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Giemsa staining of metaphase chromosomes results in a characteristic

banding useful for identification of chromosomes and its alterations. We

have investigated in silico whether Giemsa bands (G bands) correlate with

epigenetic and topological features of the interphase genome. Staining of

G-positive bands decreases with GC content; nonetheless, G-negative

bands are GC heterogeneous. High GC bands are enriched in active his-

tone marks, RNA polymerase II, and SINEs and associate with gene rich-

ness, gene expression, and early replication. Low GC bands are enriched in

repressive marks, lamina-associated domains, and LINEs. Histone H1 vari-

ants distribute heterogeneously among G bands: H1X is enriched at high

GC bands and H1.2 is abundant at low GC, compacted bands. According

to epigenetic features and H1 content, G bands can be organized in clusters

useful to compartmentalize the genome. Indeed, we have obtained Hi-C

chromosome interaction maps and compared topologically associating

domains (TADs) and A/B compartments to G banding. TADs with high

H1.2/H1X ratio strongly overlap with B compartment, late replicating, and

inaccessible chromatin and low GC bands. We propose that GC content is

a strong driver of chromatin compaction and 3D genome organization,

that Giemsa staining recapitulates this organization denoted by high-

throughput techniques, and that H1 variants distribute at distinct chro-

matin domains.

Databases

Hi-C data on T47D breast cancer cells have been deposited in NCBI’s Gene Expression Omni-

bus and are accessible through GEO Series accession number GSE147627.

Abbreviations

bphs, bands per haploid sequence; G band, Giemsa band; Gneg, negative (unstained) Giemsa bands; Gpos, Giemsa-positive (stained) bands;

LAD, lamina-associated domain; mESCs, mouse embryonic stem cells; NAD, nucleolus-associated domain; PTM, post-translational

modification; RNAPII, RNA–polymerase II; S/MAR, scaffold or matrix attachment region; TAD, topologically associating domain; TSS,

transcription start site.
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Introduction

Eukaryotic DNA is packaged into chromatin, whose

repeating structural unit is the nucleosome. Each

nucleosome consists of an octamer of core histones

(H2A, H2B, H3, and H4) around which ~ 147 base

pairs (bp) of DNA are wrapped. Histone H1 binds at

both entry/exit sites to the linker DNA at the nucleo-

some, participating in the formation of higher-order

chromatin structures [1]. Unlike core histones, H1 pro-

teins are more evolutionary diverse. The human his-

tone H1 family includes seven somatic subtypes (or

variants) (H1.1 to H1.5, H1.0, and H1X), three testis-

specific (H1t, H1T2, and HILS1), and one oocyte-

specific variant (H1oo) [2–4]. Among somatic variants,

H1.1–H1.5 variants are expressed in a replication-de-

pendent manner while H1.0 and H1X are replication-

independent. Regarding their patterns of expression,

H1.2 to H1.5 and H1X are ubiquitously expressed,

H1.1 is restricted to certain tissues, and H1.0 accumu-

lates in terminally differentiated cells.

This large repertoire of H1 variants leads to wonder

whether somatic H1 variants are redundant or show

specific properties in terms of functionality and geno-

mic distribution. Classically, H1 has been seen as a

structural component associated with chromatin com-

paction, but in recent years, several evidences support

the idea of H1 playing a more dynamic role in chro-

matin regulation [4,5]. Previous studies have shown

that histone H1 variants are involved in several

nuclear processes including transcription, replication,

genome stability, splicing, or heterochromatin mainte-

nance, among others [6–10].
To fully characterize H1 variants specific functional-

ity, it is important to address their genomic distribu-

tion, due to the growing evidence that chromatin

organization is crucial to genome function. Reports

point to a variant-specific genomic distribution among

cell types. In mouse embryonic stem cells (ESCs), H1c

and H1d (H1.2 and H1.3 orthologs) were found to be

depleted from high GC, gene-rich regions, and abun-

dant at major satellites [11]. By using DamID technol-

ogy in human IMR90 cells, results showed that H1.2–
H1.5 was depleted from CpG-dense and regulatory

regions, whereas H1.1 had a distinct profile [12].

Besides, H1.5 was enriched in genic and intergenic

regions in IMR90 cells but not in ESCs, suggesting

that its genomic distribution depends on the differenti-

ation state [13]. In human fibroblasts, mapping of

H1.0 revealed its correlation with GC content and

abundancy at gene-rich chromosomes [14]. In breast

cancer cells, H1.2 was the variant that showed the

most specific pattern. H1.2 was found enriched in low

GC domains and lamina-associated domains (LADs)

[15]. Moreover, combined depletion of H1.2 and H1.4

leads to the activation of heterochromatic repeats, sup-

porting the role of H1.2 in heterochromatin organiza-

tion [10]. Regarding replication-independent variants,

H1.0 and H1X were more abundant at high GC, gene-

rich chromosomes. H1.0 was also found enriched at

nucleolus-associated domains (NADs) while H1X was

more associated with coding regions and RNA poly-

merase II binding sites [16]. A general feature for all

H1 variants, in all species, is its depletion from the

transcription start site (TSS) of active genes, meaning

that upon transcriptional activation H1 is removed

from the TSS of genes.

Nevertheless, although uncovering specific features

for H1 variants, data support that all H1 variants are

distributed across the whole genome [15]. For this rea-

son, methods to compartmentalize the genome could

be useful to study and compare H1 variants genomic

distribution. Due to the complex paradigm of chro-

matin organization, this compartmentalization has to

be addressed by a multi-omics approach.

From a functional point of view, the genome has

classically segregated into euchromatin and hete-

rochromatin. Transcriptionally active euchromatin

present an open state to facilitate accession of tran-

scription machinery, replicates early within S-phase,

and is abundant in SINE repetitive elements and active

histone modifications. On the contrary, closed and

transcriptionally silent heterochromatin is character-

ized by late replication timing, LINEs and inactive his-

tone modifications [17]. Moreover, it is well

established that chromosomes occupy a nonrandom

regions in the nucleus (chromosome territories), where

gene-poor regions are placed at the heterochromatic

nuclear periphery and gene-rich ones to the euchro-

matic interior. Chromosome conformation capture

techniques (such as Hi-C) have revealed the existence

of topologically associating domains (TADs), self-or-

ganized chromatin domains in spatial proximity that

interact more frequently within themselves than with

the rest of the genome [18–20]. These structures are

conserved across species and are relatively stable in

different cell types [18,21]. Hi-C data also lead to the

discovery of the so-called A and B genomic compart-

ments, comprising active and inactive regions, respec-

tively [22]. Independently, other chromatin domains

participating in nucleus organization have been

described, such as aforementioned LADs or NADs

[23,24].

Other layers of chromosome architecture have also

been studied for years. In 1970s, several staining meth-

ods of metaphase chromosomes arised, that is, Giemsa
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staining [25]. Although the precise molecular basis of

Giemsa has remained unknown for decades, it is

widely accepted that staining correlates with AT-rich

sequences and chromatin compaction [26,27]. Giemsa

bands (G bands) have been useful in cytogenetics

allowing detection of chromosomes rearrangements in

diseased cells. However, they have not been much

explored in relation to functional genomics. Staining

of G-positive (Gpos) bands correlates with AT con-

tent; nonetheless, unstained or G-negative (Gneg)

bands, expected to be GC-rich, are as heterogeneous

in its GC or AT content as Gpos.

Here, we used G bands as epigenetic units to investi-

gate the differential distribution of linker histones. We

have in silico investigated how G bands correlate with

epigenetic, accessibility and topological features of the

interphase genome, taking advantage of previously

published ChIP-seq, ATAC-seq, and newly generated

Hi-C data in breast cancer cells. Our results show a

heterogeneous and opposite distribution of histones

H1.2 and H1X within G bands, being H1.2 associated

with low GC bands and H1X with high GC bands.

We have found a strong correlation between B com-

partment, TADs presenting a high H1.2/H1X ratio,

low GC bands, and compact chromatin. To our

knowledge, this is the first report including an exten-

sive characterization of G bands based on a wide

repertoire of genome-wide data, including H1 variants

abundance or Hi-C experiments, among others. More-

over, the balance between two H1 variants has never

been considered as an epigenetic feature nor related to

genome topology before. Overall, this work represents

a comprehensive attempt to further investigate how

chromatin is organized within the nucleus, integrating

histone H1 variants as putative chromatin organizers.

Results

Characterization of Giemsa bands with

epigenetic features and GC content dependency

Giemsa staining of metaphase chromosomes results in

an alternating dark and light banding pattern that

became useful for identifying individual chromosomes

and their abnormalities in diseased cells (Fig. 1A).

After the sequencing of the human genome and with

the help of a dynamic programming algorithm employ-

ing data from thousands of fluorescence in situ

hybridization experiments, the boundaries of each of

the bands were estimated [28]. The estimated starting

and ending position of each of the Giemsa-positive

bands, classified into four groups according to its

increasing staining intensity (Gpos25-Gpos100), and

intergenic bands (Gneg), was obtained from the UCSC

human genome database. The number of Gpos bands

ranged from 81 to 121. Gpos bands occupied from

7.6% to 17.6% of the genome and Gneg bands a 46%

(Fig. 1B).

