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Abstract

By performing high-throughput chromosome
conformation capture analyses in embryonic stem
cells depleted of the linker histone H1, Geeven and
colleagues have uncovered exciting new evidence
concerning a role for this histone in modulating
three-dimensional genome architecture and
chromatin organization.

Mapping higher-order chromatin structures

The first evidence that chromosomes are not randomly
arranged in the nuclear space but that genes occupy
preferential positions relative to other genomic regions
and/or to nuclear structures (such as the nuclear periph-
ery and heterochromatin foci) came from several groups
in the late 1970s (for review, see [1]). However, a new
era in understanding nuclear architecture has just
started with the recent development of more-advanced
methods to study genomic interactions in vivo. These
so-called chromosome conformation capture (3C) tech-
nologies provide quantitative, high-resolution maps of
the physical contacts between selected genomic regions
or of those occurring genome wide [2]. These approaches
led to the model that the genome is spatially arranged at
several, hierarchical levels in the three-dimensional space
of the cell nucleus. This organization starts with the fold-
ing of the chromatin fiber into higher-order chromatin
structures, followed by the formation of loops over a
wide range of genomic distances and the generation
of chromatin domains referred to as topological-
associated domains (TADs). It culminates in the for-
mation of chromosome territories (CTs) [3]. The rela-
tive arrangement of TADs is largely conserved between
cell types; however, TADs can undergo dynamic
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reorganization during differentiation [4]. The molecular
mechanisms and the chromatin components responsible
for the shaping of the genome and the establishment and
maintenance of TADs are not yet fully understood.

An important structural component of chromatin is
the linker histone H1. H1 has a well-accepted role in
chromatin compaction and formation of higher-order
chromatin structures in vitro. Moreover, H1 has been
shown to interact with several regulatory factors and to
be necessary for the recruitment of chromatin-modifying
enzymes and architectural proteins [5]. A potential role
for H1 in shaping the three-dimensional organization of
the genome in vivo is therefore highly conceivable, but
has not been addressed so far.

Loss of H1 leads to compartmental alterations
and changes in regulatory marks

Geeven and colleagues have investigated for the first
time the potential role of H1 in genome organization
in vivo [6]. They performed high-throughput chromatin
conformation capture (Hi-C) analysis of the genome-
wide chromatin architecture in H1 triple-knockout
(TKO) mouse embryonic stem cells (mESCs). These
cells harbor a deletion of three of the five replication-
dependent somatic H1 subtypes (Hlc, Hld and Hle),
resulting in a 50 % reduction of overall H1 levels. They
show that reduced amounts of H1 in mESCs cause
specific changes in the structural segmentation of
chromosomes, but surprisingly do not have a major
effect on the overall genome organization at the
three-dimensional level. This means that, although
TADs are largely unaltered between wild-type and
TKO cells, the frequency of their inter-domain inter-
actions increases over long distances within single
chromosome territories in the presence of limiting
amounts of H1 (Fig. 1). The degree of these topological al-
terations correlates with the amount of changes in histone
or DNA modifications occurring within individual
TADs. The most profound structural changes happen
within TADs where the ‘epigenetic’ landscape is extensively
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Fig. 1 The effects of depletion of histone H1 on genome architecture. (Top panels) In interphase, chromosomes are organized in distinct
chromatin territories (CTs) that are cytologically defined. Within a CT, the chromosome is structurally organized into distinct topological-associated
domains (TADs). Within individual TADs, regulatory elements, such as enhancers and gene promoters, can be engaged in looping interactions.
(Bottom panels) In H1 triple-knockout (TKO) embryonic stem cells (ECSs), the overall genome organization into TADs is not majorly affected.
However, within gene-dense TADs, long-range inter-TAD interactions increase and new DNAse hypersensitive sites (DHSs) and sites of
histone H3 lysine 4 mono-methylation and trimethylation (H3k4mel and H3K4me3, respectively) are established
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modified. In particular, gene-dense TADs lose DNA
methylation at enhancer regions upon H1 depletion.
Interestingly, only a few genomic sites gain DNA
methylation in the absence of H1. CpG-rich pro-
moters maintain their methylation status in H1 TKO
cells, indicating that their methylation levels are con-
trolled in an Hl-independent manner. In H1 TKO
cells new DNAse hypersensitive sites (DHSs) and new
sites of H3K4mel (a mark indicating potential enhan-
cer elements) preferentially accumulate in gene-dense
TADs. By contrast, sites losing H3K4mel are enriched
in gene-poor TADs. Surprisingly, no changes in the
“repressive” histone modifications H3K9me3 and
H3K27me3 levels could be detected upon H1 deple-
tion. Thus, despite H1 being present throughout the
genome, depletion of H1 results in a preferential gain
of H3K4mel and also H3K4me3 chromatin marks
within the most gene-dense TADs.

