the range found in AlwaysB regions (Fig. 5C). The mirror image is true for HUVEC.B(vecA)
regions, which largely display a typical A composition with especially high densities in CorrA RepSeq while featuring at the
same time CorrB RepSeq densities only slightly lower on average than the corresponding HUVEC B subclasses (Fig. 5C).
Altogether, it therefore appears that bins that are outliers in HUVEC with respect to compartmentalization, i.e. that score B in
HUVEC but A in a majority of the seven other cell lines or vice-versa, also appear as outliers with respect to the composition
in RepSeq. Thus, the widely dispersed RepSeq composition observed within each subclass may conceivably have a role in
allowing the emergence of a variety of specific regulatory subfunctionalities.

Alternatively, such a heterogeneity may have minimal relevance to gene regulation and instead reflect fundamental physical
principles at work in shaping genome organization. Thus, the RepSeq and gene density-based linear models prove powerful
in reproducing the general appearance of the HiC EV curve, but the curves of the models are more jagged than the HiC EV
curve, which is remarkably smooth (Fig. 4B). This observation is consistent with the notion of long-distance cooperation
between elements within the ProA and ProB subsystems, well beyond the 100 kb binning length that we have used.
Moreover, genome organization is known to obey fractal principles, with self-similar patterns of domains recurring across
scales as inferred in particular from HiC analysis (1, 5, 75, 76). Observing a large dispersion for elementary parameters
determining the overall system therefore does not come as a surprise, but is actually expected (77, 78).

In conclusion, the local dosage in ProA and ProB DNA features appears to coarsely dictate the propensity of a chromatin
region to promote the installation of either the A or the B compartment, or instead to confer plasticity. This should not be
regarded as a strictly deterministic principle. Instead, the considerable heterogeneity observed in ProA and ProB RepSeq
densities can be seen as a sign of the fractal organization of genomes, in which ProA and ProB elements are envisionned to
interplay in multiple dimensions in nuclear space, and in an eminently dynamic manner.

DNase | Hypersentitive Sites oppose B compartment to open domains

DHS density emerges as the strongest single ProA chromatin feature. DHSs correspond to DNA segments actively freed
from nucleosomes by the interplay of transcription factors that bind to them and recruit chromatin remodelers, which in turn
promotes nucleosome sliding or eviction to both induce and sustain DHS existence (79-84). DHSs are largely tissue-specific,
and approximately two thirds of DHSs in a differentiated somatic cell coincide with active gene enhancers (85). Analyzing a
large panel of tissues and cell lines recently established a compendium of 3.6 million DNA elements in the human genome
actuated as DHS in at least one setting (85), amounting to approximately 385,000 "active DHSs" just for cell types found in
the human brain cortex (74). The number of these elements is strikingly in the same range as the total RepSeq count of
chromosome arms, as discussed above. As expected for a feature associated with gene activity, DHS density is on average
systematically lower in a chromatin subclass where bins display no active promoter marks, as compared with the subclass
with similar gene density and chromatin color but displaying activity (Fig. 6A), and it is generally at a background level in the
B compartment except for a minority of regions displaying active marks (Fig. 6A), which are mostly found at A/B junctions. In
active high gene density regions, DHS density tends to increase with size, albeit only mildly (Fig. 6B). In a seemingly
paradoxical twist, there is a tendency whereby, in some A subclasses, smaller domains will display a higher density of DHSs.
This tendency reaches statistical significance for inactive A bins containing few or no genes (Fig. 6B, subclasses 12 and 20).
In addition, both DHS and active enhancer densities are especially high in gene-containing bins that score A in HUVEC but B
in a majority of the 7 other cell lines analyzed (Fig. 5C, compare HUVEC.A(vecB) bins and HUVEC.A bins). Altogether these



observations suggest that the factors and events associated with a DHS constitute an opposing force that enables the
formation of an A domain within a "hostile" environment.

Strong support for this notion is to be found during development, or by experimental manipulation, in which the shift of
domains from a B/closed to an A/open configuration, and relocation away from a heterochromatin-dense compartment have
been reported to coincide with the appearance of DHSs scattered across the domain, in the absence of any gene
transcription (3, 86-91) (illustrated Fig. 6C). Some of these DHSs will convert to bona fide enhancers, associated with typical
markers such as high levels of H3K27ac and RNA (eRNA) production, and possibly contact with a target gene promoter, but
this occurs only in a second step, at the same time as the activity of the cognate gene takes off (3, 87, 89, 92-96).
Interestingly, some active enhancers seem not to display elevated contact frequency with any gene, in a given cell type,
albeit displaying high enrichment of active enhancer features (72). A strikingly similar sequence of events may also be
observed on a shorter time scale, for instance for domains that switch between A and B compartments over a circadian cycle
(97-99), or upon neuron stimulation and memory encoding (100). Thus, there is strong evidence that DHS/enhancers
mediate domain opening, enabling promoter activation, but also recombination and initiation of DNA replication (101, 102),
and conceivably any process that is inhibited by heterochromatin in the B compartment, in an indirect and therefore non-
specific manner. This function of enhancers may be described as "generalized activation", in reference to the "generalized
repression” observed in the B compartment, and which is a hallmark of heterochromatin.

DHS/enhancers cooperate over a distance in opposing installation of a B chromatin system, as may be inferred from the co-
actuation of clustered DHSs observed at a single-molecule level (103), and as also proposed above for ProA and ProB
RepSeq. DHS/enhancers therefore appear to behave as inducible ProA features, acting to open domains by cooperatively
opposing the forces that drive the B compartment, and being presumably continuously required although not continuously
bound by TFs (103). It is likely that this "anti-silencing” role is expanded when a basic DHS turns into a classical enhancer. In
the Discussion, we will propose a mechanism for how ProA elements oppose establishment and maintenance of the B
compartment that integrates our findings presented here and what is already known from the literature.

DHS/enhancers are of RepSeq origin, switch from a ProB to a ProA state upon induction, and can globally
unfold the genome

DHS/enhancers are of RepSeq origin

A growing body of literature shows that, in all tissues where this has been investigated, a significant proportion of
DHS/enhancers active in a given cell type are in fact RepSegs (26, 104-107). Mounting evidence further suggests that all
DHS/enhancers are of RepSeq origin, deriving either from TE or non-TE sequences, which may essentially have become
undetectable due to sequence drift across evolutionary times (see Box1) (47, 74, 108-110).

DHS/enhancers are dual-function elements that switch from a ProB to a ProA state upon induction

In cases where the DHS/enhancer considered is a Very Young TE, typically a human- or primate-specific TE, actuation of
the DHS/enhancer in the course of development or differentiation actually consists in a clear switch from an initial,
H3K9me3-associated ProB chromatin state, to an active DHS/enhancer chromatin state. Interestingly, integrating switches
from H3K9me3 to active DHS/enhancer state on a genome-wide scale enables a compelling prediction of cell trajectories
(90). However, most DHS/enhancer elements exhibit a mundane, seemingly neutral chomatin state prior to induction,
blending into the landscape (56). We surmise that a large fraction of enhancers nonetheless perform a ProB function prior to
induction. There are at least three possible explanations for why this is not generally apparent in the form of bound repressor
TFs and repressive marks: (i) There is a conspicuous background of H3K9me3 signal across the whole genome, visible in
both bulk ChIP and single-cell analyses, which would clearly mask a small peak; (ii) Highly transient binding of TFs such as
Krlippel-associated box (KRAB) zinc-finger proteins (KZFPs) may evade detection by ChIP while being sufficient to maintain
heterochromatin assembly over a region via discrete events of nucleation, due to memory effects within the heterochromatin
system in a differentiated cell (111) (Box2). Consistent with this notion, even prototypical ProB TE most often do not appear
as DHSs in spite of featuring both H3K9me3 and KZFP ChlIP signals, indicative of transient TF binding. (iii) All types of
heterochromatin require histones to be deacetylated for spreading. Targeted histone deacetylation can locally promote
heterochromatin binding to the chromatin fiber without the need for a dedicated heterochromatin recruitment apparatus, as
observed for SIRc-based heterochromatin in the budding yeast Saccharomyces cerevisiae (S. cerevisiae) (112). The
resulting heterochromatin binding is more dynamic and therefore essentially not apparent using ChIP. Such a principle may
account for the ProB capacity of a number of TEs, but also of gene promoters (Fig. 4B), as promoters toggle between high



and low acetylation states, coinciding with bursts of effective transcription initiation by RNA polymerase Il (Pol.ll) and
inactivity, respectively.

Altogether, ProA and ProB RepSeqs and DHS/enhancers must therefore be considered as a single system of elements,
wherein, in a first approximation, two core sets of RepSeqgs with a marked ProA and a marked ProB character, namely
Alu/SVA and L1/ERV elements, respectively, perform their function constitutively, while elements known as DHS/enhancers
are RepSegs or derivatives that can exist either in a ProA or a ProB state depending on the cell context. Independent
support for the ProA/ProB bipotentiality of DHS/enhancers and for their RepSeq origin comes from the discovery that KZFPs
are largely responsible for interindividual epigenetic variability both in mice and humans (73, 113-115). Thus, KZFPs, which
are pivotal TF effectors of RepSeq repression and therefore of the ProB function in general (Box2), were also found to be
prime trans-determinants of DHS/enhancer activity (113, 114). This may now be interpreted as reflecting a negative
modulation of the DHS/enhancer ProA function by the associated ProB character, seemingly tuning ProA function (Fig. 7A)
(113).

A scenario for domain opening that incorporates alteration of CoG methylation

The human genome of a healthy cell displays a homogeneous roughly 80% level of cytosine methylation at CpG
dinucleotides. A highly localized loss of meCpG is observed along with the emergence of a DHS/enhancer, which appears as
a cluster of differentially methylated CpG (DMR). This is due to the action of ten-eleven tranlocation methylcytosine
dioxygenases (TET) enzymes, as recruited by bound TFs (116). However, the two processes are not strictly coupled. While
loss of meCpG may precede the onset of DHS when a pioneer TF, such as KIf4, is involved with its ability to bind chromatin
in isolation and to recruit TET enzymes, it may also occur with some delay after the DHS is detected (116, 117). Strikingly, in
a given tissue such as the human motor cortex, approximately ten times more DMRs than DHS/enhancers are detected,
which are differentially methylated or differentially open between cell types, respectively (74). Similarly to DHS/enhancers, a
large proportion of DMRs coincide with RepSegs, belonging to all TE classes, but the proportion is even greater for DMRS,
and overall DMRs are less cell-type specific than DHS/enhancers except for those where DMR and DHS/enhancer coincide
(74). CpG methylation is involved in TE repression (Box2). It is a pivotal player for the repression of young L1s and ERVs,
which feature relatively high levels of %GC, of %CpG, and of CpG methylation in a normal tissue (Extended Data Fig. 6;
Extended Data Fig. 9), and which comprise precisely the TEs with the strongest ProB character in our analysis.

In view of the above, it seems reasonable to assume that an alteration in the meCpG level of a DNA element without a DHS
being concomitantly detected represents a modulation of its ProB function, whether or not the element is clearly RepSeg-
related, and whether or not it has a remarkable histone mark profile. Transition from a ProB status to a ProA status may thus
be conceived as a continuum, of which demethylation/ DMR may be regarded as an intermediate stage, according to the
following scenario. We envision loss of DNA methylation and eviction of a nucleosome, as driven by TFs and associated
cofactors binding the element, as highly dynamic processes that are largely compensated by reverse reactions in an initial
stage, with loss of methylation/DMR status becoming gradually detectable. A minor subset of these elements in a B
chromatin segment would clearly emerge as DHS, upon the pivotal binding of some additional TFs, only when a threshold
density of such elements is reached in a domain. This would indeed switch the domain to an A configuration and lead in in
turn to the all-or-none co-actuation of these DHS by cooperative effects, as experimentally supported by a recent publication
(103) (Fig. 6C). The other DMRs, which are much more abundant than DHSs, would instead remain as DMRs, possibly
progressing to a clearer demethylated stage without ever reaching a detectable DHS stage. They may thus contribute to
domain opening in a more subtle way than DHSs, by virtue of modulating the ProB function of elements without a clear
switch to ProA. Such a model allows, in particular, to understand how continuous phenomena, such as the alteration of the
concentration of specific TFs, can be responsible for domain switching from a B to an A state, which appears essentially
binary. This is due to the fact that domain opening and DHSs mutually reinforce each other, concurring to the apparent self-
sustainment of the A state at the domain scale (Fig. 7A). Whether ProB RepSegs whose function is simply modulated
without switching to an overt ProA DHS or enhancer state play an important role in this picture remains to be investigated.