The molecular basis of cytogenetic bands is not well

understood. Banding was thought to correspond to

GC-poor (dark bands) and GC-rich (light bands)

regions. However, Gpos100 bands were consistently

AT-rich, but Gpos25 and particularly Gneg bands

were highly heterogeneous in its GC content (Fig. 1C).

Gneg bands presented a mean GC content intermedi-

ate between Gpos25 and Gpos50, indicating that

banding could not be explained only by the base com-

position. Therefore, we wanted to investigate whether

banding could be explained by epigenetic features such

as core histone marks or linker histone variants.

Darker bands (Gpos100) were longer on average

and have been associated with chromatin condensa-

tion. Accordingly, they contained the lowest gene con-

tent, gene richness, and average gene expression of all

the bands (Fig. 1C), as well as longer introns (data

not shown). Gneg bands presented intermediate fea-

tures. As a consequence, we decided to split the Gneg

bands in four equivalent groups according to their GC

content (Gneg1–4). Gene richness and gene expression

correlated positively with GC content (Fig. 1C).

Replication occurs first at active/open chromatin

and later at compact chromatin. Data on replication

timing for HeLa cells are available, and we used it to

calculate the average replication timing at each G

band. As expected, within G-positive bands, replica-

tion timing was lower (late) at Gpos100 (Fig. 1D).

Within G-negative bands, replication timing correlated

with the GC content; high GC bands replicated the

earliest.

It was previously reported that darker bands are

enriched in LINEs and G-negative bands are enriched

in SINEs [28]. We have calculated, per chromosome,

the percentage of bases in each of the eight band types

that is contained within LINEs and SINEs (Fig. 1E).

The abundance of SINEs correlated with the GC con-

tent, whereas abundance of LINEs correlated with AT

content, more than with the darkness of G bands.

Next, we explored the abundance of core histone

post-translational modifications (PTMs) and transcrip-

tion or chromatin-related proteins (from breast cancer

T47D cells publically available data) at Gneg and

Gpos bands (Fig. 1F). On the one hand, the abun-

dance of PTMs related to gene activation and factors

such as RNA polymerase II (RNAPII), BRD4, or

CTCF decreased accordingly to the GC content, that

is, being high within Gneg1 and Gpos25 and low at
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Gneg4 and Gpos100 bands. On the other hand, repres-

sive marks such as H3K27me3 or H3K9me3, as well

as EZH2 methyl transferase and heterochromatin pro-

tein HP1 gamma, did not follow this pattern following

GC content. Instead, they were more abundant than

active marks at Gpos75 and Gpos100 bands, but also

at Gneg4. The overlap between LADs and G bands

also increased at low GC bands, particularly at

Gpos100 (Fig. 1G), coinciding with H3K9me3 enrich-

ment over active marks.

Scaffold (metaphase) or matrix (interphase) attach-

ment regions (S/MARs) are involved in control of

gene expression, replication, DNA repair, and chro-

matin to chromosome transition. By linking DNA to

the nuclear scaffold, they generate structural and func-

tional loops that span � 20–100 kb. S/MARs are rela-

tively short sequences (100–1000 bp long) containing

one or several of these features: AT richness (� 70%),

OriC, kinked or curved DNA, TG richness, and topoi-

somerase-II sites [29]. Because of their AT richness, it

was initially proposed that S/MARs were present den-

sely within dark G bands [30]. Mapping of human S/

MARs using ChIP-seq data of 14 S/MAR binding

proteins was recently achieved [31]. These sites were

confirmed to contain the previously described features

including AT richness. Nonetheless, we found that

they were enriched within high GC bands, both Gneg

and Gpos bands (Fig. 1H), as expected for elements

involved in the control of gene expression and replica-

tion. Accordingly, S/MAR density was found to corre-

late with gene density [31]. Moreover, S/MARs also

correlated with retrovirus integration sites [31].

Accordingly, we found that hotspots for retroviral

integration were enriched within high GC bands (data

not shown).

As a consequence of this analysis, Gneg interbands

were seen epigenetically heterogeneous, being its GC

content an important predictive factor of its

characteristics, but not of its lack of Giemsa staining.

We then hypothesized that Gneg bands surrounding

Gpos bands with a particular GC content could have

similar GC values, forming patches of bands with sim-

ilar features, as shown in Fig. 1I. In fact, we deter-

mined that the most abundant neighbors of Gpos25

bands were Gneg1 bands, and Gpos100 bands were

preferably surrounded by Gneg4 bands (Fig. 1J). In

conclusion, Giemsa-stained bands were surrounded by

unstained bands of similar GC content, gene content,

and other features, except that were shorter.

Correlation of Giemsa staining with AT content

is enhanced along chromosome condensation

Along chromosome condensation, the initially

observed banding of 850 bands per haploid sequence

(bphs) (prometaphase) gets condensed down to

400 bphs (metaphase) (Fig. 2A) [32]. We predicted

that neighbor Gpos and Gneg bands (at 850 bphs)

with similar GC content would become either dark

(stained) or white (unstained) bands at 400 bphs,

depending on its GC content, as shown in Fig. 2B. As

an example, bands p25.1, p25.3 (Gneg) and p25.2

(Gpos25) of chromosome 3 became band p25 (white,

high GC) at 400 bphs, while bands p14.1, p14.3

(Gpos50), and p14.2 (Gneg) became band p14 (dark,

low GC) (Fig. 2B). As a consequence, the difference

between GC content at stained versus not-stained

bands was increased at 400 bphs compared with

850 bphs, that is upon chromosome condensation

(Fig. 2C).

Analyzing what proportion of each of the G bands

at 850 bphs became dark or white at 400 bphs, we

obtained that a big proportion of Gneg4 became dark,

and a big amount of Gpos25 and Gpos50 became

white (Fig. 2D). A circular permutation of G bands at

850 bphs confirmed that this observation depends on

Fig. 1. Characterization of Giemsa bands. (A) Ideogram of a human metaphase chromosome showing banding after Giemsa staining. G-

positive bands are classified into four types (Gpos25 to Gpos100) according to increasing staining intensity. Unstained bands or interbands

are called G negative (Gneg). Ideograms are from NCBI’s Genome Decoration Page. (B) Table indicating the number of bands of each type

existing in human chromosomes and the percentage of base pair occupancy in the genome. (C) Box plots showing the GC content, base

pair length, gene number content, gene richness (gene number/base pair length), and average gene expression (from HeLa cells) of each G

band for each band type. Gneg bands were divided into four equal groups according to GC content. (D) Box plot showing replication timing

at each G band (normalized by band length), for each band type. HeLa-S3 public Repli-seq data were used. (E) Box plot showing the

proportion of overlapping base pairs between LINEs or SINEs and each G band, for each band type. (F) Box plots showing abundance of

chromatin-related proteins or histone PTMs at each G band, for each band type. Enrichment was calculated by computing the average

normalized read count of the peaks mapped at each G band. Publically available data from T47D cells were used, except for EZH2 and

H3K27me3 that correspond to HeLa cells. (G) Box plot showing overlapping base pairs between LADs and each G band, for each band

type. (H) Box plot showing overlapping base pairs between S/MARs and each G band, for each band type. (I) Browser snapshot of human

chromosome 3 showing the position of Gpos and Gneg bands. (J) Bar plots showing the frequency of Gneg band groups that are neighbors

of Gpos25 or Gpos100 bands.
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the actual position of the bands (data not shown).

Bands that changed their staining status along conden-

sation and ended stained or not as expected according

to its GC content (Gneg4 and Gpos25, respectively)

are the shortest bands on average (Fig. 1C). Then,

these bands could be seen as short interbands

A
C

D

B

Fig. 2. Correlation of Giemsa staining with AT content is enhanced along chromosome condensation. (A) Ideograms of human chromosome

3 at 850, 550, and 400 bands per haploid sequence (bphs) resolution. Along metaphase condensation, the number of G bands (resolution)

decreases, and bands are classified just as stained (dark) or unstained (light). Ideograms are from NCBI’s Genome Decoration Page. (B)

Representation of GC content of Gpos/stained (dark circle) and Gneg/unstained (light circle) bands along chromosome 3, at 850 and

400 bphs resolution. Clusters of bands at 850 bphs that are merged to a single band at 400 bphs are separated by orange lines. (C)

Box plots showing the GC content of Gneg and Gpos bands at 850 and 400 bphs. The Wilcox test was used to evaluate the significance of

the differences in GC content. (D) Bar plot showing the frequency of bands of each type at 850 bphs that end up stained (dark) or

unstained (white) at 400 bphs.