By performing DamID in human cells, we have re-
cently shown that the somatic H1 variants Hlc, H1d
and Hle (depleted in the H1 TKO ESCs) are rela-
tively enriched at regions marked by repressive
modifications and depleted at regions where active
modifications are enriched [7]. It is therefore pos-
sible that, in the H1 TKO cells, the reduction of
total H1 expression has less impact on chromatin
modifications in repressive chromatin surroundings,
whereas H1 levels are crucial to maintain the correct

epigenetic state of active TADs, where the amount of
H1 is already low in normal conditions.

One interesting observation that Geeven et al. make is
that, upon H1 depletion, differentially expressed genes
are randomly distributed throughout the genome and
not enriched in the TADs with the highest changes of
chromatin modifications and the most significant
topological reorganization. Thus, chromatin modifica-
tion changes are, in this case, not sufficient to predict
gene expression outcomes. The authors conclude that
the TADs with the most striking changes in transcrip-
tional output are not necessarily the most sensitive to
topological changes due to H1 depletion. Rather, alter-
ations in the epigenetic landscape appear to correlate best
with topological alterations of TADs.

Pluripotency and the question of histone
compensation

H1 TKO ESCs maintain their pluripotent identity as het-
erochromatin regions keep their unorganized spatial dis-
tribution. Also, the clustering of chromatin regions
enriched in pluripotency factor genes such as Oct4, Ki4
and Sox2 is unchanged [8]. However, ESCs depleted of
multiple H1 subtypes are unable to differentiate as they
fail to fully repress several pluripotency genes in
comparison with wild-type cells. Extensive chromatin
reorganization occurs during mESC differentiation,
such as suppression of promoter—enhancer looping
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at pluripotency gene loci, leading to their repression [9].
In addition, pluripotent genes relocate from the nuclear
center to the nuclear periphery upon differentiation of
mESCs [10]. In future research, it will be interesting to in-
vestigate the effects of H1 depletion on the genome-wide
interactions and nuclear repositioning of key pluripotency
genes.

It will also be interesting to see how depletion of dif-
ferent combinations of H1 subtypes affects the three-
dimensional chromatin structure and to address the role
of H1 heterogeneity in genome architecture. It is import-
ant to keep in mind that depletion of H1 subtypes is
generally compensated by the overexpression of the
remaining subtypes. Therefore, it is possible that more
dramatic topological changes in the overall chromatin
organization in H1 TKO cells might be bypassed by the
up regulation of the remaining subtypes (in this case for
example, H1b). In our DamlID analysis, we found that
the subtypes H1b to Hle can be grouped together ac-
cording to their genomic distribution [7] and might
therefore have a common function in genome architec-
ture. In contrast to this, the genomic localization of the
H1a subtype is different; for example, it is more enriched
at polycomb topological domains. It might therefore be
possible that the observed effects are also a consequence
of Hla upregulation [8] and not merely due to depletion
of Hlc, H1d and Hle.

Concluding remarks

Together, these results provide new evidence in
support of a key role for the linker histone H1—the
‘forgotten histone’—in genome architecture and chromatin
organization at the three-dimensional level. What remains
to be understood is how, mechanistically, H1 achieves this
task and whether H1 heterogeneity plays a key role in
shaping chromatin architecture at high resolution.
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