Viruses drive global genome opening by switching or tuning selected sets of DHS/enhancers towards ProA
Viruses massively reprogram cells, which has been the subject of intense research over the last fifty years. We decided to
re-examine this phenomenon for selected viruses to tentatively gain further insights into general principles of genome
organization. Infection of cells by viruses has been reported to result in sets of TE inserts, most commonly ERV LTRs,
switching in a sustained manner over time from a repressed chromatin state to an active enhancer or active promoter state;
this is associated with loss of DNA methylation, and for a subset of them with active transcription (118, 119). This is the case
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in particular for Epstein-Barr Virus (EBV) infecting resting B cells or epithelial cells (119-122), where a large number of ERV
subfamilies of all ages have members that are induced or over-activated, although only a minority of inserts within a
subfamily are involved (Extended Data Fig. 7B). These induced LTRs are indistinguishable from conventional host cell
enhancers except that they result from the cooperation of tissue-specific TFs, expressed by the host cell, and TFs encoded
by the virus ("viral transactivators"). Induced LTRs may also interact in frans with non-integrated EBV episomes (121, 123).
Such neo-enhancers appear to switch entire domains from B to A (121, 122), similarly to cellular enhancers as described
above. Infection of B cells by EBV triggers a transformation by which B cells exit quiescence and reach a state akin to that of
activated and self-renewing B cells, exhibiting a globally unfolded genome in a large nucleus (122, 124-126). The TFs NF-
KB and Myc, as well as the MAPK signaling pathway, have been implicated in both situations, Myc being directly
upregulated by EBV transactivators (127). A plausible explanation for such a global genome unfolding is that shifting a large
number of RepSegs along the genome to a DHS/enhancer state can globally tip the equilibrium towards A according to the
genome partitioning toggle-switch scheme (Fig. 7A), opening up the genome due to the loss of cooperative effects in the
ProB system of elements, at all scales. It has previously been experimentally demonstrated using the mouse early
development embryo as a model system (128) that switching a limited number of RepSeqgs along the genome from a ProB to
a ProA state, with or without associated transcriptional induction, can indeed globally unfold the genome. Strengthening the
ProB state of the same RepSeqs had the opposite effect, compacting the genome (128), strongly supporting the notion that
tuning the ProA / ProB functions of RepSegs is the common way by which cells adjust genome folding at all scales to their
needs.

Global opening of the host cell genome has been observed upon infection by many viruses, or after reactivation of viruses
from latency. It is associated with an exit from cell quiescence, which appears necessary for viral multiplication (122). Viruses
use a variety of strategies to eventually tip the toggle-switch towards A. Small DNA tumor viruses such as simian virus 40
(SV40) and polyomavirus, but also papillomaviruses, and Hepatitis B and C viruses (HBV, HCV) acutely push p53 towards
degradation (129), p53 being a pivotal TF for the repression of RepSeqs (130-133). Notably, inactivation of p53 also
suppresses the p53-driven stress response (129). Other viruses such as HTLV-I and HBV express "promiscuous
transactivators” that empower specific TFs and chromatin modifiers typically acting at active promoters and enhancers,
respectively (134-137). Yet other viruses, such as influenza A virus (IAV), inhibit transcription termination, and ensuing
readthrough transcription over extended chromatin segments exerts itself the ProA antisilencing function, switching entire
domains from B to A (138). In addition, many viruses antagonize heterochromatin because it acts primarily as a "restriction
factor", silencing invading nucleic acids, and antagonizing at the same time the function of ProB elements. Viruses may
trigger the degradation of heterochromatin components, such as Smc5/6, which is targeted by HBV, or components of PML
bodies, which provide a favorable environment for heterochromatin formation (139, 140). This can, for example, be PML
itself or SP100, which are targeted by HSV-1 (141), or ATRX/DAXX, targeted by adenovirus (139).

RepSeq ProB function is impaired in cancer by both specific and global mechanisms, resulting in genome
opening and plasticity

The chromatin of a cancer cell is generally less compact and more homogeneous than that of a healthy, differentiated cell,
and compartments are more intermingled, similar to the situation in a progenitor or embryonic stem cell (13). These
observations are typically indicative of global genome unfolding, which leads us to suggest that limited RepSeq sets may
switch their function from ProB to ProA, and therefore shift domains from the B to the A compartments, in cancer, similarly to
what occurs during viral infection. Such RepSegs would eventually be differentially enriched in the A compartment. In order
to identify such RepSeqs, we compared RepSeq enrichment in the A and B compartments in the liver cancer cell line HepG2
and in the primary cell line HUVEC. While enrichment of L1 and Alu elements, as well as old ERVs is similar in the B
compartment between the two cell lines, a large number of young and middle-aged ERVs tend to be more enriched in the A
compartment in HepG2 cells, which is exactly what one would expect for drivers of compartment switching and, ultimately,
global genome unfolding (Fig. 7E).

It was independently shown that a large number of ERV LTRs, together with some L1s, are transcriptionally induced in liver
cancer, both in human and in mouse. This appears to result from transactivation by Myc in cooperation with liver-specific TFs
and in particular with the pioneer TF FOXA3 (57, 72, 142). Myc is commonly upregulated in liver cancer, in both humans and
animal models, and considered to be the main driver of hepatocarcinogenesis. Its overexpression in mouse liver potently
induces liver tumors (142-147). The upregulation of ERV's is more pronounced in liver tumors of viral etiology, associated
with chronic infection by either HBV or HCV, and inflammation (142). Myc-driven hepatocarcinogenesis may be further
empowered by p53 haploinsufficiency, a highly prevalent genetic alteration in all cancer types (148). These findings are
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consistent with a model in which Myc upregulation, due to both genetic and epigenetic alterations in the course of liver
carcinogenesis (145), switches or tunes a large number of RepSegs, and in particular ERVs, toward a more ProA function,
bringing about global genome unfolding. p53 participates in the repression of a host of RepSegs as discussed above, and
therefore the loss of p53 may facilitate the ProB to ProA switch by weakening the ProB state. This model also provides a
rationale for the well-described but hitherto not understood genome-unfolding ability of Myc (149, 150). Presumably different
RepSeq sets and Myc partner TFs are involved depending on cellular context. Interestingly, iPS reprogramming is promoted
by both Myc overexpression and p53 inactivation, and also by drugs that weaken HP 1o /H3K9me3-based heterochromatin,
suggesting a mechanism similar to that outlined above for cancer. Intriguingly, a number of RepSeq subfamilies are known to
be responsive to the Yamanaka factors (151-153).

As mentioned above, ProB elements that switch to ProA generally lose CpG methylation. We therefore decided to assess
the fraction of CpG dinucleotides methylated for each individual RepSeq copy in the genome ("meCpG fraction”) in normal
liver and in a liver tumor sample, using Nanopore sequencing (Fig. 7B. Strikingly, not only ERVs, but a majority of RepSeq
subfamilies trending towards ProB character and appearing in the left wing of our UMAP analysis appear to lose DNA
methylation in the tumor, while subfamilies in the ProA-trending right wing are largely spared or even gain methylation, in the
tumor. Comparing RepSeq DNA methylation in liver tumor and adjacent non-tumorous tissue over the same 25 Mb region
provides an explanation for this surprising finding (Fig. 7C). Our analysis was restricted to Alu and SVA elements, on the one
hand, and ERV and L1 elements, on the other hand, as these are the main families contributing core ProA and ProB TE sets,
respectively. Clearly, both Alu/SVA and L1/ERV TEs seem to globally lose meCpG in the B compartment, but not in the A
compartment, in the tumor (Fig. 7C). Visual inspection of meCpG levels for 25 kb DNA segments leads to a similar
conclusion (Fig. 7C). DNA methylation may actually occur at a higher level in the tumor than in the non-tumor sample in
some A domains, such as in the 5 Mb AlwaysA domain on the left of the 25 Mb region (Fig. 7C), which had already been well
established (154, 155).

Trend lines for the RepSeq meCpG fraction according to the HiC EV values of the 100 kb bins where an individual RepSeq
copy is found show, first, that Alu/SVA TEs tend to display much higher methylation levels than L1/ERV TEs (Fig. 7D, top).
Note that both types of TEs have a very different GC composition (Extended Data Fig. 6), and that CpG methylation plays a
distinctive role (Box2). Second, both categories tend to lose DNA methylation to a similar extent in the B compartment while
both display a similar moderate methylation loss in the A compartment in the tumor (Fig. 7D (top)). The main determinant for
methylation loss of L1/ERV TEs in the tumor is clearly not the ProB character, nor the age of the subfamily, as may have
been suspected, but instead the position of the insert in the genome, and more specifically the local chromatin flavour (Fig.
7D, middle; Extended Data Fig. 9 A and B). The reason why ProB TEs appear preferentially demethylated in the tumor is
therefore that the B compartment globally loses methylation in cancer, and that ProBs are enriched in the B compartment to
begin with. Centromeric and pericentromeric satellites were also found to become partially demethylated in the tumor sample
(Extended Data Fig. 10). They are commonly transcribed in tumors and may display distinctively enhanced accessibility
(156-161).

Although not the main determinant, the RepSeq age clearly impacts methylation, with younger TEs generally being richer in
GC and CpG (Extended Data Fig. 6), and more methylated in normal liver (Extended Data Fig. 9 B-C). Interestingly, whereas
Very Young L1s and ERVs are both more methylated than older counterparts in normal liver, and both lose methylation in B
compartment in the tumor, this loss is more pronounced for L1s, presumably due to a lower GC content (Extended Data Fig.
9 B-C). Furthermore, whereas the L1/ERV curves are all approximately flat in Fig. 7D (middle), we noticed that, the Alu/SVA
curves are all tilted, and all the more so from panel AlwaysA towards B up to panel AlwaysB. This shows that the youngest
Alu subfamilies, which are enriched in B, are massively methylated in B, while the less young ones, which are gradually more
enriched in A and are endowed with a strong ProA character (Fig. 3D), are partially demethylated when located in the B
compartment. This is consistent with the somewhat counterintuitive notion that CpG methylation powers the ProA function of
Alu/SVA and should therefore be thwarted in B such as not to jeopardize B compartment establishment (Box2). While the
drop in methylation of A-enriched Alu/SVAs in B may seem modest, it is a priori sufficient to essentially abrogate the
nucleosome positioning capacity of Alu (162), and thereby their ProA capacity as detailed in Box2. By contrast, the youngest
Alu exhibit very high methylation levels in B, suggestive of a ProB function for CpG methylation in this context, which
intriguingly may also involve nucleosome positioning, but combined in this case with a heterochromatin-nucleation capacity
similar to that of L1/ERVs (43, 64, 66, 163). The latter would be lost by genetic drift, gradually revealing a ProA-only
character, as mentioned before.
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Collectively, these observations suggest a two-tiered dysfunction in cancer with respect to chromatin and genome
organization. Firstly, the heterochromatin state of a large number of ProB RepSegs is specifically weakened and some
switch to a ProA function, locally shifting the balance between ProA and ProB power, unfolding domains, and eventually
resulting in the global unfolding of the genome (Fig. 7A). This is similar to the aforementioned mode of genome
reorganization upon viral infections, and may arise in this case as a consequence of combinations of abnormalities typically
observed in cancer. Examples include constitutive activation of signaling pathways due to mutations, such as that in the Ras
oncogene for the MAPK pathway, or autocrine mechanisms or inflammatory conditions, which promote an active chromatin
state and therefore the ProA function of a large number of RepSegs and known DHS/enhancers. In contrast, repressive
mechanisms pivotal to ProB function are frequently dampened by genetic or epigenetic alteration in tumors. Highly prevalent,
iconic examples include mutation or loss of: p53; KZFPs and TRIM28/KAP1 (164, 165); the ATRX/DAXX
remodeler/chaperone pair responsible of the deposition and maintenance of H3.3K9me3 at RepSeqs (166, 167); the
remodeler HELLS/LSH, which both enacts macroH2A deposition to reinforce RepSeqs repression and promotes their
methylation by DNMTs (168-171). A classical, stepwise transformation protocol applied to human fibroblasts recapitulates
rapid loss of CpG methylation at a subset of RepSegs accompanied, with some delay, by RepSeq transcription (172). A
second alteration, which seemingly superimposes on the first one, is a massive, systemic alteration at the compartment
level, by which the B compartment, and by way of consequence ProB RepSegs therein, globally lose DNA methylation, being
therefore only partially methylated in tumors. By contrast, the A compartment may instead even gain DNA methylation in
some domains, and display prominently active DHS/enhancers, including superenhancers, which altogether further shifts the
balance between A and B compartments toward A (Fig. 7A) (173, 174).