Fig. 3. Histone H1 variants distribute heterogeneously among G bands. (A) Browser snapshot of human chromosome 11 showing H1.2 and

H1X input-subtracted ChIP-seq signal from T47D cells and the position of Gpos and Gneg bands. (B) Box plots showing H1.2 and H1X input-

subtracted ChIP-seq abundance within G bands, for each band type. (C) Scatter plots of H1.2 and H1X input-subtracted ChIP-seq abundance

at each Gpos (left) or Gneg (right) band. Pearson’s correlation coefficient is shown as well as P-value. (D) Scatter plots of H1.2 or H1X input-

subtracted ChIP-seq abundance against GC content at each Gneg and Gpos band. Pearson’s correlation coefficient is shown as well as P-

value. (E) Box plots showing H1.2 and H1X input-subtracted ChIP-seq abundance within unstained (light) or stained (dark) G bands at 850 or

400 bphs. The Wilcox test was used to evaluate the significance of the differences in H1.2 and H1X enrichment. (F) Box plots showing the

normalized number of H1.0 ChIP-seq enrichment regions from in vitro transformed human skin fibroblasts (GSE66169) within G bands. (G–I)

Abundance of H1 variants at retroviral integration sites and S/MAR protein binding sites. Average, input-subtracted ChIP-seq signal of H1.2

and H1X around the center of S/MARs sites (mapped in [31]) (G), HIV-1 integration sites (H), or around the center of the S/MAR binding

protein sites indicated (I).
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inadequately stained initially (850 bphs), that mimic

surrounding, larger bands later (400 bphs), forming

larger patches stained or not according to their GC

content. These results reinforced the notion that

Giemsa staining depends on AT richness, but this is

better seen in highly condensed chromosomes. Still,

correlation is not perfect because, even at 400 bphs,

some stained bands have higher GC content than

some unstained bands (Fig. 2B). Nonetheless, locally,

stained bands always have lower GC than neighbor

unstained bands. This suggests that chromosomes are

partitioned into a small number of large domains of

high or low GC content and, within them, relative dif-

ferences in GC dictate band staining.

Another possibility to explain the lack of correlation

between staining and GC content at 850 bphs could be

that staining was more sensitive to the existence of

long AT tracks than to the average AT content.

Nonetheless, we obtained that AT content and abun-

dance of AT tracks correlated (correlation coeffi-

cient = 0.994, P-value < 0.001), and the number of AT

tracks of different lengths was not more different

between Gpos and Gneg bands than its average AT

content, discarding this hypothesis (data not shown).

In summary, AT content is partially responsible for

the intensity of Giemsa banding of metaphase chromo-

somes and correlates with epigenetic features of chro-

matin already present at interphase chromosomes.

Histone H1 variants in breast cancer cells

distribute heterogeneously among G bands

We have previously reported that histone H1 variants

distribute heterogeneously along the human genome in

T47D breast cancer cells, being H1.2 the variant that

is more abundant within closed and intergenic regions,

and H1X the most abundant within RNA polymerase

II-enriched regions [15,16]. Then, we interrogated

whether the abundance of these two H1 variants dif-

fered among G bands. In a genome browser, it was

apparent that H1X was enriched at Gneg1 and

Gpos25, while H1.2 was more abundant at Gneg4 and

Gpos100, suggesting a relation with GC content

(Fig. 3A). Indeed, H1X was enriched at G bands with

high GC content, while H1.2 was rich at low GC

bands, both G-positive and G-negative (Fig. 3B). As a

consequence, H1.2 and H1X abundance at both types

of G bands correlated inversely (Fig. 3C). The positive

correlation between H1X and the GC content of bands

was stronger than the inverse correlation between H1.2

and GC content (correlation coefficient 0.92 versus

�0.64) (Fig. 3D). Differences in H1 variants abun-

dance at stained versus not-stained G bands were

enhanced at 400 bphs compared with 850 bphs

(Fig. 3E), as it occurred with GC content (Fig. 2C).

H1.2 was significantly enriched at stained bands, and

H1X was more abundant at nonstained bands.

Parallel to profiling the distribution of endogenous

H1.2 and H1X with variant-specific antibodies, we had

profiled H1.0 and H1.4 C-terminally tagged with the

hemagglutinin (HA) peptide, stably expressed in T47D

cells, with anti-HA antibodies. H1.4-HA and H1.0-HA

distribution was similar to H1X and different to H1.2

[15,16]. We calculated the abundance of these two

HA-tagged variants into G bands. We obtained that

both were enriched toward high GC bands, being

H1.0-HA the one that was more similar to H1X, in

agreement with our previous reports (data not shown).

Moreover, using published data on H1.0 profiling in

human skin fibroblast [14], we determined that H1.0

was enriched at high GC Gpos and Gneg bands as

well (Fig. 3F). Therefore, we decided to focus on

endogenous H1.2 and H1X for further studies, as rep-

resentatives of the different H1 profiles observed.

Because S/MARs and H1X were enriched at high GC

bands in a very similar way (Figs 1H and 3B), we com-

pared the abundance of H1.2 and H1X around the cen-

ter of mapped S/MAR sites. H1X was enriched at S/

MAR sites while H1.2 was clearly depleted (Fig. 3G). As

mentioned above, S/MARs correlated with retrovirus

integration sites [31], which were enriched within high

GC bands. Instead, both H1.2 and H1X were found

depleted from putative HIV-1 and HTLV-1 integration

sites, suggesting that retroviruses integrate at H1-depleted

loci (Fig. 3H and data not shown). This showed that

H1X was not enriched at all features that are enriched

Fig. 4. Clustering of G bands according to H1 variants and epigenetic features. (A) Scatter plots of H1.2 or H1X input-subtracted ChIP-seq

abundance against abundance of the indicated histone marks or chromatin-associated proteins at each Gpos and Gneg band. Pearson’s

correlation coefficient is shown as well as P-value. (B) Heat map and dendrogram of the abundance of H1 variants, histone marks, and

chromatin-associated proteins at Gpos and Gneg bands. Twelve clusters of G bands are shown, ordered from high to low proportion of high

GC content bands (Gneg1 + Gpos25 + Gneg2 + Gpos50). (C) Bar plot showing the proportion of each G band type within the 12 clusters of

bands generated in (B). GC content at clusters is also shown. (D) Box plots showing H1.2 and H1X input-subtracted ChIP-seq abundance

within G bands, for each G bands cluster. (E) Box plots showing abundance of the indicated histone marks or chromatin-associated proteins

within G bands, for each G bands cluster.
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within high GC bands, but functional selectivity exists.

Next, we calculated the abundance of H1s around the

binding sites of the proteins that were used to define S/

MAR [31]. H1X was more abundant than H1.2 at all S/

MAR protein binding sites, but different profiles were

observed (Fig. 3I and data not shown). For CEBPB,

YY1, Ku antigen, and FOXH1, H1X was locally

enriched around the center of the binding site, but not

for the others (CTCF, NMP4, BRIGHT, BRCA1, SAF-

A/hnRNP-U, SATB1, SMAR1). H1.2 was depleted from

all tested sites. This was previously observed for RNA

polymerase II [15,16]. All together, these data confirmed

that H1X is present at places where transcription and

replication initiate.

Clustering of G bands according to H1 variants

and epigenetic features

To study the colocalization of the different H1 vari-

ants with epigenetic factors within the G bands, the

abundance of H1.2 and H1X at Gpos and Gneg bands

in T47D cells was compared with the abundance of

PTMs and chromatin-associated factors (Fig. 4A and

Fig. S1A,B). H1.2 correlated negatively with active

histone marks, such as H3K27ac, H3K4me1, or

H3K36me3, and RNAPII, BRD4, or CTCF. Signifi-

cant negative correlation was also observed between

H1.2 and EZH2, related to transcriptional repression.

The repressive marks H3K9me3 or H3K27me3 showed

no correlation with H1.2 abundance, nor HP1 gamma.

Instead, H1X correlated positively with all histone

marks and chromatin-associated factors tested, except

H3K9me3 and H3K27me3. All these results were

similar when the abundance of H1s and PTMs at

Gpos or Gneg bands was used separately (Fig. S1C–F)
and confirms that H1.2 localizes at inactive G bands

whereas H1X is more abundant at high GC content

bands enriched in active chromatin.

Next, the calculated abundance of H1 variants, core

histone marks, and chromatin-associated factors at

Gpos and Gneg bands was used to cluster the G bands

and, consequently, compartmentalize the human gen-

ome according to epigenetically relevant features

(Fig. 4B). Active marks, RNAPII, CTCF, and H1X

clustered together, as did H3K9me3, H3K27me3, and

EZH2 with H1.2. Next, G bands were clustered into

12 groups with 6 clusters enriched in active epigenetic

features and 6 in repressive marks. Each cluster con-

tained a different proportion of G band types; clusters

were named from 1 to 12 according to decreasing pro-

portion of high GC content bands (Fig. 4C). As

expected, GC content decreased along the defined clus-

ters (see insert in Fig. 4C).

Next, the abundance of H1 variants and epigenetic

features at G bands contained in each of the 12 clus-

ters was calculated (Fig. 4D,E). H1 variants increased

or decreased progressively according to the GC con-

tent of the bands included in each cluster, particularly

H1X, as H1.2 was similarly abundant at clusters 6 to

12. Clusters 1 to 4 were enriched in H1X while clusters

6 to 12 were enriched in H1.2. RNAPII or active his-

tone marks were enriched toward the high GC content

clusters, in particular clusters 1 to 3, but also cluster 8.

