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Silencing the genome with linker histones
Jeffrey C. Hansena,1

Eukaryotic genomes at their core consist of a nucleo-
protein complex termed chromatin. The subunit of
chromatin is the nucleosome, which is formed from
146 bp of DNA wrapped around an octamer of core
histone proteins (H2A, H2B, H3, and H4). An array of
nucleosomes connected by intervening linker DNA
segments represents the chromatin fiber in its simplest
form. In reality, the chromatin fiber that encompasses
a given region of the genome is associated with a
distinctive set of proteins that specify the functionality
of that chromatin region. For example, the euchroma-
tin of an active gene will be bound to transcription
factors, chromatin remodelers, and chromatin-
modifying enzymes. On the other hand, a gene that
is transcriptionally silenced by constitutive heterochro-
matin will be assembled with nucleosomes marked by
histone H3 lysine 9 trimethylation (H3K9me3) and
bound to HP1 and other proteins. While the connection
between constitutive heterochromatin and transcriptional
silencing is well established, how silencing is achieved

is not well understood. In PNAS, Healton et al. (1)
show that linker histone H1 is enriched in the constitu-
tive heterochromatin that silences repetitive elements
in mouse embryonic stem cells (mESCs), and that acute
depletion of H1 leads to substantial derepression of
repetitive element gene expression. Surprisingly, H1
exerts its effects through two fundamentally different
mechanisms, one involving H1–protein interactions and
the other involvingmodulation of the higher-order struc-
ture of heterochromatin domains (Fig. 1). These results
raise new questions regarding how linker histones func-
tion in chromatin.

Linker histones are the most abundant chromatin-
associated proteins in most eukaryotic genomes, with
an average of 0.5 to 1.3 H1 per nucleosome depending
on cell type (2). There are seven H1 sequence variants
in somatic cells. All variants share the same general
structure shown in Fig. 1. The central ∼80 residues fold
into a globular winged helix motif while the ∼35-residue
N-terminal domain and the long ∼100-residue C-terminal
domain (CTD) are disordered. H1 binds to the nucle-
osome via its winged helix domain. Previous studies
from the Skoultchi laboratory have shown that linker
histones are required for proper development in mice
(3). If the genes for one or two variants are knocked
out, normal nuclear H1 levels are maintained due to
increased expression of the remaining variants (4).
However, when three variant genes (H1c/d/e) are
knocked out, mice display embryonic lethality (3).

Although ubiquitous, the distribution of linker
histones throughout the genome is not uniform. For
instance, linker histone levels are reduced in the
chromatin that encompasses transcriptionally active
gene promoters (5, 6). In contrast, Healton et al. (1)
were interested in identifying those regions of the ge-
nome that were enriched in linker histones. They used
the ISOR algorithm to analyze available chromatin
immunoprecipitation-sequence data for the H1d vari-
ant and found that it was significantly enriched in chro-
matin bearing the H3K9me3 modification, a hallmark
of constitutive heterochromatin. Similarly, enrichment of

Fig. 1. Schematic structure of linker histone H1 drawn to approximate scale. The
work of Healton et al. (1) describes two different mechanisms used by H1 to silence
heterochromatin, protein–protein interactions, and global chromatin compaction.
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H1 was observed in chromatin bound to the Suv39h1, Suv39h2, and
SETDB1 histone methyltransferases that are responsible for trimethy-
lating H3K9. Consistent with previous results (5, 6), H1 was strongly
depleted in chromatin bound to the G9a methyltransferase and
marked by acetylated H3K9 and methylated H3K4, all signatures of
active euchromatin. The ISOR analyses subsequently were confirmed
by several other approaches. Taken together, the computational
analyses indicated that H1 was enriched in constitutive heterochro-
matin domains throughout the genome.

Repetitive DNA elements make up about 50% of the genomes
of mice and humans. These sequences include satellite DNA, long
interspersed nuclear elements (LINEs), short interspersed nuclear
elements (SINEs), and endogenous retroviruses (ERVs). In mESCs,
repetitive elements are silenced by constitutive heterochromatin
marked by H3K9me3. Perhaps not surprisingly, the ISOR analysis
by Healton et al. (1) also revealed that LINEs, SINEs, ERVs, and
pericentromeric satellite sequences were enriched in genomic
domains that also were enriched in H1, a result confirmed exper-
imentally. This led Healton et al. (1) to next ask whether H1 had a
repressive effect on repetitive element gene expression. The tran-
script levels of specific members of the major satellite, LINE, and
ERV families were examined, initially in H1 triple-knockout mESCs.
When compared against control cells, small increases in transcript
levels were sometimes observed upon H1 depletion. However,
the total H1 content in triple-knockout mESCs is only decreased
by 50% compared to wild type because of up-regulation of the
remaining H1a and H1b genes. To get around this problem, Healton
et al. (1) used CRISPR-Cas9 technology to delete both copies of the
H1b gene and one copy of the H1a gene present in triple-knockout
mESCs. This reduced the total H1 content to only 20% of that in wild-
type cells. Importantly, in these “H1-low” ESCs the level of major
satellite transcripts was increased by 100-fold, and similar derepres-
sive effects were seen with LINE-1 and ERV transcripts. These results
demonstrate that H1 is amajor contributor to transcriptional silencing
by constitutive heterochromatin in mESCs.