Since CpG methylation is a key player in RepSeq repression (Box2) and therefore in ProB function, one may anticipate a
collapse of the B compartment in cancer. However, this is not observed (Fig. 7C), even though compartmentalization is
known to be weaker (175). The reason is that compensatory mechanisms arise to ensure a degree of RepSeq repression
sufficient so as to maintain the integrity of the B compartment, while at the same time contributing to hiding the cell from the
immune system by restraining RepSeq transcription (Box2). However, the resulting ProB RepSeq repression has neither the
same efficiency nor the same quality as in a healthy cell, with three major consequences:

(i) First, irrespective of the cancer-specific mechanisms involved, a B chromatin segment harboring ProB RepSeq with
altered functionality due to DNA methylation loss is anticipated to behave as a segment with ProB RepSeqs at a lower
density. In other words, such a B segment would have a weakened B character, display more plasticity with respect to
compartmentalization, as inferred before by comparing AlwaysB and AorB regions (see Figs. 1and 5, Extended Data Fig. 8).
If this B segment contains genes, their expression would be less tightly controlled (176), which is consistent with the
observed increased entropy in gene expression in cancer (175).

(i) Second, since CpG methylation is specifically involved in guaranteeing a memory of repressed chromatin states both
within a cell cycle and through multiple cell divisions (Box2) (177, 178), alterations thereof can only be poorly compensated
by other mechanisms, in particular by the rise in H3K9me3 commonly observed in cancer (Box2). This suggests that the
altered chromatin state at ProB RepSegs, and more specifically the globally altered CpG methylation underlies the plasticity
of chromatin states in cancer, and endows cancer cells with one of their most iconic hallmarks, the plasticity of cell fate (175,
179, 180).

(iii) RepSeqs are conspicuously transcribed in cancer (Box3), which enforces a marked ProA character, associated with a
robust memory of the active chromatin state. This clearly plays an important role in B compartment decline while being at the
same time promoted by it, thereby fostering a pathogenic feed-forward loop.

DISCUSSION

Eukaryotic genomes are universally partitioned into an euchromatin/A compartment and a heterochromatin/B compartment in
the nucleus of differentiated cells, with euchromatin/A being conducive to gene transcription and heterochromatin/B largely
non-permissive to transcription. The observations reported in this article, based on simple premises, suggest a model in
which the core ProA and ProB repeat sequences (RepSeq) of a genome, defined as specifically promoting the A and B
compartments, respectively, shape a basic A/B landscape, which as a first approximation can be considered invariant
between different cells of an organism, and onto which genes settle. "Always" regions exhibit a strong propensity to be either
A or B while "AorB" regions are more plastic, coinciding with a more balanced RepSeq composition in the latter (Fig. 8).
Whereas subsets of RepSeq subfamilies as defined herein exhibit either pronounced ProA or pronounced ProB functions,
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basically every RepSeq insert in the genome must be regarded as a composite with some degree of ProA and ProB
capacities, which may vary depending on the cellular context and thus on the activities of TFs binding this particular copy.

Genes and their regulatory elements located in AorB regions behave as inducible ProA elements, switching these regions to
A when they become active, and thereby forming new A domains (Fig. 8). Note that activity here does not primarily mean
transcription but "active chromatin state", associated with the binding of TFs and the eviction of a nucleosome, forming DHS
sites, which are evenly scattered along the domain. A major part of DHSs corresponds to "enhancers", known to recruit TFs
and their cofactors to activate target gene promoters that can be identified as looping partners (181-183). In combination, the
above-mentioned evidence suggests-that another mechanism, by which enhancers and bound TFs stimulate gene
transcription, is separate from bona fide transcriptional activation and consists in opposing the formation of B compartment
and its associated generalized repression. Such "anti-silencing" activity of TFs and enhancers was actually postulated and
experimentally demonstrated almost three decades ago (21, 86, 184-186). What has become appreciated more recently is
that when a gene, embedded in a B domain, is silent and yet should be expressed, there is an intermediate stage when the
gene is not yet expressed but the domain has already switched to an A configuration (Fig. 6C). This intermediate stage
coincides with the emergence of enhancers in an immature form ("primed enhancers"), which essentially manifests itself as a
DHS, with associated chromatin marks such as H3K4me1. Here we provide more evidence that a high density of DHSs of all
types seemingly repels the B compartment, suggesting altogether a model in which an A domain will emerge on a B
background precisely over a chromatin segment where the density of DHSs is sufficient to repel the B influence (Fig. 8).
There is indeed evidence for cooperation between DHSs in doing so (103), a large part of which are enhancers in a steady-
state situation, suggestive of a feed-forward loop whereby DHSs cooperatively enhance accessibility over a region, which in
turn promotes TF binding at DHSs, further consolidating the presence of DHSs. There is a growing awareness that
enhancers originate from RepSeq, and that a significant proportion of enhancers actually are bona fide RepSeq (59, 72, 74,
105, 107, 187, 188). Furthermore, the literature contains countless examples of situations in which RepSeqs, and ERVs in
particular, switch from a conspicuously repressed or more often mundane chromatin state to a DHS or "enhancer" state, for
example during viral infection or in cancer as reported herein, blurring the line between ProA and ProB identity. This is in fact
true for every tissue- or developmental stage-specific enhancer, whether of recognized RepSeq origin or not, suggesting that
DHS/enhancer induction may more generally consist in switching from a ProB to a ProA state, even in the absence of
detectable TF binding and repressive marks prior to induction (189).

The genome must therefore be envisioned as a supersystem, of which the RepSegs are the main constituents and also
responsible for essentially all levels of organization. Schematically, there are three main subsystems, each composed of
functionally redundant, cooperating elements: RepSegs markedly ProA or markedly ProB, which broadly outline A/B
partitioning, and RepSegs with more indefinite characteristics. In human, a large proportion of the latter are ERV LTRs.
These can shift between ProA and ProB functions, depending on the cellular context and on which TFs are expressed, and
thereby cooperatively open or close the AorB domains. Such ERVs and their derivatives, and those of other RepSeqs, that
emerged by idiosyncratic evolution and selection over evolutionary times, are better known as enhancers. In this picture,
genes and their promoters appear like a special class of RepSegs, "special guests at the genome party", which in their
active, transcribed state reinforce the openness of their surroundings. In human, core ProA RepSeqs are essentially made
up of Alu elements, whereas core ProB RepSeqs consist of young L1 and ERVs, as well as a panel of AT-rich
microsatellites, and telomeric and pericentromeric satellites. The latter are the main constituents of constitutive
heterochromatin, forming Megabase-sized chunks of DNA, which we assume plays a specific role in the B subsystem by
massively assembling heterochromatin material (see below). This remains to be explored using in particular now available
completely sequenced genomes (190).

This new perspective, which assigns the primacy in genome organization to RepSegs, is a total change of paradigm
compared to previous gene-centered models. Along these lines, another completely new insight relates to the function of
enhancers. While enhancers are most widely believed to directly stimulate the activity of cognate gene promoters, the
primary role that is now emerging for enhancers is to open domains (58, 59, 191). According to this view, their ability to
regulate gene transcription directly comes second. The well-known synergy between distant enhancers in activating genes
may therefore be partially accounted for by cooperative effects in opening domains, at different scales of genome
organization (192). Consistent with these notions, enhanced opening of specific domains in two common chronic diseases,
schizophrenia and bipolar disorder, correlates with the tissue-specific, coordinated upregulation of enhancers scattered along
these domains (193). Nucleotide polymorphisms predisposing to the two diseases are enriched in a number of these
enhancers (193), and similar findings have been made in other diseases (194, 195), suggesting more broadly that a variety
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of disease-associated enhancers, for which the quest for a cognate gene has thus far proven unsuccessful (183, 196, 197),
may specifically display domain-level activity.

What are the molecular mechanisms for ProA and ProB functions? We identify limited sets of RepSeq subfamilies in the
human genome with archetypal features expected for ProA and ProB elements, essentially the Alu and SVA subfamilies for
ProA, and the L1 and ERVs subfamilies for ProB. However, note that many more RepSeqs may have such a role in a less
apparent way because of a more mixed character, or because they may elude identification at the subfamily level due to
heterogeneity between individual inserts. The ProB subfamily archetypes are young L1 and ERVs with inserts known to be
predominantly associated with high levels of H3K9me3/ HP1a. heterochromatin-related markers; this points to a scenario in
which repression of TEs is not only a necessity for the cell to maintain genome stability, but also a prime opportunity for
genome organization. Pericentromeric satellites, which are the main constituents of constitutive heterochromatin sequences,
and which notoriously nucleate HP1o -based heterochromatin assembly across species in spite of highly divergent
sequences (17, 52, 198-200), score among the strongest ProB RepSeq in our analysis. There is evidence that simple
repeats and low-complexity sequences scoring as ProB can also trigger local heterochromatin assembly, in particular via
DNA:RNA hybrids or mechanisms fostered by non-B DNA (43, 50, 52). Finally, artificially targeting the KRAB domain of
KAP1, a heterochromatin nucleator (see Box2), to sites along a domain can switch it from A to B (201), altogether making a
strong case for an equivalence between ProB function and a capacity to nucleate HP1a. -based heterochromatin assembly
(Fig. 8, top).

The ProA function of Alu may similarly relate to the binding of TFs and associated cofactors (Box2). Alu subfamilies originate
from the 7SL RNA gene that is transcribed by RNA polymerase Il (Pol.lll) from an internal promoter that they inherit, and
therefore Alu elements bind the Pol.lll-specific initiation factor TFIIIC (Box2). A ProA-type, antisilencing function has been
demonstrated for Pol.lll-independent TFIIIC sites, which has been conserved throughout evolution (202-205). All five TFIIIC
subunits have histone acetyltransferase activity (HAT) (206), and each of these as well as ADNP, known to bind Alu
elements as part of the ChAHP complex (64, 163), can interact with the protein Myc (207, 208). Both TFIIIC and Myc itself
can recruit HATSs, which overall suggests the assembly of a tree-like dynamic structure by which very high local
concentrations of HATs can be attained at Alu inserts, especially in cells with high MYC expression (63, 125, 150), or upon
cell stimulation resulting in Myc activation by phosphorylation (209). Pol.lll is also activated upon cell stimulation, and
subsets of both tRNA and Alu are rapidly induced (45, 210, 211). Histone acetylation prevents heterochromatin spreading,
presumably by preventing nucleosome coalescence into clutches (212, 213). This could be one mechanism by which Alu
elements oppose B installation, and which also applies to active enhancers, typically associated with HATs and in particular
CBP/p300 (63, 181) (Fig. 8). As Myc not only binds Alu elements, but is in fact detected at every active enhancer and
promoter in the genome, cooperation between these ProA elements in destabilizing nucleosome clutches may underly the
massive genome opening observed upon MYC induction (125, 149, 150). Conversely, "low Myc" conditions may promote
genome compaction by a reverse mechanism, such as in quiescent cells, which is associated with chromatin featuring
predominantly low acetylation levels over the whole genome (125).