Repressive marks or EZH2 was enriched in clusters 6,

7, and 9 to 12. Interestingly, cluster 2 contained pre-

dominantly Gneg1 bands and was enriched in H1X,

Fig. 5. Clustering of TADs according to its content in histone H1 variants. (A) Hi-C interaction map of chromosome 11 in T47D cells, at the

resolution of 50 kb. The map is normalized, corrected by decay, and in Log2 scale. (B) Representative IGV snapshot of human chromosome

11 (partial). Tracks refer as follows (from top to bottom): H1.2 and H1X input-subtracted ChIP-seq signal from T47D cells; the calculated

H1.2/H1X ratio (log2) over 100-kb bins; replication timing of the genome from T47D cells (smoothed signal of early/late S-phase read counts

in 5 kb windows); TAD borders obtained by Hi-C in T47D cells; the extension of TADs classified into four groups according to H1.2/H1X

ratio as described in (F–G); the extent of A/B compartments obtained by Hi-C; and the position of Gpos and Gneg bands. (C) Box plot

showing the number of TAD borders within each G band, corrected by band length, for each G band type. (D, E) TADs as homogeneous

units of H1 variants abundance. (D) Distributions of pairwise correlation coefficients of H1 profiles between 100-kb genome bins located

within the same TAD, within consecutive or randomly picked TADs (inter-TADs), or within a similar randomly defined domain (***P < 0.001;

*P < 0.05; Wilcoxon test). (E) Homogeneity score of linker histones enrichment between consecutive subsegments over three successive

TADs. For this analysis, TADs were divided into five subsegments of equal size. The opposite of the absolute difference of the H1 variants

ChIP-Seq signal was calculated for two consecutive subsegments on three consecutive TADs. Higher scores indicate higher similarity

between the consecutive subsegments. The 25th, 50th, and 75th percentiles (black lines from top to bottom, respectively) of the 14

consecutive values were computed genome-wide. Dashed lines correspond to the TADs borders. (F) Scatter plot of H1.2 and H1X ChIP-seq

abundance at each individual TAD. Pearson’s correlation coefficient is shown as well as P-value. TADs corresponding to the four groups

defined in (G) according to H1.2/H1X ratio are differentially colored. (G) Box plot showing the ChIP-seq H1.2/H1X ratio within TADs in the

four groups generated with equal count of TADs in each. (H–J) Box plots showing the base pairs length (H), border strength (I), and

interactions density (J) of TADs belonging to the four groups defined according to H1.2/H1X ratio.
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RNAPII, H3K4me1, also in BRD4 and H3K27ac, but

not other active marks. Cluster 1 was clearly the most

active one with absence of repressive features, while

cluster 6 showed the highest abundance of repressive

features and absence of active ones. Cluster 8 was

enriched in particular features that formed a cluster in

the dendrogram: CTCF, HP1 gamma, and H3K4me2/

3. Cluster 5 was highly enriched in H3K27ac, whereas

it was quite neutral on the rest of active/inactive fea-

tures, including H1.2 and H1X.

In summary, clustering of G bands according to epi-

genetic features and H1 variants content compartmen-

talized the human genome and identified different

types of chromatin units. Interestingly, when clusters

were ordered according to the abundance of high GC

bands or GC content, H1 variants decreased or

increased progressively, something not clearly seen for

the other epigenetic features or proteins, indicating

that histone H1 best correlates with the GC content of

the genome.

Overlap between TADs defined by the abundance

of H1 variants, G banding, A/B compartments,

replication timing, and ATAC-seq accessibility

regions

Chromosome conformation capture techniques, such

as Hi-C [22], allow to detect local and distal contacts

within the genome and to establish the position of bor-

ders flanking the so-called TADs. We performed Hi-C

experiments in T47D cells, and we calculated the posi-

tion of TADs within the genome, obtaining a total of

3247 TADs. Figure 5A shows the normalized Hi-C

interaction map of chromosome 11 at the resolution of

50 kb as an example.

The comparison of the positions of TADs and G

bands denoted that often the limits of G bands were

in close proximity to TAD borders (Fig. 5B); there-

fore, we further investigated the coincidences between

these two features and in relation to H1 variants abun-

dance. First, we calculated the frequency of TAD bor-

ders that felt into each of the G bands normalized by

their length. Gneg bands and, in general, high GC

bands, showed a higher relative frequency of TAD

borders than Gpos100 (Fig. 5C). Moreover, Gpos100

is longer on average than other G bands (Fig. 1C). As

a consequence, Gneg and high GC Gpos bands are

shorter and contain several short TADs, whereas

Gpos100 (and Gpos75) contains one or a few long

TADs (Fig. 5B).

We observed that shifts on the distribution of H1

variants often coincided also with TAD borders

(Fig. 5B). Before using TADs as units to compare the

distribution of H1.2 and H1X variants, we asked

whether this distribution (calculated within 100-kb

bins) was more homogeneous within the same TAD

than between consecutive TADs, randomly picked

TADs or randomly defined domains. Correlation coef-

ficient between the two H1 variants was significantly

higher within the same TAD than any other compar-

ison, suggesting that H1 variants were more homoge-

neous within than between TADs and that transitions

between variants occurred preferentially at the borders

(Fig. 5D). Besides, we performed 5000 randomizations

of TAD borders to further confirm whether the rela-

tionship between H1s occupancy depends on these

genomic units. Our results showed that the average

correlation coefficient between the histones was signifi-

cantly higher within the real TAD borders compared

with the distribution of the average correlation coeffi-

cients calculated for the random domains (data not

shown). This hypothesis was additionally tested by

dividing TADs into subsegments and computing a

homogeneity score of linker histones enrichment,

which was higher between intra-TAD subsegments

(Fig. 5E). Given that TADs and G bands tend to

overlap (Fig. 5B), we also performed this analysis for

G bands. We found that linker histones distribution

Fig. 6. Overlap between TAD groups defined by H1.2/H1X ratio, G bands, A/B compartments, ATAC-seq accessibility regions, and

replication timing. (A) Box plot showing overlapping base pairs between TADs classified according to H1.2/H1X ratio (from low, Group 1; to

high, Group 4) and the G bands. (B) Box plot showing the occupancy of H1.2 and H1X variants (input-subtracted ChIP-seq signal) within A/B

compartments. (C) Boxplots showing the average normalized read count of the peaks mapped at A or B compartments of each histone

PTM or chromatin-associated protein indicated. (D) Box plot showing overlapping base pairs between TADs classified according to H1.2/H1X

ratio (Groups 1 to 4) and the A/B compartments (NA = 1098, NB = 1098). (E) Box plot showing overlapping base pairs between G bands and

the A/B compartments. (F–H) Box plots showing the relative number of ATAC-seq peaks within G bands (F), A/B compartments (G), or

TADs classified according to H1.2/H1X ratio (Groups 1 to 4), normalized by TAD length (H). (I) Profiles of ATAC-seq accessibility and H1.2/

H1X abundance ratio along chromosome 11, calculated within 100 kb bins. (J, M) Scatter plots between ChIP-seq H1.2/H1X abundance

ratio and ATAC-seq accessibility (J) or replication timing (M) within 100-kb bins along chromosome 11. Pearson’s correlation coefficient is

shown as well as P-value. (K, L) Box plot showing the T47D replication timing (ENCODE) (normalized by TAD length) within TADs classified

according to H1.2/H1X ratio (Groups 1 to 4) (K), or within A/B compartments (L).
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was more homogeneous within the same G band than

between consecutive, alternate, or within similar ran-

dom genomic regions (data not shown).

Next, we calculated the abundance of H1.2 and

H1X within each TAD (Fig. 5F). As expected, an

inverse correlation was observed. The ratio between

H1.2 and H1X abundance was calculated for each

TAD and used to generate four equal groups of

TADs, from low to high H1.2/H1X ratio (Fig. 5G).

TADs with a high H1.2/H1X ratio, presumably more
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compacted, were much larger in average (Fig. 5H) and

were enriched in Gpos bands, especially Gpos100

(Fig. 6A). Instead, TADs with the lowest H1.2/H1X

ratio were enriched in high GC bands, mainly Gneg1.

In fact, TADs with similar H1.2/H1X ratios are seen

as clusters that resemble the G bands (Fig. 5B). Long

stretches of TADs with a high H1.2/H1X ratio greatly

overlap with Gpos100 bands and so on. This allows us

to propose that G bands extension and staining corre-

late with the relative abundance of two histone H1

variants with opposite genomic distribution and are

related to the topology of the genome, which has been

proposed to be highly conserved between cell types, as

occurs for G banding.

Hi-C data allow to compute the relative strength of

each TAD border and the relative intra-TAD interac-

tions density in which each TAD is involved. TAD

border strength was slightly higher in TADs with the

lowest H1.2/H1X ratio (Fig. 5I). Those TADs also

presented a major abundance of TADs with a high

interaction density (Fig. 5J). Border strength and inter-

actions density within TADs correlated positively (cor-

relation coefficient = 0.274, P-value < 0.001). In

conclusion, TADs with low H1.2/H1X ratio, the GC-

rich ones, are better defined according to their border

strength and present a higher relative number of inter-

actions given their size, as expected from open chro-

matin genome regions. TADs with high H1.2/H1X

ratio, within AT-rich G bands, are not defined as well

and present less interactions, probably because they

are immersed in closed chromatin regions, as shown

below.