The involvement of H1 in H3K9me3-mediated heterochroma-
tin silencing suggests a possible relationship between H1 and the
enzymes that lay down the H3K9me3 mark. In support of this idea,
previous studies from the Skoultchi laboratory showed that Dro-
sophila H1 binds to Su(var)3-9, the fly ortholog of mammalian
Suv39h1/h2 (7). The H1–enzyme interaction promotes H3K9me3
deposition and transcriptional repression of repetitive DNA in
flies. Healton et al. (1) performed a number of experiments to
determine if similar structure/function relationships exist in the
mouse. GST pulldowns were used to demonstrate physical inter-
action between six of the somatic isoforms and Suv39h1/2. Fur-
ther, truncation of the H1d CTD disrupted its interaction with
Suv39h1/2 and SETDB1, indicating that CTD mediates these pro-
tein–protein interactions. The next question addressed was
whether H1 stimulated methyltransferase enzymatic activity in a
chromatin context in vitro. Recombinant dinucleosomes reconsti-
tuted with and without H1 were used as substrates for Suv39h1,
SETDB1, and G9a. Results indicated that H3K9 of dinucleosomes
bound to H1 was methylated by Suv39h1 and SETDB1 to a much
greater extent than the H3K9 of control dinucleosomes. H1-
dependent stimulation was specific for the heterochromatin-
associated methyltransferases. The in vitro studies indicate that
H1 uses its CTD to bind to Suv39h1/2 and SETDB1. Moreover, the
CTD–enzyme interaction appears to occur when H1 is simulta-
neously bound to the nucleosome, leading to local H3K9 methyl-
ation. Altogether, the story that has emerged thus far is that
H1 silences repetitive elements in part by binding to and

stimulating the activity of Suv39h1/2 and SETDB1, thereby promot-
ing H3K9me3 deposition and subsequent assembly of the repetitive
DNA into constitutive heterochromatin. These results highlight an
underappreciated molecular mechanism through which H1 acts:
protein–protein interactions. Although the dogma is that H1 is a
DNA- and nucleosome-binding protein, reports of H1–protein inter-
actions have accumulated in the literature over the last 20 y (8). The
Skoultchi laboratory now has shown that theDNAmethyltransferases

In PNAS, Healton et al. show that linker histone
H1 is enriched in the constitutive heterochromatin
that silences repetitive elements in mouse
embryonic stem cells (mESCs), and that acute
depletion of H1 leads to substantial derepression
of repetitive element gene expression.

DNMT1 and DNMT3B (9), Drosophila Su(var)3-9 (7), and mouse
Suv39h1/h2 and SETDB1 (1) all interact with H1 through the dis-
ordered CTD. These studies stand out because they link H1–protein
interactions to functional outcomes. In view of these results, studying
the prevalence and functional importance of H1–protein interactions
should be an interesting and productive area of future research in
genome biology.

H1–histone methyltransferase interactions, while important,
were not the only mechanism involved in H1-dependent transcrip-
tional silencing of repetitive elements. Healton et al. (1) observed
that the level of major satellite expression was much greater in H1-
low mESCs compared to cells lacking Suv39h1/2, which suggests
that H1-dependent mechanisms other than H3K9me3 deposition
exist for silencing repetitive elements. The involvement of H1 in
two other potential repressive mechanisms, DNAmethylation and
H3K27 methylation, were ruled out by present or past experi-
ments. The final parameter examined was chromatin structure.
Mild micrococcal nuclease (MNase) digestion is an assay for
accessibility of the linker DNA within condensed chromatin.
When nuclei from wild-type, Suv39h1/2 double-knockout, and
H1-low mESCs were lightly digested with MNase, the amount
of satellite DNA released was significantly greater in the H1-low
cells than in wild-type cells and those lacking H3K9me3.
This suggests that the heterochromatin encompassing the sat-
ellite repeats was less condensed when H1 was severely de-
pleted. The same conclusion was obtained using satellite-
specific transcription activator-like effector nucleases and by
determining the effect of curaxin on major satellite expression.
While all three of these experimental approaches suggest a
less compact state of pericentric heterochromatin in the ab-
sence of H1, they say nothing about what that state is at the
structural level.

It is well established that the chromatin fiber equilibrates
between unfolded 10-nm “beads-on-a-string” and extensively
folded helical 30-nm states in vitro, and that H1 stabilizes the
30-nm state (10). The folded 30-nm state is repressive to transcrip-
tion (11). Seemingly this is the end of the story—H1 represses
gene expression through formation of stable 30-nm chromatin
fibers. The problem with this model is that the widespread exis-
tence of 30-nm fibers in the nucleus has never been observed. On
the contrary, a great deal of evidence suggests that the bulk of the
genome is built from long-range interaction of unfolded 10-nm fi-
bers (12, 13). Thus, mechanisms other than formation of 30-nm fibers
appear to be involved in linker histone-mediated transcriptional
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silencing. Interestingly, the chromosomal fiber is in the extended 10-
nm state even within heterochromatin domains that are globally
condensed (chromocenters) (14). Consistent with this observation,
heterochromatin protein 1 (HP1) binds to H3K9me3 and bridges
adjacent nucleosomes, leading to a very extended chromatin struc-
ture (15). This raises an important question. How is it that the chro-
matin found within constitutive heterochromatin simultaneously can
be locally decondensed and globally compacted? This is where
H1 may come in. Recent studies of the condensates formed
in vitro by nucleosomal arrays under physiological ionic conditions
have shown that H1 stabilizes the interdigitated packaging of the 10-
nm arrays within the condensates and makes the condensates
smaller andmore compact (16). Thus, H1may condense constitutive

heterochromatin by stabilizing long-range interdigitated interaction
of locally extended heterochromatin fibers, producing a globally
compact state that is repressive to transcription. One word of cau-
tion: Mammalian constitutive heterochromatin is a very complex
beast consisting of the chromatin fiber, HP1 bound to H3K9me3
and itself, many specific regulatory proteins, and RNA (17), and deci-
phering the structural basis of its function is not going to be simple.
The work of Healton et al. (1) is important in that it raises many
questions regarding the role of histone H1 in this puzzle.
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