However, no clear histone acetylation signal is detected at Alu elements in a steady-state situation, nor at extra-TFIIIC sites
in the genomes of either the fission yeast Schizosaccharomyces pombe (S. pombe) or the nematode Caenorhabditis
elegans (202, 205). The fact that ProA function appears to be conserved in other species for SINE elements (214, 215), also
derived from Pol.lll transcripts, further suggests another, quite distinct hypothesis that would be based on a specific
mechanism independent of TFs and their cofactors. A body of evidence points to a nucleosome positioning capacity for Alu
elements, similar in fact to many Pol.lll-transcribed genes, that would depend on CpG methylation at least in the case of Alu
(Box2). By contrast, the assembly of chromosome segments into heterochromatin is envisioned to involve translational
motions of nucleosomes, as enacted by ATP-dependent remodeling machineries working together with HMG B-box proteins,
presumably in order to optimize HP1a binding and the bridging of nucleosomes (216-218). Support for this notion comes in
particular from a newly described function of the FACT complex, which remodels H2A-H2B and is best known for its
involvement in transcription elongation. FACT was found to be crucial for heterochromatin spreading and maintenance in S.
pombe (219). It was also shown to be strongly enriched in an in vitro reconstituted SIRc-heterochromatin phase together with
other remodelers, such as RSC, ISWI1, ISWI2, INO80, CHD1 and to a lower extent the SWI/SNF complex, in S. cerevisiae
(220). The HMGB factor Nhp6A was also found to be enriched in the latter system (220), and both HMGB1 and HMGB2
were identified upon isolation of natural pericentromeric heterochromatin in mouse embryonic stem (ES) cells (221). In the
same vein, the variant histone H2AZ, best known for its role in aiding the priming of transcription elongation by Pol.ll at the
+1 nucleosome of genes (222), appears, in a seemingly paradoxical way, to have a role in heterochromatin spreading, and
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more broadly in the installation of a B logic over a domain (223-226). H2AZ-containing nucleosomes display a redistribution
of histone-DNA interactions (227) that facilitate Pol.ll passage and probably, more broadly, mobilization, substantiating the
view that nucleosomes must be mobile during heterochromatin installation, similarly to transcription elongation. One likely
scenario that emerges is therefore that Alu elements, and presumably also SVA elements, of which a part derives from Alu
elements, impede the translational remodeling of nucleosomes (Fig. 8, bottom) and thereby interfere with cooperative
phenomena associated with heterochromatin spreading (Fig. 8, right). Even a minor loss of CpG methylation, as observed in
AlwaysB, is expected to significantly reduce the nucleosome positioning capacity of Alu elements (162), and therefore their
ProA potential, which may account for the surprising presence of a large number of Alu elements in AlwaysB. Moreover,
effects might be non-linear, being for instance negligible at a low density of Alu elements such as found in the AlwaysB
subcompartment, and being prominent in regions that should crucially be kept open, such as the loci of immediate early
genes, that display very high Alu densities. The combination of high ProA and high ProB RepSeq densities, such as that
observed over gene complexes embedded in the B compartment, can be interpreted to provide an environment compatible
both with transcription via an insulation effect and with strong repressive control of genes within (17) (Fig. 8).

As a DHS primarily represents an interruption in the "beads on a string" organization of the nucleosomal fiber, it is associated
with a high nucleosome turn-over to keep the DNA element nucleosome-free. Therefore, the capacity of DHSs to oppose B
installation may similarly relate to the fact that translation of a nucleosome through a DHS is virtually impossible (Fig. 8,
bottom). Such a mechanism was proposed early on for TFs that potently recruit remodelers to account for their capacity to
uncouple adjacent chromatin domains and to prevent heterochromatin spreading, as well as for tRNA genes, in S. cerevisiae
(21, 228, 229). The capacity of multiple such DHSs scattered along a domain to switch it from B to A was further
recapitulated by in silico modeling (230). More details as to how the proposed mechanisms may translate into varying
proportions of ProA and ProB RepSeqs shaping distinct chromatin landscapes are provided in Fig. 8 caption. In short, the
fundamental principle responsible for non-linear effects by which seemingly minor variations in ProA content tip a B domain
into an A domain is primarily a strong cooperativity between ProB elements. This cooperativity is presumably underpinned by
the condensate-like properties of heterochromatin material, but it also involves the spreading of heterochromatin along the
chromatin fiber. ProA elements interfere with heterochromatin spreading through an activity that can be broadly described as
"anti-silencing"”, as previously proposed (17, 21), thus breaking cooperativity between ProB elements.

Genomes are in flux, as recognized by Barbara McClintock decades ago (231), with TEs inserting more or less randomly,
being possibly fixed in a population, and eventually drifting along evolutionary times. Enhancers emerge essentially from TE
inserts. These harbor binding sites for tissue-specific TFs and may acquire others over time by genetic drift. This is
consistent with the fact that enhancer sequences are largely species-specific, being conserved only between close phyla, in
sharp contrast to genes (74, 187, 232). Simple repeats may also be involved (47, 108, 109). Any young TE is subjected to
repression upon insertion and can seemingly behave as a ProB element. Our observations are consistent with a model in
which ProB RepSeq operate as a system of redundant elements that cooperate by little, dynamic touches across scales and
in particular at a domain level (17, 233, 234). The same can be said for ProA elements, except that ProA seemingly
cooperate to oppose the genome driving force that emerges from the ensemble function of ProBs. Sequence drift upon TE
aging weakens ProB function, and a TE will be counter-selected in the B compartment if a ProA capacity emerges and takes
over, which would no longer be in accordance with the genomic environment. Such a scenario appears to account for the
observed distribution of Alu repeats, with the youngest inserts being progressively lost in B, in particular on the Y
chromosome, as recognized early on (67, 235). It should therefore be appreciated that the selection pressure that acts to
maintain an adequate RepSeq composition in any DNA segment over the genome also proceeds by small touches. These
operate on populations of interchangeable elements, which can be replaced when one or several gradually disappear in the
course of evolution, to generate a habitat, which is diffusely more conducive to the dynamic installation of a chromatin
system of a particular flavor. This is how order emerges out of chaos within eukaryotic genomes, populated for the most part
by repeated sequences, which were until recently denied the right to a functional existence to the point of being described as
junk DNA. Repeated sequences operate in a collective manner and thus are subject to selection as an ensemble according
to a logic that is totally different from the individualistic logic that operates at the level of genes. Using this conceptual
framework and unprecedented technical possibilities, we can now read and contemplate genomes as never before.

BOX 1: Life history of retrotransposable elements
Life history of retrotransposable elements include:
1- Production of an RNA from a source, full-length TE insert.

16



2- Reverse copying by a reverse transcriptase (RT) encoded in cis or in frans and insertion into the genome, producing
anew TE insert. The new insert may include a promoter, especially when the original promoter is internal in the source TE
(e.g. full-length L1, Alu), as well as an enhancer (e.g. the LTR of full-length ERVs, or solo LTRs, derived from ERVs by
recombination between LTRs), which altogether are referred to hereafter as RepSeqReg. TE display varied levels of %GC
with L1 being overall AT-rich while ERVs are GC-rich (Extended Data Fig. 6). However, RepSeqReg are usually GC-rich,
and therefore appear for L1 as a GC-rich window in the context of an otherwise AT-rich sequence (236).

3 - Regulated expression: RepSeqReg are regulated by both transcriptional activators and repressors, as are cis-regulatory
gene elements, hereafter referred to as GeneReg. In particular, ERV subfamilies are expressed in specific cell lineages due
to the binding of tissue-specific transcription factors to the LTR enhancer. However, RepSeqReg are, more than
GeneReg, subject to specific, targeted heterochromatin-mediated repression, which suppresses potentially harmful
transcription, but also recombination between repeats, thus preserving the genome from instability. Heterochromatin is
targeted at TE by dedicated repressive systems and involves both H3K9me3 deposition and CpG methylation and
recognition by cognate binding partners (see Box2).

4- Drift of the sequence, including in particular progressive loss of CpG (converted to TpG due precisely to methylation of
CpG), correlates both with a loss of transcription capacity and the weakening of repressive mechanisms.
Remarkably, some heterochromatin marks can still be observed at some TE inserts which have lost all transcription capacity,
and there are instances where positive selection of such combination could be demonstrated (56).

5- TE as a source of innovation for gene regulation: At all stages of the TE insert idiosyncratic evolution, RepSeqReg
can specifically modulate the activity of neighboring gene promoters. RepSeqReg are therefore subjected to selection
pressure as silencers or enhancers, seemingly acquiring the binding of some TFs and loosing others. It became recently
appreciated that gene enhancers: (i) are fast evolving sequences which actually are of or derive from RepSeqReg, and in
particular from ERV LTR in human (74); (ii) intrinsically display both a silencer and an enhancer capacity and can commute
between functions according to the cell context (237, 238)."

BOX2: CpG methylation in repression of L1s and ERVs, and in activation of Alu elements: mechanisms and
functions.

The cytosine of CpG dinucleotides is subject to methylation by dedicated enzymes called DNA methyltransferases (DNMTs).
CpGs are generally lost with age in the genome during evolution, due to the effects of pervasive methylation and the
increased likelihood of conversion of mC to T, resulting in a global depletion of CpGs during evolution as compared to GpCs
for instance. RepSegs, which account for 56% of the human genome, harbor 61% of CpG dinucleotides, with the remainder
mostly found in gene exons and their regulatory elements (239). When cells are treated with 5-azacytidine (AZA) or
derivatives thereof, DNMTs are inhibited, which leads to a rapid, global loss of DNA methylation in actively dividing cells, and
results in the upregulation of young ERVs (Extended Data Fig. 7) while transcription of the vast majority of Alu inserts is
unaffected (61, 65, 240). In addition, levels of ongoing transcription correlates negatively with CpG methylation for L1s but
positively for Alu elements, and this is also the case for Pol.lll ChIP levels for Alu elements (61, 239). Finally, the GC and
CpG composition of Alu and SVA clearly stands out from that of other TEs (Extended Data Fig. 6), altogether pointing to a
distinctive role of CpG methylation between these TE classes, as previously suggested by others (26).

CpG methylation as a memory mark for the heterochromatin-mediated repression of L1s, ERVs, and pericentromeric
satellites.

The expression of RepSegs is inhibited by an interplay of interwoven, largely redundant repressive mechanisms (241), with a
pivotal role of H3K9me3/ HP1a. -based heterochromatin (132, 221, 242, 243). Heterochromatin can be nucleated by TFs,
such as the KZFP multigene family, which recruit KAP1, a potent heterochromatin-scaffolder, or via RNA-based mechanisms
such as the PIWI and the HUSH systems. The latter are especially prominent to silence transcription-competent inserts in
cells with a fluid chromatin, such as during early development or during gametogenesis (56, 244-247). The methylation of
CpGs by DNMTs is another important player in enforcing RepSeq repression in human. meCpG renders the heterochromatin
state of RepSeq more stable both within a cell cycle and through generations, by introducing some extra feed-forward and
reciprocal loops in the heterochromatin regulatory network (21, 248, 249). CpG methylation therefore appears to guarantee
the memory of a repressed state, which was formally demonstrated experimentally by artificially targeting DNMTs, or TET
enzymes that revert meCpG, at reporter genes (111, 177, 178, 241, 250). Conversely, mutating DNMTs is embryonically
lethal in mouse, due to an inability of embryo cells to securely silence prior or alternative cell identities (251). Treating
cultured cells with AZA not only affects TEs but also induces loss of meCpG in pericentromeric satellites and subtelomeric
RepSegs (252), as also observed in patients with Inmunodeficiency with Centromeric instability and Facial dysmorphia (ICF)
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syndrome, who carry mutations in DNMT3b or cofactors thereof, and display prominent decompaction of specific
pericentromeric regions in affected tissues (253).