Hi-C experiments also allow to establish a division

of the genome into two compartments, A (active) and

B (repressive). We hypothesized that A/B compart-

ments could also reflect differences in the abundance

of H1.2 and H1X and maybe greatly overlap with the

stretches of TADs defined by the H1.2/H1X ratio or

even with the G bands staining (Fig. 5B). From our

Hi-C data, we established the A/B compartments and

calculated the abundance of the H1 variants in each A

or B compartment fragment. B compartment was

greatly enriched in H1.2, whereas H1X was only

slightly increased in A compartment (Fig. 6B). Instead,

A compartment was enriched in active histone H3

marks and transcription factors (Fig. 6C). B compart-

ment was highly enriched in the group of TADs con-

taining a high H1.2/H1X ratio. Instead, A

compartment was enriched in TADs with low H1.2/

H1X ratio (Fig. 6D). As expected, B compartment

greatly overlapped with the Gpos bands (Gpos75 and

Gpos100), whereas A compartment overlapped with

high GC bands (Gneg1, Gneg2, and Gpos25)

(Fig. 6E). Moreover, G bands that present a higher

base pair overlap with the B compartment showed a

higher AT content (correlation coefficient = 0.56, P-

value < 0.001).

Next, we used accessibility data of T47D cells previ-

ously obtained by ATAC-seq [10] to calculate its over-

lap with G bands, A/B compartments, and TADs

classified according to H1.2/H1X ratio. High GC con-

tent G bands showed a major density of accessibility

peaks (Fig. 6F). Interestingly, Gpos50, 75, and 100

were particularly deprived of accessibility peaks. As

predicted, A compartment was also enriched in high

accessibility regions compared with B compartment

(Fig. 6G). Moreover, accessibility peaks were enriched

within TADs presenting a low H1.2/H1X ratio, denot-

ing that H1.2-rich TADs are more compact (Fig. 6H).

This was further confirmed by profiling along chromo-

somes the ATAC-seq accessibility and ChIP-seq H1

variants abundance within 100-kb bins; it was evident

that H1X correlates strongly with accessibility, while

H1.2 or the H1.2/H1X ratio correlated negatively with

accessibility (Fig. 6I,J and data not shown). This rein-

forces the relationship of H1.2 and H1X with

repressed and active genomic regions, respectively.

Table 1. Summary of chromatin and topology features of high and

low GC cytobands.

GC content

Gneg1 Gpos25 Gneg4 Gpos100

High Low

Giemsa staining Unstained Positive

(Light)

Unstained Positive

(Dark)

Repetitive

elements

SINEs LINEs

Replication

Timing

Early Late

Histone

modifications

Active Repressive

Chromatin

Domains/sites

RNApol II binding

sites, S/MARs

LADs

Gene density Dense Poor

Gene expression High Low

Chromatin

accessibility

Accessible Compact

Histone H1

variants (T47D)

H1X H1.2

Genome

compartment

A B

TADs Low H1.2/H1X Ratio High H1.2/H1X Ratio

TAD length, num.

TADs per Gband

Short, High Long, Low

TAD border

strength,

interactions

density

High, High Low, Low
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Finally, we studied whether replication timing corre-

lated with all features described here. We showed

above that high GC cytobands replicated earlier than

low GC bands (Fig. 1D). Replication timing repre-

sented in a browser formed clusters that clearly over-

lapped the TAD clusters defined by H1.2/H1X ratio,

genome compartments, and G bands (Fig. 5B). Late

replicating regions overlapped with TADs enriched in

H1.2 and the B compartment (Fig. 6K,L). A strong

inverse correlation existed between replication timing

and the H1.2/H1X ratio within 100-kb bins along

chromosomes (Fig. 6M).

In summary, topological domains enriched in H1.2

compared with H1X or other variants correspond to

poorly accessible, late replicating regions that overlap

with the B compartment of the 3D genome and with

the low GC Giemsa bands of the metaphase chromo-

somes (Table 1).

Correlation between epigenetic scores and

chromatin accessibility within G bands clustered

according to H1 variants and epigenetic features

Taking advantage of the topological and accessibility

data available, we further analyzed the (12) G bands

clusters generated to compartmentalize the genome

using histone PTMs, H1 variants, and chromatin pro-

teins (Fig. 4B). First, we calculated the base pair over-

lap between A/B compartments and the G bands

included in each of the 12 clusters. Bands within clus-

ters 1 to 5 with high GC content (abundant Gneg 1,

Gneg2, and Gpos25) and high abundance of H1X and

active marks were located mainly in A compartment.

Bands within clusters 8 to 12 with low GC content

(abundant Gpos100, Gpos75, and Gneg4) and high

H1.2 abundance showed major overlap with the B

compartment (Fig. 7A).

Further, we represented in a 3D plot the twelve G

bands clusters according to their H1.2/H1X ratio, a

calculated compartment B/A ratio, and a repressive or

heterochromatic ‘epigenetic score’ obtained from the

ratio between the average abundance of repressive ver-

sus active histone marks or chromatin factors

(Fig. 7B). As expected, clusters with high H1.2/H1X

ratio also showed high B/A compartments ratio and

repressive epigenetic score, that is, clusters 9 to 12.

Nonetheless, this representation denoted particularities

of several clusters that have been described above.

Cluster 6 presented the highest repressive epigenetic

score, and cluster 8 an epigenetic score lower than

expected according to its H1.2/H1X and B/A ratios.

Among the clusters with low H1.2/H1X and B/A

ratios, that is, 1 to 4, there is some heterogeneity on

the epigenetic score, being clusters 1 and 3 those show-

ing the highest proportion of active marks (Figs 4E

and 7B,D).

When computing the ATAC-seq accessibility within

the 12 G bands clusters described above, it was

observed that initial clusters enriched in H1X and

located within the A compartment were more accessi-

ble than clusters of bands enriched in H1.2 (Fig. 7C).

Still, the best correlation of accessibility occurred with

the calculated epigenetic score; clusters 1, 3, and 8 pre-

sented the lowest repressive epigenetic score (or the

highest active/euchromatic epigenetic score) and the

highest accessibility (Fig. 7C,D). Pairwise correlations

between the different parameters studied in the 12

clusters of G bands confirmed that the active/euchro-

matic epigenetic score correlated the best with ATAC-

seq accessibility (Spearman’s correlation = 0.76), but

not as well with GC content, A compartment or H1X

(Fig. 7E).

In conclusion, by first dividing the heterogeneous

Gneg bands in four groups according to GC content

and, later, all Giemsa bands into 12 clusters according

to the abundance of H1 variants and other epigenetic

features, we functionally compartmentalized the gen-

ome in a way that allowed to search for correlations

with accessibility and topological data. Each cluster

contained G bands of different types that presented

common features. The GC content within each cluster

was not more homogeneous than inside each of the

five original Giemsa bands categories (Gneg, Gpos25–
100), indicating that GC content was not the main

parameter dictating clustering once epigenetic features

were used. All together, we propose that the clustering

made here including H1 variants may be useful to

identify and characterize different functional chro-

matin units inside the human genome.

The overlap between H1.2-rich TADs, the B

compartment, and AT-rich G bands is extensive

to mouse ESCs

Finally, we asked whether the correlations described

here were extensive to other cell types or species. Dif-

ferent H1 variants correlate with high or low GC con-

tent in different studies [4,11–16]. Genomic

localization data on H1.2 are not available elsewhere,

except for DamID studies of H1 variants in IMR90

human fibroblasts and ChIP-seq of tagged variants in

knock-in mouse ESCs [11,12]. In both cases, H1.2 was

abundant at low GC DNA as in T47D cells. We

obtained available data on mouse ESCs H1 ChIP-seq

and Hi-C [11,33], together with the coordinates of

mouse Giemsa bands from UCSC server, to test the
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Fig. 7. Correlations between epigenetic scores, H1 variants abundance, and chromatin accessibility within G bands clusters. (A) Proportion

of overlapping base pairs between A/B compartments and the G bands clustered according to histone marks, H1 variants, and chromatin

proteins (Clusters 1 to 12; Fig. 4). (B) 3D plot of G band clusters according to its H1.2/H1X ratio, a calculated B/A compartments ratio, and a

repressive ‘epigenetic score’ obtained from the ratio between the average abundance of repressive versus active histone marks or

chromatin factors. Color scale refers to the B/A compartments ratio, and size of dots refers to the H1.2/H1X ratio. (C) ATAC-seq

accessibility within the twelve G bands clusters. (D) Active/euchromatic epigenetic score within the twelve G bands clusters, calculated as

the inverse of the repressive epigenetic score defined for B, for better comparison with ATAC-seq accessibility. (E) Correlation matrix of the

different parameters studied in the 12 clusters of G bands. The graph shows the pairwise correlation coefficient between the average

within the clusters of the following variables: GC content, ATAC-seq signal, euchromatic and heterochromatic epigenetic scores, H1.2 and

H1X abundances, and A and B compartments overlapping.

Fig. 8. Overlap between TAD groups defined by H1.2 content, G bands, and A/B compartments from mouse ESCs. (A) Box plots showing

the GC content and gene richness (gene number/base pair length) of each mouse G band type. Mouse G-positive bands are classified into

three types (Gpos33 to Gpos100) according to increasing staining intensity. Gneg bands were divided into three equal groups according to

GC content. (B) Box plots showing mouse Myc-H1.2 (H1c) and Flag-H1.3 (H1d) input-subtracted ChIP-seq abundance from mESCs

(GSE46134) within G bands, for each band type. (C) Scatter plot of mouse H1.2 ChIP-seq abundance and GC content at each individual G

band. Pearson’s correlation coefficient is shown as well as P-value. (D) Box plots showing mouse H1.2 ChIP-seq abundance, TAD length,

border strength, and interactions density of TADs (N = 2460) from mouse ESCs (GSE75426) divided into four groups according to their H1.2

content. (E) Box plot showing overlapping base pairs between TADs classified according to mouse H1.2 content (from low, Group 1; to

high, Group 4) and the mouse G bands. (F) Box plot showing the occupancy of mouse H1.2 (input-subtracted ChIP-seq signal) within A/B

compartments obtained by Hi-C in mESCs cells (GSE75426). (G) Box plot showing overlapping base pairs between TADs classified

according to mouse H1.2 content (Groups 1 to 4) and the A/B compartments (NA = 1367, NB = 1418). (H) Box plot showing overlapping

base pairs between G bands and the A/B compartments.
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described correlations. Mouse G-positive bands are

classified into four groups: 85 Gpos33, 44 Gpos66, 1

Gpos75, and 83 Gpos100 bands. We divided G-nega-

tive 190 bands into three equal groups according to

their GC content. Gpos and Gneg bands with the low-

est GC content (Gneg3 and Gpos100) presented the

lowest gene richness (Fig. 8A) and the highest abun-

dance of mouse H1c (H1.2) and H1d (H1.3) (Fig. 8B).

A

D

E

F G H

B C
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H1.2 correlated negatively with GC content within G

bands (Fig. 8C). Because H1X was not profiled in

mESCs, we were unable to calculate the H1.2/H1X

ratio. From the wild-type mESCs Hi-C data, we calcu-

lated the location of TADs and A/B compartments

using the same protocol used in T47D cells. Abun-

dance of H1s within individual TADs was calculated

and four groups of TADs were generated according to

the H1.2 content (Fig. 8D). TADs enriched in H1.2

were longer and presented low border strength and

interactions density (Fig. 8D). TADs with the highest

H1.2 content (group 4) were enriched at low GC

bands, particularly Gpos100, whereas TADs with the

lowest H1.2 content (group 1) were enriched at Gneg1

bands (Fig. 8E). Abundance of H1s within compart-

ments was also calculated. H1.2 was enriched at the B

compartment (Fig. 8F). Moreover, TADs with a high

H1.2 content were enriched at the B compartment

(Fig. 8G), and this compartment was enriched on low

GC Gpos bands (Fig. 8H). Altogether, these results

confirmed that the overlap between TADs enriched in

histone H1.2 (among others), the B compartment, and

gene-poor, AT-rich Giemsa bands is also observed in

mouse ESCs and we anticipate that it might be, at

least, widely extended. A remaining issue is which

mammalian H1 variants accumulate at high and low

GC compartments, in different cell types, to establish

whether the variant preference is universal or depends

on cell type or differentiation stage, or on H1 variants

content. From the data available up to date, H1.2 is

preferentially located at low GC, compacted or inac-

tive regions. Whether H1X or other variants prefer

high GC, active regions, extensively, needs further

studies.

Discussion

It is well established that the eukaryotic genome is

topologically compartmentalized inside the nucleus at

several levels including chromosome territories, active

and inactive compartments, TADs, and loops [34]. Ini-

tial evidences of the nonhomogeneous nature of the

interphase genome came from different physico-chemi-

cal techniques that identified two major forms of chro-

matin, euchromatin and heterochromatin, with distinct

compaction properties and location inside the nucleus,

back to the 1960s. In the 1970s, several staining meth-

ods of metaphase chromosomes identified characteris-

tic and well-conserved bands that later were associated

with different features or sequences of DNA, including

GC content. Here, we have combined available data

on mapping of Giemsa bands and ChIP-seq data on

epigenetic features with our histone H1 variants ChIP-

seq, Hi-C, and ATAC-seq data in breast cancer cells

to fully characterize the overlap between genome com-

partments defined by these classical and state-of-the-

art high-throughput methodologies. By comparing the

location of G bands to chromatin accessibility maps

(ATAC-seq) and the location of the A and B compart-

ments and TADs (Hi-C) classified according to the rel-

ative abundance of different H1 variants, we have

found strong correlations that support the biological

relevance of these techniques to establish different

compaction/activity states of the genome compart-

ments. Besides, we demonstrate that genomic proper-

ties of compartments established in the interphase

genome are in agreement with those shown by the

characteristic banding of metaphase chromosomes,

and vice versa. This supports the reversibility of chro-

mosome architecture through the cell cycle, which may

be sustained by the retention of architectural proteins

(CTCF, cohesins) allowing the recovery of the original

interphase chromatin loop structure at the end of

mitosis [35].

In our previous studies, we mapped somatic H1

variants in breast cancer cells to study their specific

genomic distribution. To date, specific ChIP-grade

antibodies were only available for human H1.2 and

H1X variants, so, for the remaining variants, HA-

tagged H1 variants were overexpressed in the cells [15].

Regarding endogenous H1.2 and H1X, data uncovered

some specific features for both variants. More recently,

we realized that patches of enrichment of H1.2 and

H1X greatly overlap with the classical chromosomal

bands resulting from Giemsa staining (G bands). In

this work, we have characterized G bands at several

epigenetic levels to use them as genomic units to com-

partmentalize the genome and evaluate histone H1

variants genomic distribution (Table 1). High GC

bands are enriched in active histone marks, RNA

polymerase II and SINEs, and associate with gene

richness, gene expression, and early replication. Low

GC bands are enriched in repressive histone marks,

LADs, LINEs, and late replication domains. Our

results support a heterogeneous distribution of his-

tones H1.2 and H1X within G bands that is reinforced

at highly condensed chromosomes. Thus, H1.2 was

found enriched in low GC bands whereas H1X was

more abundant at high GC bands. From our data on

HA-tagged H1 variants or elsewhere data available,

we have shown that H1.0 and H1.4 are also enriched

at high GC bands. Consequently, evaluating the abun-

dance of H1 variants within G bands allows to easily

compare the genomic preferences of different variants

within a cell type, or to compare a variant between cell

types.

18 The FEBS Journal (2020) ª 2020 Federation of European Biochemical Societies

H1 variants within G bands, TADs, and compartments N. Serna-Pujol et al.



We rapidly realized that both G-positive and G-neg-

ative bands were heterogeneous and not highly differ-

entiated among them in all features investigated

initially, including GC content, gene richness, replica-

tion timing, epigenetic marks, and histone H1 variants

content. Gpos bands were already categorized accord-

ing to staining intensity (Gpos25–Gpos100), and this

was inversely correlated to GC content, gene richness,

replication timing, SINEs, S/MARs, active core his-

tone marks, transcription factors, and histone H1X.

When Gneg bands were classified into four groups

according to GC content, we realized they also showed

the same correlations, indicating that all features obey

to the GC content of regional domains of the genome

(Fig. 1). These observations opened a question mark,

as Gneg and Gpos bands with similar GC content and

epigenetic features stained differently, at least at

850 bphs resolution, while historically it was suggested

that Giemsa was staining AT-rich regions [26,27]. To

solve this paradox, others suggested that the banding

pattern may be related to the differences in GC con-

tent between neighboring regions [30]. We observed

that Gneg and Gpos bands that were located close to

each other presented similar GC contents and, upon

chromosome compaction (400 bphs resolution),

became stained or remained unstained more consis-

tently with their GC content, that is, neighbor

Gpos100 and Gneg4 became stained, and neighbor

Gpos25 and Gneg1 did not. In other words, most of

low GC Gneg bands (Gneg4) become stained at

400 bphs, while most of high GC Gpos bands

(Gpos25) remain unstained. Thus, the correlation of

staining with AT content is reinforced at 400 bphs

compared with 850 bphs, upon chromosome com-

paction (Fig. 2C,D). Still, Giemsa banding cannot be

explained only by the difference in base composition,

especially within the Gneg bands. Instead, GC content

correlates with almost every epigenetic and topological

feature studied here, specially H1 variants abundance

(discussed below).

One difference between Gpos and Gneg bands hav-

ing a similar GC content was the average band length

(Fig. 1C). Gpos100 and Gpos75 bands were longer

than any Gneg band. Besides, they contained a

reduced number of TAD borders within them, and

those TADs with a high proportion of H1.2 were also

longer than others (Fig. 5C,H). As a consequence,

there was a relatively good overlap between Gpos100

bands and TADs with high H1.2 abundance. In addi-

tion, TADs within the B compartment were longer on

average than TADs within the A compartment (data

not shown). From all these observations, we can con-

clude that the domains of repressed or compacted

chromatin tend to form longer patches than active or

open chromatin. Therefore, heterochromatin is less

compartmentalized than euchromatin, and probably,

compartmentalization (TAD borders) is needed for the

proper regulation of active chromatin and gene expres-

sion occurring inside.

In general, differences between Gpos and Gneg

bands with a similar GC content increased notably

when topological features from the Hi-C data were

analyzed. For instance, Gpos100 bands, but not

Gneg4, highly overlapped with the B compartment

and with TADs enriched in H1.2 (Fig. 6A,E). On the

contrary, Gneg1 bands, but not Gpos25, overlapped

with the A compartment and with TADs enriched in

H1X (low H1.2/H1X ratio). As a consequence, Giemsa

staining seems to better correspond to topological and

compaction properties of genome domains.