CpG methylation is pivotal for the repression of young ERV subfamilies in differentiated cells. Gradual loss thereof along with
sequence drift, if one considers progressively older TE (Extended Data Fig. 9), appears to be compensated by an increased
contribution of H3K9me3-based mechanisms, until this is eventually lost as well (65). However, a fraction of ancient TEs still
display significant KAP1 ChIP signal, in an idiosyncratic manner (56, 65). Intriguingly, this sequence of events occurring on
an evolutionary timescale is emulated in vitro over a period of weeks when cultured cells are treated with AZA, with
H3K9me3 rising at young ERVs while CpG methylation decreases (65). A similar sequence of events is also observed during
the very early stages of development in mammals when the genome, in general, and TEs, in particular, get massively
demethylated and many TEs are expressed, all of which is required for totipotency (128, 250, 251). Soon thereafter,
RepSeqs are repressed again by concomitantly upregulated KZFPs and cofactors, in particular the histone lysine methyl
transferase SETDB1, which results in the deposition of high levels of H3K9me3 at TEs (59, 105). CpG methylation rises
again as cells exit the pluripotency state, of which ES cells are an equivalent, and eventually reaches patterns and levels that
are found in differentiated cells during gastrulation (251, 254). meCpG is lost in cancer across the B compartment (Fig. 7),
and there is a general trend by which H3K9me3 levels increase in cancer (173), echoing the sequence of events observed
during evolution and in early development. In cancer, the apparent compensatory rise in H3K9me3 may be actually
promoted by anti-cancer treatments, and it is presumably due to both a physiological response to RepSeq transcription
involving heterochromatinization pathways, and to a selection against RepSeq transcription, that would result in awakening
the innate immunity pathway and subsequent elimination of the cancer cell (140, 171, 255-259). Although RepSeqgs may be
sufficiently repressed by alternative mechanisms and the compensatory rise of H3K9me3 such as not to, or minimally, trigger
surveillance pathways and therefore allow "evasion" of the tumor cell from the immune system (255), the quality of
repression is clearly not the same with and without the involvement of meCpG-based mechanisms (178).

CpG methylation may enforce nucleosome positioning over Alu.

There is clear evidence that a large proportion of Alu elements may be transcribed by Pol.Il. This is most likely because they
reside in close proximity to gene enhancers or promoters and are embedded in sequences transcribed into eRNA or uaRNA,
respectively, which was recently shown to structurally stabilize enhancer-promoter interactions (260). Alternatively, Alu
elements can evolve to become bona fide enhancers, binding Pol.ll-related TFs (62-64, 74).

However, Alu elements are primarily transcribed by Pol.ll, since they originated by reverse transcription from the non-coding
RNA 7SL, and therefore inherited the internal Pol.lll promoter of the 7SL RNA gene. Genes transcribed by Pol.lll are most
often short, about the size of a nucleosome, and they do indeed display a positioned nucleosome, like the 5S rRNA gene
which has been used from early on as a workhorse nucleosome-positioning sequence (261). For Pol.lll, unlike Pol.ll, the
presence of a nucleosome not only does not prevent transcription initiation, but in fact promotes it: (i) TFIIIC, which scaffolds
Pol.lll pre-initiation complex assembly, can bind nucleosome-embedded DNA,; (ii) Transcription by Pol. Il can operate
without eviction of the nucleosome; (iii) In vitro reconstitution experiments show that transcription activation by TFIIIC is
much more efficient if a nucleosome is present (262). Note that some highly transcribed Pol.lll-dependent genes, such as
tRNA genes in the yeast S.cerevisiae (229), do however exhibit nucleosome eviction, but remarkably, nucleosomes on either
side of those genes are H2AZ-depleted and strongly positioned; this is required for efficient transcription (263), emphasizing
that nucleosome positioning is important for Pol.lll-mediated transcription. Alu elements originated as dimers of the 7SL
cDNA, although internal promoter sequences were conserved only in the first monomer, and they strikingly exhibit one of the
highest nucleosome occupancies in the human genome, with one nucleosome positioned on each half of the dimer (162).
The two monomers are separated by an A-rich linker, and Alu elements end with a polyA stretch, both of which are known to
strongly exclude nucleosomes, and are therefore predicted to contribute to the positioning of the two nucleosomes over Alu
elements (264). In addition, there is evidence that mutations predicted to further promote nucleosome positioning may be
positively selected over Alu elements (264-266). Considering that Alu elements are among the most highly methylated
sequences in the human genome (Fig. 7; Extended Data Fig. 9 ), for reasons that have persisted as a riddle for almost fifty
years, we favor the following model: Cytosine methylation at CpG dinucleotides, as observed at Alu, alters the DNA structure
in a manner that promotes nucleosome positioning and occupancy. This is supported by a wealth of arguments: (i) the CpG
distribution profile of Alu elements displays a remarkable pattern, shared by both monomers, seemingly obeying a grammar
that remains to be deciphered, with the most frequent spacing between two CpGs being 8 nt, but also with spacings of 22 or
44 nt (61). This is reminiscent of the artificial nucleosome positioning sequence called Widom601, which was identified by in
vitro selection. It contains short G/C blocks, which repeat every 10 bp, interspersed with short A/T blocks, facing outward and
toward the histone octamer, respectively (216); (i) methyl-cytosine can be considered as a fifth DNA base with distinctive
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properties, with meCpG displaying heightened base stacking, duplex stability, local curvature, and torsional rigidity of the
DNA as compared with unmethylated CpG (248). In addition, the two bulky, hydrophobic methyl groups on adjacent Csin a
CpG dinucleotide are predicted to lead to a slight widening of the major groove and a corresponding narrowing of the minor
groove (162); (iii) CpG methylation of natural CpG-rich sequences has been reported to favor nucleosome stability in vitro,
with a tendency for the minor groove of meCpG to be rotationally oriented toward the histone surface, which is opposite to
nucleosome Widom601, and to show correlation with nucleosome occupancy in vivo (162, 267)

Collectively, these lines of evidence lend strong support to the idea that the raison d'étre of cytosine methylation at Alu
elements is to promote nucleosome positioning and occupancy.

BOX3: RepSeq transcription is the Achilles' heel of cancer cells

A whole body of literature shows that RepSeq transcription is a commonality of cancer. Combinatorial signatures of a limited
set of RepSeqs can be defined much in the same way as this can be done with panels of genes for mutations, or altered
expression or chromatin states, which allow the clustering of tumor samples with a high predictive value (159, 160, 268-271).
RepSeq repression is secured by redundant pathways in a healthy cell (Box2) such that RepSeq transcription can occur only
when several of them are debilitated or dampened, in particular CpG methylation, due to either targeted or global
deregulation as discussed herein. In addition, the constitutive cancer-related activation of signaling- or hormone-responsive
pathways translate into TFs binding and activating RepSegs (130). However, a more detailed analysis shows that, in a given
tumor, RepSegs that exhibit transcriptional activity represent only a fraction of all RepSeq inserts that switch to a promoter-
or enhancer-associated chromatin state (272), similar to what we describe herein during development or viral infection.
RepSeq derepression, whether or not associated with transcription, can now be understood in terms of a switch from a ProB
to ProA function, or tuning a ProA status towards more ProA, with transcription enforcing a marked ProA character. RepSeq
transcription at a high level is also detected in healthy stem and progenitor cells, both in early development and in tissues
(273, 274). Interestingly, while genome unfolding is prominent both in aggressive forms of cancer and healthy stem cells, TE
RNA levels may be surprisingly low in the cancer cells. This appears to be accounted for by post-transcriptional suppression
of TEs by a variety of mechanisms (13, 273). More broadly, the innate immunity pathway, highly conserved in the animal
kingdom and best known for its defense role against microbes, is the first line immune surveillance system against cancer by
detecting TE-derived dsRNA. The latter activity is physiologically suppressed by a number of mechanisms in healthy stem
and progenitor cells, to accommodate prominent levels of RepSeq transcription associated with genome unfolding (275-278).
The mechanisms involved in stem cells are subverted by cancer cells as an immune evasion strategy. On top of this, the
innate immunity system itself is commonly crippled in cancer, via both genetic and epigenetic alterations of gene expression
(279), apparently without ever being completely ablated. Acutely treating cancer cells with 5-azacytidine, a DNA
demethylating agent, induces a sudden and massive burst of RepSeq transcription (Extended Data Fig. 7A). It was reported
in 2015 that this

arouses what remains functional of the innate immunity system, turning the tumor into an immunogenic body: the cancer cell
is unmasked, at least temporarily, before having a possibility to adapt (65, 130, 240, 268). This is in fact the rationale behind
anti-cancer therapeutic strategies combining immunotherapy with a range of epidrugs that undermine RepSeq repression
(280-282), which may seem paradoxical at first sight as the later treatments may be independently known as oncogenic.
Weakened repression of ProB repeat sequences therefore emerges as the Achilles' heel of cancer cells, being both a
necessity for cancer cell plasticity, and at the same time generating 'sneaks' that signal abnormal genome unfolding to the
immune system (283).

RESOURCES & METHODS

Resources

Data pertaining to chromatin-related features (histone marks, chromatin sensitivity to DNase |) were gathered from validated
ChIP-seq and DNase-seq experiments in the HUVEC reference epigenome series of the ENCODE project
(ENCSR194DQD), namely for H3K4me3 (ENCSR578QS0), H3K27ac (ENCSRO00ALB), H3K27me3 (ENCSR000DVO) and
DHS (ENCSR000EOQ). GRO-seq cumulated counts over a 100 kb bin were used as a proxy for RNA polymerase activity,
and therefore transcription intensity. GRO-seq data and H3K9me3 data for HUVEC were downloaded from the gene
expression omnibus (GEO) under the dataset GSE94872. The samples selected for GRO-seq were the 4 normoxia tracks
(GSM2486801 to GSM2486804). A list of regulatory elements that operationally behave as Polycomb-responsive silencers in
HUVEC was established from the literature (Table S2 from Ref (284)) and named "Silencer". Note that most of these
elements score as enhancers in other cellular contexts (284). RepeatMasker annotations for hg19, hg19 RefSeq genic
feature locations, hg19 GC content, hg19 chromosome size, and ChromHMM tracks for HUVEC were downloaded from the
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UCSC Genome Browser.

Hi-C data were retrieved from the Juicebox database via Juicer Tools (https:/hicfiles.s3.amazonaws.com/hiseq). Juicer
Tools was used to compute HiC EV from Hi-C data at 25, 50, and 100 kb resolutions, and EV values were used to define A
and B compartments as described (1). HiC EV was thus computed for eight human cell lines:

- IMR90 are primary, expanded fibroblasts derived from embryo lung; HUVEC are primary, expanded umbilical vein
endothelial cells; NHEK are expanded normal human epidermal keratinocytes;

- HMEC were obtained by SV40 T-antigen-mediated immortalization of endothelial cells; GM12878 is a lymphoblastoid cell
line obtained by EBV-mediated immortalization of normal B cells;

- KBM7, K562, and Hela are cancer-derived cell lines established from chronic myeloid leukemia (KBM7, K562), and cervical
carcinoma (HeLa) samples, respectively. Hela cells harbour HPV-18 sequences and in particular express the HPV-E6
protein.