Still, within Gneg or Gpos bands, topological fea-

tures correlated to some extent with their GC content.

For instance, within Gneg bands that were classified

entirely based on GC content herein, their overlap

with the A compartment, or with the different TAD

groups based on H1.2/H1X ratio, depended greatly on

GC content. Whether GC content is a prior determi-

nant of the epigenetic and topological features of gen-

omes, or the base pair composition of the genome has

evolved as a consequence of the existence of compart-

ments with high or low activity/accessibility, is an

interesting issue that would need further debate.

Assuming that low GC content is favorable for com-

paction, if a region is under functional constraint to

maintain a compact chromatin structure, an increase

in GC content would be selectively disadvantageous or

an increase in AT content would be advantageous.

Alternatively, GC to AT derive through evolution may

occur spontaneously more often at inactive/compact

regions.

We have also described that S/MARs, which in gen-

eral are AT-rich sequences, are densely present in both

Gpos and Gneg high GC bands. DNA molecules that

are rich in AT stretches are flexible and prone to

strand separation, properties needed for S/MAR func-

tions, but these elements do not need to be immersed

in AT-rich bands or domains. Apparently, S/MARs

are short AT-rich stretches within GC-rich environ-

ments such as the high GC cytobands, where gene

expression occurs and replication starts. S/MARs and

H1X follow a similar distribution within G bands, so

it would be interesting to further investigate which is

the involvement of histone H1X in the function of S/

MARs and, in general, in controlling gene expression

and replication. We already reported that H1X is

enriched at RNAPII binding sites [16]. Now, we have
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found that H1X is enriched around S/MAR proteins

binding sites, while H1.2 is deprived.

Another interesting observation we made was that

histones H1.2 and, especially, H1X correlate with the

GC content of G bands, both Gpos and Gneg, more

consistently than any other epigenetic feature we inves-

tigated (i.e., core histone marks, transcription factors,

etc.). This is still clearer when we generated 12 clusters

of G bands according to epigenetic features including

H1 variants. Upon classifying them according to the

decreasing proportion of high GC bands and, conse-

quently, decreasing GC content, H1X also decreased

proportionally and H.2 increased, but the other fea-

tures did not follow a clear pattern across the 12 clus-

ters although there was a tendency. Active marks and

transcription-related proteins accumulated over repres-

sive ones at the initial clusters, and the opposite

occurred toward the final clusters. This behavior may

be due to the fact that histones H1 distribute uni-

formly along chromatin as every nucleosome may con-

tain one linker histone and, consequently, each variant

may paint a particular G band or chromosome

domain uniformly according to its characteristics and

GC content. Transcription factors and most of core

histone marks occupy better defined positions at pro-

moters, enhancers, coding regions, etc., and some vari-

ability may exist within a G band despite having some

general behavior dictated by GC content and location

within chromosome territories, among others. Obvi-

ously not all genes within a G band may be in the

same state, especially because their transcriptional

activity depends on the expression program of each

cell type at every moment of the development or in

response to diverse stimuli. Instead, the nature of G

bands and even chromosome territories seems to be

widely conserved across cell types.

Clustering of G bands according to epigenetic fea-

tures and H1 content was a useful method to compart-

mentalize the genome, similar to previous initiatives

based on epigenetic profiling of the genome divided in

size-defined bins, resulting in defined clusters that were

named the ‘colors’ of chromatin [36,37]. Here, genome

segments (G bands) are much longer but the compart-

mentalization method proposed, although based on

Giemsa staining, indirectly underlies multiple func-

tional properties, including GC content. Further, this

is the first time that H1 variants with different distri-

bution have been used as an epigenetic feature. This

method gave rise to several clusters with particular

combinations of epigenetic features that might be func-

tionally relevant and would need further investigation.

Moreover, we represented in a 3-axis diagram the

characteristics of these 12 clusters based on a

repressive epigenetic score, its H1.2/H1X ratio, and a

calculated compartment B/A ratio that was useful to

identify clusters where the three parameters correlate,

and clusters where some of the parameter deviates

from the expected result, allowing to further identify

and characterize particular regions of the genome.

Therefore, the methods described here allow combin-

ing epigenetic data with topological information to

better investigate the diversity that may be found

within genome compartments. Notably, GC content,

H1 variants content, and overlap with A/B compart-

ments showed a strong correlation among clusters,

whereas the epigenetic score (calculated from the

abundance of histone marks and chromatin factors)

presented the best correlation with ATAC-seq accessi-

bility. This suggests that the first parameters may be

related to the division of the genome in the classical

euchromatin and heterochromatin compartments, and

the second group of parameters may be occurring due

to local changes in chromatin related to genome func-

tions including gene expression.

Our previous studies showed that combined H1

depletion in breast cancer cells causes induction of

repetitive elements, such as satellites [10]. In this last

study, one of the variants depleted was H1.2 that here,

we have found to be enriched in B compartment and

compact TADs, characteristics presumably associated

with heterochromatin. Moreover, Hi-C data in H1 tri-

ple knockout ES mouse cells revealed that reduced

levels of histone H1 result in altered epigenetic and

topological organization at the most active chromoso-

mal domains [33]. Altogether, these data suggest that

histone H1 levels are crucial for maintenance of the

global genome topological organization, both at active

and at inactive compartments. Indeed, our data show

that H1.2 and H1X inversely correlate with genome

topology parameters, so it is reasonable to hypothesize

that altering H1 variants homeostasis could have dif-

ferent consequences on genome topology, in a H1-vari-

ant-dependent manner. This work supports the notion

of H1 variants functional specificity, not only at the

linear level but also in correspondence with the 3D

genome.

We have found that H1.2/H1X ratio is closely

related to G bands and genome topology. Both G

banding and genome topology are expected to be

highly conserved among different cell types, but this is

not happening with H1 variants distribution. Several

studies point to a cell type-specific distribution of H1

variants [4,11–16], so further research will be needed

to elucidate if H1.2/H1X ratio correlation with G

bands and topology found in breast cancer cells is

maintained across cell types. If not conserved, other
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H1 variants could be responsible for the mentioned

correlation, in a cell type-specific manner. We believe

that an extensive study of the abundance and genome

distribution of all H1 variants in different cell types

would be of great interest to understand H1 function

and specificity in genome organization. In mouse

ESCs, H1.2 and H1.3 present a similar distribution,

enriched at low GC regions [11]. We have shown that

TADs enriched in H1.2 are longer, present low interac-

tions density, and correlate with the B compartment

and AT-rich cytobands, indicating that the model

exposed here is extensive to other cell types and

species.

In conclusion, our study shows that linker histones

are involved in compartmentalization of the genome.

We have detected differences between H1 variants dis-

tribution within G bands, TADs, and A/B compart-

ments that correlate with the epigenetic landscape as

well as with genome sequence properties, such as GC

content or the abundance of repetitive elements.

Therefore, we hypothesize that H1 variants are orga-

nized according to a nonrandom clustering of the gen-

ome required to physically delineate regions with

distinct functionalities.

Materials and methods

Cells culturing conditions

Breast cancer T47D-MTVL (carrying one stably integrated

copy of luciferase reporter gene driven by the MMTV

promoter) derivative cells were grown at 37 °C with

5% CO2 in RPMI 1640 medium, supplemented with

10% FBS, 2 mM L-glutamine, 100 U�mL�1 penicillin, and

100 lg�mL�1 streptomycin, as described previously [38].

These cell lines are a model to study gene expression regu-

lation by steroid hormones and the interplay of chromatin

components and states including histone H1.

G bands characterization

Genome-wide GC content and G bands coordinates at

850 bands per haploid sequence (bphs) resolution were

obtained from the UCSC human genome database. G

bands average GC content was calculated with BEDTools

Map to subsequently split Gneg bands into four subgroups

according to their decreasing GC content. We used in-

house scripts to calculate the G bands percentage of geno-

mic occupancy as well as their average gene content, band

length, gene richness, and gene expression.

LINEs, SINEs, and LADs coordinates were retrieved

from the UCSC server. HeLa-S3 and T47D replication tim-

ing data, S/MARs coordinates and HIV-1 and HTLV-1

integration sites were obtained from the ENCODE,

MARome [31], and RID [39] databases, respectively. The

overlapping coordinates between G bands and these regions

were calculated with BEDTools Intersect and subsequently

analyzed with in-house R scripts.

Since G bands coordinates at 400 bphs resolution are

not available, we computed their expected starting and end-

ing positions merging the bands at 850 bphs that give rise

to each 400-bphs band according to the available ideo-

grams (as an example, bands p24.1, p24.2, and p24.3 give

rise to band p24). The properties of 400-bphs G bands,

such as average GC content and H1 variants enrichment,

were calculated with BEDTools as described previously for

the 850 bphs bands. Next, in order to calculate the propor-

tion of consecutive A or T nucleotides per G band, the

DNA sequences of the human chromosomes were obtained

from the NCBI database. We designed an R script which

iterates along chromosome sequences and subtracts the

fragment corresponding to each G band. It finally calcu-

lates the proportion of 1 to 5 or more consecutive A/T

nucleotides at G bands as well as their total average AT

content.