AorB vector

The HiC EV for the 8 human cell lines was used to generate an aggregate parameter, denoted "AorB.vec" (for "AorB
vector"), which conveys the inherent propensity of a genomic region to display A (EV>0) or B (EV<0) chromatin identity, as
follows. The value 4 was attributed to bins that display (EV>0) in the 8 cell lines, 3 if (EV>0) in 7 cell lines, and so on up to -4
if (EV>0) in 0 cell lines which equates (EV<0) in the 8 cell lines. In particular, we could thereby delineate 3 main classes of
bins: AlwaysA (EV>0 in 8/8 classes), AlwaysB (EV<0 in 8/8 classes), AorB (both EV>0 and EV<0 values among the 8 cell
lines for this bin). In addition, AorB bins display either EV>0 (AorB:A) or EV<0 (AorB:B) in a given cell line. In the HUVEC cell
line, AlwaysA, AlwaysB, and AorB fraction represent respectively 22%, 23%, and 55% of hg19 genome, which is largely
devoid of pericentromeric and subtelomeric regions. Our analysis therefore applies only to chromosome arms.

RepSeq insert count and copy count in the human genome

RepSeq were identified in the hg19 genome as segments of homology with the consensus sequences of subfamilies
("NAMEs") found in the RepBase repository. Individual inserts may be counted multiple times if they are split into more than
one segment, mostly due to short INDELSs or to the insertion of other TEs, in particular Alu elements. We therefore obtained
a proxy for the count of inserts by joining any two segments that are assigned to the same NAME and within 350 bp of each
other. Note that 350 bp is slightly above the size of Alu sequences. Counting ERV occurrence requires a specific approach in
that an ERV insert may consist either of a full-length provirus made of two LTRs flanking an internal region ("INT"), or of a
solo LTR derived by recombination between two identical LTRs in the course of evolution. Indeed, LTR and INT sequences
appear as distinct NAMEs in RepBase. ERV insert count was obtained by substracting INT insert counts from LTR insert
counts. "copy count", which is the metrics classically used in bioinformatic analyses refers to the number of segments. We
refer to the above proxy for insert counts as "insert count".

Correlation with HICEV

We computed the Spearman correlation between the HiC eigen vector (HiC EV) value in the 8 human cell lines and repeat
sequence density (copy counts, 25 kb bins) along the hg19 genome (Table 1, Table 2). The 1395 subfamilies of RepSeqgs
found in the RepBase repository (NAMEs) were used. Only the correlation with the HiC EV in the HUVEC cell line is used in
this study. Correlation values and order in the classification were very similar when the EigenVector derived from another cell
line was used (Extended Data Fig. 7; Table 2). Of note, Spearman correlation with the HiC EV is negatively impacted when a
RepSeq subfamily is absent from a large number of bins, which occurs more often for subfamilies having a low number of
copies in the genome.

Assessing feature density or summed signal in 100 kb bins

Apart from RepSeq, features used in multivariate linear models (see below) are peaks (DHS or ChiP peaks, for instance),
intervals (ChromHMM states; Genes), or signals (GRO-seq). Assessing features in 100 kb bins was done with the BEDtools
software suite.

Gene density was established as follows. Genes of the same symbolic name on the same chromosome and strand were
merged together. Overlapping genes on the same chromosome and strand, which share a common prefix of at least one
letter were also merged together. Note that in this work, merging is defined as summarizing several overlapping intervals by
a single interval with a starting position as the minimum start of its components, and an end position as the maximum end of
its components. Assessing gene density allowed to distribute bins into "no gene" (1-3 genes /100 kb), "Regular Gene
Density" (1-3 genes /100 kb), and "High Gene Density" (>3 genes /100 kb) subclasses.
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DHS count: We used the broadPeak file associated with GSM736575, in which the threshold is set at a lower value than
with narrowPeak. The idea was to be more sensitive and to detect small peaks that would be missed by narrowPeak, and
accordingly the former detects twice more peaks than the latter (25,5 x 104 versus 12 x 104). However, such sensitivity is
also associated with a higher background of false peaks, estimated at about 2-5 peaks/100 kb, more pronounced in the B
compartment than in the A compartment.

GRO-seq signals of the four experimental replicates for HUVEC cultivated in normoxic conditions (see above) were
concatenated, and a sum was calculated, which conveys global transcription intensity over a bin. Outliers displaying
abnormally strong signals were brought down to a threshold defined according to the Tukey's Fences method with k=5 upper
bound.

ChromHMM segments: The HUVEC ChromHMM track was split into individual files for each state.

ChromHMM state 4 and state 5 intervals, corresponding to strong enhancers found within or outside of a gene, were
gathered into a single list ("Strong.Enhancers"). ChromHMM state 6 and state 7 intervals, corresponding to weak and poised
enhancers, respectively, were also grouped together in a single list ("Weak.Enhancers"). Most intervals detected as "Strong
promoter state” (state 1) are bracketted by adjacent "weak promoter state” intervals (state 2), which in fact relate to the same
cis-regulatory element. In order to avoid overestimating the number of active promoters, we decided to merge state 2
intervals within 1000 bp of a state 1 interval with the latter. The name "Strong.Promoter" was used for the resulting list of
merged state 1 and state 2 intervals, and "Weak.promoter" for the list of state 2 intervals depleted of intervals included in the
"Strong.Promoter" list. A bin was considered as "Active" when it contains at least one "Strong.Promoter” or one
"Weak.Promoter" interval. Note that ChromHMM state 1 and 2 do not always overlap with gene promoters.

Multivariate linear model of HiC EV profile

Multivariate linear models were generated using either density or mean value for a number of features over 100 kb bins in
order to predict the HUVEC HiC EV. Both DNA sequence features and epigenomic features as detailed above were used in
all possible combinations. DNA features comprised: copy count for different RepSeq subsets, and gene density. Epigenomic
features comprised DHS peaks, Strong.Promoter, Weak.promoter, Strong.Enhancers, Weak.Enhancers, silencer intervals,
H3K4me3, H3K27ac, and H3K27me3 peaks, and GRO-seq summed signal. Models were established using values of
features as assessed using the hg19.noflank version of the genome, with the idea that trends might be clearer using only the
core of chromatin domains, and discarding transition bins. Models were then compared using the adjusted square of the
sample Pearson correlation coefficient to estimate the fraction of the variance in the EV that is explained by the parameter
vector, whilst adjusting for the number of parameters in the model. Those models with the highest adjusted R-squared value
were defined as the most performing.

GO analysis

A GO analysis was performed for gene-containing bin subclasses 1-16 as defined in our study using data obtained with
HUVEC cells. The mapping of GO terms on human genes was obtained from the R package "org.Hs.eg.db" version 3.12.
Overrepresentation of GO terms in bin subclasses as defined with HUVEC data was assessed using the classical approach
as described (285). P-values were calculated with the one-sided Fischer's exact test and adjusted for multiple comparison
with the BH method. GO terms referred to herein as "enriched GO terms” (or eGO) are those for which enrichment reaches
statistical significance (P < 0.05) at the level of the subclass considered, amounting to 1938 GO terms in total for the 16
subclasses. In order to determine whether genes embedded in individual bin subclasses display any specific pattern with
regard to functional specialization, we created a list of 34 terms more cross-sectional than GO terms, dubbed "GF-GO.slim",
such that it is possible to assign a unique GF-GO.slim to each GO term by following a procedure detailed below. Although
there is some overlap, GF-GO.slim are distinct from classical GO.slim in that a GO term is commonly associated with several
GO.slim. First, the full list of GO terms identified in our analysis as enriched in at least one bin subclass was searched for a
number of strings, and a GF-GO.slim was attributed in case the string was identified, as detailed below. When the string
"signal” was identified, the GF-GO.slim "signaling" was attributed. When either of the strings "stress", "stimul", "response”
were identified, the GF-GO.slim "stress, stimulus" was attributed, except for GO terms, which are immunity-related, in which
case the GF-GO.slim "immunity" was attributed. When either of the strings "nerv", "neuron”, "axon", "synapse", or "dendrit"
were identified, the GF-GO.slim "nervous system" was attributed, except if the GO.terms included the words development,
differentiation, or commitment, in which case the GF-GO.slim " development, differentiation” was attributed. When either of
the strings "skin", "keratin", or "corn” were identified, the GF-GO.slim "skin" was attributed, except if the GO.terms included
the words development, differentiation, or commitment, in which case the GF-GO.slim " development, differentiation” was
attributed. When the string "musc" was identified, the GF-GO.slim "muscle" was attributed, except if the GO.terms included
the words development, differentiation, or commitment, in which case the GF-GO.slim " development, differentiation” was
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attributed. When the string " plasma membrane" was identified, the GF-GO.slim " plasma membrane" was attributed, except
if the GO.terms included the words transport, regulation, adhesion, in which case the GF-GO.slim intracellular transport,
localization, cytoskeleton", "regulation, system process", or "cell motility, adhesion, polarity, localization", respectively, were
attributed. When the string "regulation”, or exactly the wording "system process" were identified, the GF-GO.slim "regulation”
or "system process", respectively, were attributed, irrespective of the process targeted by the regulation in question. When
the string "checkpoint", "homeosta", "viral", or "chromosome" were identified, the GF-GO.slim "checkpoint”, "homeostasis”,
"virus related", or "chromatin, transcription, chromosome", respectively, were attributed. When none of these possibilities
were met, GF-GO.slim were manually attributed in a unambiguous manner, i.e. such that priority matters did not have to be
considered. Notably, the GF-GO.slim "development, differentiation” includes terms related to morphogenesis. GF.GO slim
were grouped into four clades: 1(01-04): Crosscutting principles; Il (05-16): Typical housekeeping functions, such as
metabolism and intracellular transport, also including cell cycle, apoptosis, autophagy; IIl (17-21): Housekeeping functions
associated with a specific cellular substructure, possibly associated with a cell differentiated phenotype; IV (22-34): Cell
communication with its environment (23,24), chromatin and transcription (25), development and differentiation, and
differentiated cell functions, in particular related to Immunity (34). Clade IV thus encompasses what may be called
"evolutionarily specialized function”, as opposed to housekeeping functions, which are represented par excellence in clade I
and to some extent also in clade II.

Identification of "outlier bins": HUVEC.A(vecB), HUVEC.B (vecA)

There are 1601 bins, which display a HiC EV sign in HUVEC different from the sign of the AorB vector, i.e. which adopt a
chromatin configuration in HUVEC, which does not follow the general trend of the majority of tissues ("outlier bins"). In order
to study the characteristics of these regions and to observe marked features, we focussed only a subset of these bins
("outstanding outliers") by applying the following selection criteria: (i) We discarded outsider bins that lie within (-100/+100 kb
of an A/B junction, as well as isolated bin outsiders, i.e. we retained only those bins that form an outsider cluster containing
at least 2 bins in a row; (ii) we retained only those outlier bins for which not only the HiC EV sign and AorBvec sign are
different, but for which the difference in value is significant. To do this, we reduced AorBvec values to -0.05/+0.05)
(AorB.vec®), and retained only those outlier bins for which the difference between HUVEC HiC EV and AorBvec* is above
0.03 (for HUVEC.A(vecB) bins) and below -0.03 (for HUVEC.B(vecA) bins).

Analysis of CpG methylation

Oxford Nanopore Technologies (ONT) PromethlON data for liver samples were sourced from a previous publication (236).
CpG Methylation and canonical bases were called from .fast5 files using ONT guppy version 6.2.1 using the model
"dna_r9.4.1_450bps_modbases_5mc_cg_sup_prom.cfg". Methylation statistics were generated using methylartist "segmeth”
(286) for RepeatMasker annotations downloaded from the UCSC Genome Browser assembly hg38 (287). RepeatMasker
classes retained for analysis were: LTR/ERV1, LTR/ERV1?, LTR/ERVK, LTR/ERVL, LTR/ERVL?, LTR/ERVL-MaLR,
LINE/L1, SINE/Alu, and Retroposon/SVA.
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Fig. 1: High conservation of the A/B compartment profile points to the existence of pivotal DNA determinants.
(A) The Eigen Vector of the HiC PC1 is aligned for 8 ENCODE human reference cell lines, over a 25 Mb region of human
chromosome 10. HUVEC and NHEK are primary, expanded cells; IMR90 is derived from fetal lung; HMEC and GM12878
are immortalized by SV40 T antigen and EBV, respectively; the others are cancer cell lines. Bottom: Regions that are A
(respectively B) in all 8 cell lines are indicated as "AlwaysA" green boxes ("AlwaysB" red boxes, respectively).

(B,E) The "AorB vector" function sums the compartment state of the 8 cell lines as shown in A. Its value is +4 for AlwaysA
regions and -4 for AlwaysB regions, and has intermediates values otherwise. E, Boxplot representation of AorB vector
distribution shown for the 13 major bin subclasses alongside with HUVEC HiC EV.

(C) Partitioning of the human genome into 24 subclasses of 100 kb bins according to compartment, gene density, and
"activity". The latter corresponds to the presence of at least one segment of "active promoter state” (ChromHMM state1 or 2
(25)). For each subclass, the absolute value of bin counts is shown at the top of histogram bars and as % of the total bin
count on the Y-axis on the left; The pink line indicates the fraction of bins in a subclass lying within 200 kb of an A/B
transition ("junction bins"; Y-axis on the right). Scheme on the right: Pie representation of the 24 subclasses.

(D) Domain size as a function of number of domains with a certain size, shown independently for A domains and B domains
(top); domain size as a function of fraction of total bins (bottom). The total population of bins belonging to domains of a
certain domain size is considered. Shown is the fraction of such bins belonging to each of the 4 bin classes (AorB:A, AorB:B,
AlwaysA, AlwaysB)

A domain is defined as a group of contiguous bins between two A/B transitions. Dotted line, median values.
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Fig. 3: Identifiying ProA and ProB RepSeq in the human genome.

(A) Top: All RepSeq subfamilies from RepBase ordered by Spearman correlation with the value of the HiC EV obtained with
the HUVEC cell line, with bins of 25kb. Graph showing distribution of CorrA and CorrB RepSeq subsets, with correlation
values above 0.01 and below 0.01, respectively. Pie charts at the bottom: Composition of the full complement of RepSeq in
the human genome ("All RepSeq", hg19 version), and of CorrA and CorrB sets, according to RepSeq classes. The category
"Others" includes snRNA, srpRNA, tRNA, rRNA, scRNA. Copy count in millions (M), length covered in % of total genome
length (hg19). Note that "copy" refers to a segment of continuous homology with a subfamily consensus sequence. TE
inserts frequently appear as a suite of more than one such segments (see Material and method section). See Extended Data
Fig. 4 for a version of the figure including insert count.

(B) UMAP (Uniform Manifold Approximation and Projection) analysis of all RepSeq subfamilies from RepBase, based on the
following parameters: age and count, enrichment (in A, in B, in AlwaysA, in AlwaysB); correlation (with HiC EV; with
H3K9me3 ChIP-seq signal; with H3K27me3 ChIP-seq signal); 100 kb binning; data from HUVEC. Other panels highlight
Repseq classes, and subsets of subfamilies as follows: subsets defined below for panel D using thresholds for correlation
with HiC.EV and/or enrichment in A or B (larger panel at upper left); subsets enriched in biochemically defined fractions of
the human genome (39), sonication-resistant heterochromatin (srHC), or H3K9me3 ChIP peaks in srHC-free regions.

(C,D) composition and characteristics of RepSeq sets.

(D, upper part) Each RepSeq subfamily is displayed as a point, with its color indicating TE class or nonTE ("SAT") class, on a
Euclidian plane according to correlation with HiC EV and enrichment in compartments A (right) or B (left). Delimitations of
CorrA and CorrB spaces, and EnrichA and EnrichB spaces are indicated on the respective axes. CorrA.enrichA and
CorrB.enrichB spaces are highlighted with green and red boxes, respectively. Scheme upper right, ProA and ProB trends
(see text). There is a strong overlap between CorrB.enrichB and L1 family, and between CorrA.enrichA and Alu family.

(C) TE copy count in RepSeq sets, displayed by subfamily (on the left in absolute counts) or age category (on the right as %
of total count in the set considered). All TE, full complement of TE in the human genome. BetW RepSeq, correlation with HiC
EV between -0.01 and 0.01. The median Jukes-Cantor distance (JCD) calculated as in Ref. (26) is used as a proxy for the
age of a subfamily. Very young, JCD < 0.09; Young, 0.09 <JCD < 0.18; Medium 0.19 <JCD < 0.3; Old, JCD > 0.3. 0.09 was
chosen to demarcate Young and Very Young TEs, because it is an intermediate value between the 0.08 median JCD of the
L1PA7 subfamily, the "oldest" among the young L1 to display significant KAP1 binding at a subfamily level, as defined in ES
cells (288), and that of the older L1PA8A (median JCD 0.10) which does not.

(D, lower part) Alu and L1 RepSeq subfamilies falling in the blue boxes noted 1 to 5 in the upper part are displayed as for
their copy count and age (JCD median), ordered by increasing correlation with HiC EV, from left to right. The youngest L1
subfamilies are among the ones scoring best as CorrB.enrichB, whereas the youngest Alu subfamilies are not (Blue box2) or
little (Blue box3) enriched in A, and the ones scoring best as CorrA.enrichA (Blue box5) are among the "less young" Alu (Alu
elements and AluJ clades). Notably however, all Alu subfamilies are Young or Very young.
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Fig. 4: CorrA and CorrB RepSeq local densities predict HiC EV.

(A) Browser view along the same 25 Mb region of chromosome 10 as in Fig. 1, for features as indicated. GROseq, signal
summed over 100 kb; H3K9me3, ChiP signal; %GC, averaged over 100 kb; Gene and RepSeq sets, DHS, density over 100
kb.

(B) Linear models developed using combinations of DNA features and Chromatin features (left) recapitulate to some extent
HUVEC HiC EV (middle) with a performance indicated by adjusted R2 (middle right), expressed as % of the performance
obtained by combining all features. Multiplicative coefficients in the linear equation (right) indicate the relative importance of
the features used in the prediction (indicated by colors as in the legend, far right), as well the directionality, positive (resp.
negative) coefficients being suggestive of a ProA (resp. ProB) role. Chromatin features (calculated for HUVEC cell line):
ChromHMM segment count, for chromatin states associated with active promoters or enhancers, as well as for
inactive/poised, H3K27me3-associated promoters; silencer count, for H3K27me3-associated DHS correlating with gene
downregulation (284); H3K27ac and H3K4me3, peak density over 100 kb (see Resource and Methods section). Legend is

otherwise the same as Fig. 4A.
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Fig. 5: Compositional genomics reveals general trends for the local densities of ProA and ProB elements, and an
outlier composition for outlier bins.

(A) Boxplot representation of the density of DNA and chromatin features in the 13 major bin subclasses. Active GeneReg
Index is a sum calculated from ChromHMM segment counts as follows: 0.5*WeakPromoter + 1.5*StrongPromoter +
0.5*WeakEnhancer + 1.5*StrongEnhancer. Lines connect successive median values. Note the scale is different for
CorrA.enrichA TE density, as indicated in green on the right of the graph. For other details, see also legend to Fig.4.

(B) Direct mathematical relationship between enrichment in AlwaysA and A, and AlwaysB and B, for each RepSeq subfamily.



Enrichment calculation is not reliable for subfamiliy counts below 1000 (right panels), which are discarded for the linear
regression shown on the left with an overlay of the data points for copy counts >1000 from the central panels.

(C) Outlier AorB domains in HUVEC display a chimeric RepSeq composition. Outlier domains in HUVEC are AorB domains
for which HiC EV has a sign opposite to AorBvec, meaning that the compartment "color" is different in HUVEC from the
majority of the other seven reference cell lines shown in Fig. 1. Only "outstanding outlier" bins with the following
characteristics were retained: (i) a marked difference between HiC EV and AorBvec (see Resources and Methods section);
(ii) not found at an A/B junction (within 100 kb); (iii) part of domains with more than 2 successive bins showing such
characteristics. Upper part, partitioning of AorB domains, Left, and of HUVEC A(vecB) and HUVEC B(vecA) outliers, Right.
Only subclasses containing more than 40 bins are considered in the analysis. Lower part, mean values of HiC EV, DNA
features, and chromatin features as indicated, calculated for individual bin subclasses and represented with the same
symbols shown on the very left. Values are shown for all 13 major bin subclasses in HUVEC, and for the selected outlier
subclasses, 3 HUVEC A(vecB) subclasses and 3 HUVEC B(vecA) subclasses.

The same symbols are used in both cases, connected with a line. For other details, see also legend to Fig. 4B.
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Fig. 6: Evidence that DHS open domains.

(A) Boxplot showing size of chromatin domains (brown), DHS counts (blue), and HiC EV (purple) in the 24 bin subclasses.
Note the different scales of the Y axes. Lines connect mean values.

(B) Boxplot as in A where each subclass is further subdivided in groups of bins according to the size of the domain in which
the bin resides (lower part, zoomed out for subclass 2). Upper part: corresponding bin counts. Lower part: P-value calculated
for comparison between domains with sizes comprised between 0.1 and 0.5 Mb with domains above 2Mb; statistical
significance for this comparison is reached for subclasses 12 and 20 (p <0.05, three asterisks) with bins that belong to
smaller domains containing more DHSs on average than bins in larger domains, and for subclass 3 (p<0.1, one asterisk) in
the other direction, i.e., larger domains displaying more DHSs. There are too few bins in subclasses 2,4,17 and 18 to assess
the statistical significance (no parenthesis).

(C) DHS occurrence strictly correlates with domain opening. Schematical representation of a prototype gene, embedded in a
prototype domain displaying either A or B state, itself embedded in a prototype chromosome, each displaying general trends.
Upper part: In a steady state situation, the gene is transcribed and the domain is part of the A compartment. Promoter
activity depends on enhancers which are contained within the chromatin domain (although this is not always the case). The
domain may be delimitated by clear boundaries, in which case these boundaries also depend on TFs. Although some TFs
are specific for a given type of cis-element, there is overall a large overlap between TFs, which can perform distinct functions
depending on which cofactors they associate with.

Lower part: Earlier in development, the domain is part of the B compartment. The DNA displays low accessibility to trans-
acting factors, in particular to nucleases, and the gene is silent and its regulatory elements are occupied by nucleosomes,
with chromatin marks largely indistinguishable from nondescript chromatin in the neighborhood ("generalized repression”,
also referred to as "closed configuration").

Middle: When development proceeds and expression of the gene is required for differentiation in a particular cell lineage, for
instance, there is an intermediate stage preceding transcription when the domain adopts all characteristic features of the A
compartment ("open configuration"). In particular, the domain unfolds in nuclear space and contacts within the domain
increase at the expense of contacts with B domains in the vicinity, and generalized sensitivity to nucleases increases. This
stage strongly correlates with the loss of nucleosomes at enhancers, which essentially appear as DHSs. This is enacted by
TFs recruiting nucleosome remodeling machineries, with a key role for so-called pioneer TFs. Enhancer DNA generally shifts
from methylated to unmethylated in the open state, as enacted and maintained by TET enzymes, with an intermediate,
transient stage where 5hmC is detected. Loss of DNA methylation is assumed to aid in the DNA binding of TFs, but strikingly
it appears not to be an absolute prerequisite for DNA binding of a large number of TFs, even factors known to be
methylation-sensitive. It may occur either before, or concomitantly, or with some delay relative to the appearance of a DHS,
the first option being characteristic of sites bound by certain pioneer factors such as Kif4 (99, 117, 251, 289, 290).0nly in a
distinct, final stage, coinciding with the onset of gene transcription, chromatin marks typical of active enhancers or active
promoters appear at the corresponding DHS, while not at other DHS, which are dubbed "primed enhancers".
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Fig. 7: The function of ProB RepSeqs is impaired in cancer, which drives genome opening.