H1 variants ChIP-Seq analysis

Histone H1 ChIP-Seq data from T47D included in the

Gene Expression Omnibus (GEO) dataset GSE49334 has

been reprocessed for this study. Single-end reads were qual-

ity-checked via FASTQC v0.11.9 (S. Andrews, http://www.b

ioinformatics.babraham.ac.uk/projects/fastqc/) and aligned

to the human GRCh37/hg19 reference genome using BOW-

TIE2 v2.3.5.1 [40] with default options. Next, SAMTOOLS v1.9

[41] utilities were used to sort the alignments and filter out

the low-quality ones with the flag 3844. Input and H1 vari-

ant genome coverage was calculated with BEDTOOLS v2.28.0

[42]. Genome coverage was normalized by reads per million

and regions with zero coverage were also reported in the

ChIP-Seq annotation (genomecov -ibam -bga -scale

options). MACS2 (Model-based Analysis of ChIP-Seq) v2.1.2

[43] was used to subtract input coverage from H1 variants

and to generate signal tracks (bdgcmp -m subtract option).

We used BEDTools Map to determine the enrichment of

histone H1 variants within the eight groups of G bands.

ChIP signals around the center of S/MARs and HIV-1/

HTLV-1 integration sites were calculated by using ‘Sitepro’

script of CEAS package [44] with normalized input-sub-

tracted-average tags in 50-bp bins in a set window.

PTMs and chromatin-associated proteins analysis

We conducted our epigenetic analysis for T47D cells by

downloading and reprocessing PTMs and chromatin-associ-

ated proteins raw data from the GEO database. GEO acces-

sion numbers are GSE109229 (RNAPolII, BRD4),

GSE41617 (H3K4me1, H3K4me3), GSE120162 (CTCF,

H3K9ac, H3K27ac), GSE63109 (H3K4me2, H3K9me2,
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H3K36me3), GSE64467 (HP1c), and GSE29611 (EZH2,

H3K27me3). ChIP-Seq reads were processed as described

[45] with minor modifications. Briefly, reads were aligned to

the reference human genome (GRCh37/hg19) using BOWTIE2

v2.3.5.1 with default parameters. Mapped reads were sorted

and filtered to discard the low-quality ones with SAMTOOLS.

HOMER (Hypergeometric Optimization of Motif EnRich-

ment) v4.11 [46] was used to call peaks using an input from

T47D cells as a control. The ‘-style histone’ option was speci-

fied for PTMs and the ‘-style factor’ option for transcription

factors and some specific histone marks which are known to

develop narrow peaks (e.g., H3K4me3 or H3K9ac). The

enrichment of PTMs and chromatin-associated proteins

within G bands was calculated by mapping the normalized

read count onto G bands with BEDTools Map.

Clustering of G bands

We designed an R script to calculate the Pearson’s correla-

tion between H1 variants and the analyzed epigenetic fac-

tors within G bands, to establish the 12 clusters of bands

and to finally characterize them. Specifically, we computed

the clusters’ Gpos and Gneg bands proportion and we used

the previously generated files to study the distribution of

the GC content, the H1 variants, and the epigenetic factors.

The packages pheatmap, ggplot2, and plot3D were used to

visualize the results.

In situ Hi-C analysis

Hi-C libraries were generated from untreated derivative

T47D cells as previously described [47,48]. In brief, adherent

cells were cross-linked with 1% formaldehyde in PBS for

10 min at room temperature and glycine 0.125 M was added

for 5 min at room temperature and for 15 min at 4 °C to

stop the crosslink reaction. Before permeabilization, cells

were treated for 5 min with trypsin. Nuclei digestion was

performed with 400 units of MboI restriction enzyme. The

ends of restriction fragments were labeled using biotinylated

nucleotides and ligated with T4 DNA ligase. After reversal

of crosslinks, DNA was purified and sheared (Diagenode

BioruptorPico, Seraing, Belgium) to obtain 300–500 bp frag-

ments and ligation junctions were pull down with strepta-

vidin beads. Hi-C libraries were finally amplified, controlled

for quality, and sequenced on an Illumina HiSeq 2500

sequencer (Illumina, Inc., San Diego, CA, USA).

Hi-C data preprocessing, normalization, and

generation of interaction matrices

The analysis of Hi-C data, from FASTQ files mapping to

genome segmentation into A/B compartments and TADs,

was performed using TADBIT software [49]. TADbit pipeline

starts by performing a quality control on the raw data in

FASTQ format. Next, sequencing reads were mapped to the

reference genome (GRCh37/hg19) applying a fragment-

based iterative strategy and using the GEM MAPPER [50].

Mapped reads were filtered to remove those resulting from

unspecified ligations, errors, or experimental artifacts. Specif-

ically, nine different filters were applied using the default

parameters in TADbit: self-circles, dangling ends, errors,

extra dangling ends, over-represented, too short, too long,

duplicated, and random breaks [49]. Hi-C data were normal-

ized with OneD correction [51] at the resolutions of 1 Mb,

500 kb, 100 kb, and 10 kb, to remove Hi-C biases and arti-

facts. Filtered read-pairs were binned at the resolutions of

1 Mb, 500 kb, 100 kb, and 10 kb, applying biases from the

normalization step and decay correction to generate interac-

tion matrices.

Hi-C data on T47D breast cancer cells have been depos-

ited in NCBI’s Gene Expression Omnibus and are accessi-

ble through GEO Series accession number GSE147627.

Genome segmentation into topologically

associating domains

We identified TADs at the resolution of 50 kb using TADbit

with default parameters. TADbit segments the genome into

constitutive TADs after analyzing contact distribution along

the genome. TADbit employs a BIC-penalized breakpoint

detection algorithm based on probabilistic interaction fre-

quency model that returns the optimal segmentation of the

chromosome [52]. This algorithm leads to a ~ 99% average

genome coverage. In the output, TADbit also describes TADs

border strength and TADs density. TADs border strength is

the algorithm likelihood corresponding to each border (the

higher the strength, the higher the algorithm confidence).

TADs density represents the number of interactions within

each TAD compared with the others (the higher the density,

the higher the number of interactions within the TAD).

Genome segmentation into A/B compartments

We segmented the genome into A/B compartments at

100 kb resolution on OneD-normalized and decay-corrected

matrices, using HOMER software [46]. Briefly, HOMER calcu-

lates correlation between the contact profiles of each bin

against each other and performs principal component anal-

ysis (PCA) on chromosome-wide matrices. Normally, A

compartment is assigned to genomic bins with positive first

principal component (PC1), and B compartment is assigned

to genomic bins with negative PC1.

Computing the overlap between G bands, TADs,

A/B compartments, and ATAC-Seq regions

BEDTools Map was used to calculate the average H1.2

and H1X enrichment within TADs and A/B compartments

while the overlapping coordinates between G bands, TADs,

and A/B compartments were computed with BEDTools
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Intersect. We also computed the H1.2 and H1X abundance

within 100-kb bins to confirm that those located within the

same TAD are more homogeneous in their H1 variants

content than bins located within consecutive or alternate

TADs or within similar random domains. Then, we used R

to define four groups of TADs according to their increasing

H1.2/H1X ratio and calculate their average length, border

strength, and interactions density. We also developed a

function to calculate the overlapping base pairs between

two sets of intersected coordinates and therefore calculated

the total overlapping nucleotides between G bands, the

four groups of TADs, and the A/B compartments. This

function was also used for calculating the overlapping base

pairs between A/B compartments and the G bands included

in each of the 12 clusters. The overlapping coordinates

between the ATAC-Seq peaks and the four groups of

TADs were calculated with BEDTools Intersect to subse-

quently compute the average number of peaks per TAD.

ATAC-Seq analysis

We reprocessed our ATAC-Seq data identified by the acces-

sion number GSE100762 as described [53] with slight modifi-

cations. Paired-end sequencing reads were quality-checked via

FASTQC v0.11.9, trimmed, and subsequently aligned to the

human GRCh37/hg19 reference genome using BOWTIE2

v2.3.5.1. SAMTOOLS v1.9 was used to sort and filter out the low-

quality alignments with the flag 1796, remove reads mapped

in the mitochondrial chromosome, and discard those reads

with a MAPQ score below 30. The peak calling was per-

formed with MACS2 v.2.1.2 by specifying the -BAMPE mode.

Filtered BAM files were also used to compute the ATAC-Seq

genome coverage, which was normalized by reads per million

(bedtools genomecov -ibam -bga -scale options). BEDTools

Map was used to compute the average ATAC-Seq signal

within 100-kb genomic bins as well as within G bands.

Analysis of data on mouse ESCs

mESCs GC content, G bands coordinates, and transcript

annotation were obtained from the UCSC database while

data on genome 3D organization and H1 variants distribu-

tion were downloaded from the GEO server. FASTQ files

from Hi-C experiments performed in mESCs (GSE75426)

were processed as described before for human T47D cells

to compute TADs and A/B compartments coordinates.

Processed input-subtracted ChIP-Seq files (GSE46134) were

used to calculate the average abundance of histones H1c

and H1d within G bands, TADs, and A/B compartments

by using BEDTools utilities.
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