(A) Modulating or switching RepSeqs from a ProB state to a ProA state, of the type found at active DHS/enhancers,
tips the genome partitioning toggle-switch toward A, opening the genome at all scales. RepSeq inserts should be
regarded as composites endowed each with both a ProA and a ProB potential,

as represented by a dial with green and red sides, respectively. Switching a number of RepSeqs along a chromatin segment
from a ProB state, typically associated with H3K9me3 marks, to a ProA state, of the type found at active DHS/enhancers, or
even just ramping up the ProA activity of a number of RepSeqs and/or decreasing the ProB capacity of others, tip the toggle-
switch toward A, unfolding the segment. This principle applies at every scale of genome organization, ultimately resulting in
whole genome opening.

B) Altered DNA methylation of RepSeq in cancer. UMAP analysis of all RepSeq subfamilies from RepBase as in Fig. 3B,
based on the following parameters: enrichment (in A, in B, in AlwaysA, in Always B); correlation (with HiC EV; with H3K9me3
ChlIP-seq signal; with H3K27me3 ChlP-seq signal); 100 kb binning; data from HUVEC; age and count categories. Four upper
panels: RepSeq families are highlighted. Coloring according to enrichment and to correlation with ChIP signal for panels
"enrichment in A compartment" and "correlation with HiC EV", which are also shown in Fig. 3B and replicated here as a
reference. Four lower panels: Coloring according to mean %GC or mean % of CpG dinucleotides (CpG, log10 of %)
calculated for each subfamily (upper panels), and to mean meCpG fraction values in a normal liver sample or meCpG loss in
a liver tumor (lower panels). Mean meCpG fraction (per RepSeq subfamily): ratio of CpG dinucleotides with cytosine
methylation to the total number of CpG dinucleotides over a RepSeq copy, as assessed for individual RepSeq copies by
nanopore sequencing for a normal liver sample and averaged for each subfamily; a meCpG fraction difference was
calculated by subtracting for each subfamily the mean meCpG fraction value obtained for a liver tumor (T) sample from the
normal liver (NL) meCpG fraction (lower panel, right). Negative values correspond to increases in DNA methylation in the
tumor.

(C) Most of the loss of CpG methylation in cancer occurs in the B compartment. Browser view of chromatin features
and TE along the same 25 Mb region of chromosome 10 as in Fig. 1. The "AlwaysA AlwaysB" line is the same as in Fig. 1A,
and highlights segments, which are always found embedded in either the A or the B compartment, respectively, as
experimentally determined with eight cell lines. Four upper epigenomics tracks, chromatin features as indicated, assessed in
the cell line HepG2, which was derived from a hepatocellular carcinoma. meCpG fraction, 25kb: ratio of CpG dinucleotides
with cytosine methylation to the total number of CpG dinucleotides over a 25 kb chromosome segment, as assessed by
nanopore sequencing for a liver tumor sample (T), and for a sample of adjacent, non-tumorous tissue (NT). meCpG fraction,
TE: meCpG fraction similarly assessed for individual RepSeq copies by nanopore sequencing. Points indicate indifferently
Alu or SVA copies in the upper track, and L1 or ERV copies in the lower track.

(D) TE methylation and its loss in cancer is mainly determined by the chromatin context. Upper panel: Each TE copy
in the hg38 genome is represented as a point on a Euclidian plane according to the value of the HiC EV in HepG2 cells for
the bin where it lies, and to its meCpG fraction in T and NT samples as above, and in a normal liver sample (NLiv.). Only
regression curves are shown, with Alu and SVA copies, on the one hand, and L1 and ERV copies, on the other hand,
analyzed together. Middle row: Each TE copy in the hg38 genome is represented as a point on a Euclidian plane according
to the mean enrichment in the HepG2 B compartment for the TE subfamily it belongs to, and to its meCpG fraction in T, NT,
and NLiv samples as above. Only regression curves are shown, with Alu and SVA copies, on the one hand, and L1 and ERV
copies, on the other hand, analyzed together. This analysis was conducted for the full genome (left panel), or for four
portions thereof shown each in one panel as indicated, assumed to belong to the chromatin classes AlwaysB (‘AlwaysB', HiC
EV <-0.8), AorB:B ('AorB:B', -0.6 < HiIC EV < -0.3), AorB:A (‘AorB:A', 0.2 < HiC EV < 0.4), or AlwaysA (‘AlwaysA', > 0.55) on
the basis of either extreme or intermediate HiC EV values . Note that enrichment in B is indicated in reverse order, such that
subfamilies enriched in the A compartment fall on the right of the central 0 axis. Extended Data Fig. 9A shows the same
curves overlaid with points indicating the mean meCpG fraction per TE subfamily.

Bottom row: boxplot representations of the mean meCpG fraction per TE subfamily in T, NT, and NLiv. samples as above,
for L1, ERV, Alu and SVA subfamilies, in the same four genome portions as indicated. ERV sequences corresponding to
LTR ("LTR") and to internal sequences ("int") were analyzed separately. Only subfamilies with more than 30 copies per
genome portion considered were taken into account. See Extended Data Fig. 9C for a similar analysis according to age
category.

(E) A number of young ERVs are more enriched in A compartment in cancer, suggestive of a shift in the balance
between ProB and ProA functions toward ProA. Each RepSeq subfamily belonging to subclasses as indicated is
represented as a point on a Euclidian plane according to the mean enrichment in the B compartment of HUVEC and HepG2
cells. Color code is the same for subclasses and trend lines. A thick grey line indicates the approximate position of the trend
line for Alu, SVA and L1 altogether; it has a slope of 1 but is slightly offset from the diagonal. Only subfamilies with more than
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200 copies are shown. All five RepSeq subclasses are shown together in the upper left panel, and individually in the other
panels. Two upper right panels: the median age of ERV subfamilies is indicated by colors, as in Fig. 3, with the central field
displayed at a higher magnification; the trend lines according to age are shown with the same color code. Only the names of
those subfamilies are indicated for which the difference with respect to the grey trend line is higher than 0.2 in absolute log2
value, going in the A direction, and thus seemingly losing some ProB character and gaining more ProA character in HepG2
by comparison with HUVEC.
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Fig. 8: General principles for how densities in ProA and ProB elements determine A/B partitioning.

Schematic drawing illustrating in an extremely simplified manner two main principles of genome organization by ProA and
ProB elements: (i) ProB elements, typically RepSeqgs such as young L1s, cooperate to establish a B logic over a domain; (ii)
ProA, both RepSegs, typically Alu elements, and inducible ProA, such as DHSs and enhancers, break the cooperativity
between ProB elements to install an A logic (note that active genes, not shown in the scheme, can also do that). They do so
indirectly, by altering the chromatin fiber in a way that antagonizes phenomena that are crucial for heterochromatin function,
and therefore for the formation and maintenance of the B compartment, which otherwise occurs as a default state over a
domain due to the presence of ProB elements. It has already been proposed and validated by modeling that such a limited
toolkit of ProA and ProB DNA elements and set of rules form the framework of genome organization and is responsible for
the toggle-switch scheme illustrated in Fig. 2 (21, 230).

Top: Upper part, left: ProB elements are nucleation points for heterochromatin, from which it seemingly "spreads" along the
chromatin fiber. Pink triangles indicate the extent of heterochromatin spreading away from a ProB element, i.e. segments of
the chromatin fiber where: (i) high levels of heterochromatin marks such as H3K9me3 can be detected by ChlP; i)
transcription is markedly inhibited. Both features are also hallmarks of the B compartment, which therefore appears as
regions of the genome dominated by heterochromatin spreading. Spreading depends both on factors diffusing away from a
ProB element in 3D and on stochastic events where individual loci along the fiber interact with the ProB element (291), both
mechanisms being all the more efficient in the proximity to a ProB element. Spreading is also thought to depend on the
translational motions of nucleosomes within a fiber. Upper part, right: ProB elements in a domain stochastically interact in
3D, which is stabilized by heterochromatin-associated coalescence forces. This in turn reinforces their ability to assemble
and anchor heterochromatin, and forms the basis of functional cooperativity between ProBs (adapted from (17)). The
probability of presence of heterochromatin factors ("heterochromatin ambiance”) is heightened in a nuclear subvolume
around such dynamic structures ("sphere of influence”), and in turn around each ProB element in a manner that is strongly
dependent on the frequency of long-range interactions with other ProB elements in the neighborhood.
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The chromatin fiber itself is an integral player in the ProB system, through the phenomenon of nucleosome coalescence,
which is powered by structural factors of heterochromatin and is at the heart of heterochromatin spreading. Nucleosome
modifications such as histone acetylation can inhibit nucleosome coalescence, while nucleosome partners, such as histone
H1, can promote it, and therefore confer to the chromatin fiber the capacity to ultimately interfere with, or promote, the long-
range cooperation between ProB elements along a domain. In addition, the chromatin fiber contributes heterochromatin
ambiance with factors that dissociate from the fiber. When heterochromatin spreading is unimpeded, such as within a
hypothetical B locus harboring only ProB elements ("ProB only"), heterochromatin spreads along the entire length of the
chromatin segment embedded within the sphere of high influence, such that spreading appears strictly continuous, forming a
strong B compartment locus.

Bottom: Hypothetical molecular mechanisms by which three types of ProA elements are envisioned to alter the chromatin
fiber, thereby interfering with heterochromatin spreading. Both Alu TEs and DHS are thought to hinder the translational
motion of nucleosomes, strongly in the case of DHS due to an interruption in the nucleosomal fiber, whereas two strongly
positioned nucleosomes over an individual Alu element conceivably represent a milder impediment. CpG methylation is
believed to promote nucleosome positioning (162, 267), and thereby the ProA function of Alu elements. Notably, active DNA
demethylation as generally detected at DHSs shortly after the detection of DHSs themselves may therefore have as its main
purpose to facilitate nucleosome displacement. Active enhancers display a sphere of influence enriched in transcription
cofactors many of which actually oppose the B logics. This is true in particular for at least two classes of chromatin modifiers
which can make a chromatin fiber highly resistant to heterochromatin spreading: histone acetyl-transferases (HATS),
responsible for histone acetylation, and Poly (ADP-ribose) Polymerase 1 (PARP1) (181, 191). The latter parylates chromatin
components and in particular histone H1, resulting in its inactivation (292). Whereas "primed" enhancers distributed along a
domain are sufficient to switch a B domain to A, "active enhancer"-associated HATs are envisioned to secure the A character
by cooperatively repelling B influence over a domain, through diffusively opposing histone deacetylases (HDACs). The latter
are enriched in heterochromatin ambiance and predominate in the human nucleus, where they promote nucleosome
coalescence and therefore heterochromatin sprading (212, 293). This mechanism clearly also applies to some extent to
enhancers in their "primed" state, which is associated with a range of similar histone modifications as "active enhancers”
except that histone acetylation levels are much lower. In addition, the natural substrate for HP1a binding is an H1-containing
nucleosomal fiber (35), and therefore inactivation of H1 by PARP1 is predicted to independently hinder heterochromatin
spreading.

Middle: In AlwaysB regions, a high density of ProB RepSegs is found together with a low density of ProA. Alu elements are
envisioned to mildly mitigate spreading, leaving cooperativity between ProBs essentially unaltered, hence generating a
strong B character. Notably, Alu elements have their ProA function at least partially inactivated in AlwaysB due to a loss of
CpG methylation (green diamonds with dotted contour). In AlwaysA regions, proportions are reversed, and, in addition, there
are active genes (not shown in the scheme). Cooperativity between ProBs is essentially absent, because of their low density,
and because heterochromatin spreading is crippled. In AorB regions, intermediate densities of both ProA and ProB RepSeqs
allow for strong cooperativity between ProBs while spreading is mitigated to a degree. It may be further inhibited by the
emergence of inducible ProAs, switching the domain from B to A. Notably, ProB themselves, in particular ERVs, may switch
to ProA, and it is likely that sequences presently considered merely as enhancers actually switch broadly from a ProB to a
ProA state (not shown in the scheme for the sake of simplicity). Large regions of gene complexes are embedded in the B
compartment and characteristically display a high density of both ProA and ProB RepSegs, allowing both a marked
cooperation between ProBs and the emergence of restricted, transcription-conducive domains.
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