
H1 linker histones silence repetitive elements by
promoting both histone H3K9 methylation and
chromatin compaction
Sean E. Healtona,1,2

, Hugo D. Pintoa,1
, Laxmi N. Mishraa, Gregory A. Hamiltona,b

, Justin C. Wheata,
Kalina Swist-Rosowskac, Nicholas Shukeirc, Yali Doud

, Ulrich Steidla, Thomas Jenuweinc
, Matthew J. Gamblea,b,

and Arthur I. Skoultchia,2

aDepartment of Cell Biology, Albert Einstein College of Medicine, Bronx, NY 10461; bDepartment of Molecular Pharmacology, Albert Einstein College of
Medicine, Bronx, NY 10461; cMax Planck Institute of Immunobiology and Epigenetics, Stübeweg 51, Freiburg D-79108, Germany; and dDepartment of
Pathology, University of Michigan, Ann Arbor, MI 48109

Edited by Robert G. Roeder, Rockefeller University, New York, NY, and approved May 1, 2020 (received for review December 15, 2019)

Nearly 50% ofmouse and human genomes are composed of repetitive
sequences. Transcription of these sequences is tightly controlled during
development to prevent genomic instability, inappropriate gene
activation and other maladaptive processes. Here, we demonstrate
an integral role for H1 linker histones in silencing repetitive elements in
mouse embryonic stem cells. Strong H1 depletion causes a profound
de-repression of several classes of repetitive sequences, includingmajor
satellite, LINE-1, and ERV. Activation of repetitive sequence transcrip-
tion is accompanied by decreased H3K9 trimethylation of repetitive
sequence chromatin. H1 linker histones interact directly with Suv39h1,
Suv39h2, and SETDB1, the histone methyltransferases responsible for
H3K9 trimethylation of chromatin within these regions, and stimulate
their activity toward chromatin in vitro. However, we also implicate
chromatin compaction mediated by H1 as an additional, dominant re-
pressive mechanism for silencing of repetitive major satellite se-
quences. Our findings elucidate two distinct, H1-mediated pathways
for silencing heterochromatin.
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Eukaryotic genomes are packaged into chromatin, a complex
polymer of DNA, RNA, and protein that facilitates compaction of

the long strands of linear DNA into the nucleus. The repeating unit of
chromatin, the nucleosome, consists of a core histone octamer—two
each of the core histones H2A, H2B, H3, and H4—wrapped around
147 bp of DNA. A fifth histone, the linker histone H1, dynamically
associates (1, 2) with the nucleosome core particle at the dyad axis
and facilitates the formation of more compact chromatin structures
(3). In addition to controlling access to the underlying DNA via
steric hinderance, the histone proteins carry a multitude of post-
translational modifications that influence many nuclear processes,
including transcription, DNA repair, and replication (4).
Although linker histones are some of the most abundant nu-

clear proteins, our understanding of their functions of remains very
incomplete. Mammals express multiple linker histone subtypes or
variants, including seven somatic subtypes and four germ cell-
specific subtypes (5). We previously generated mice inactivated
for one or two H1 subtypes and discovered that cells can maintain
their total H1 content through compensatory up-regulation of their
remaining H1 genes (6). However, mice genetically ablated for
three highly expressed H1 subtypes exhibit embryonic lethality,
demonstrating that linker histones are essential for mammalian
development (7). Embryonic stem (ES) cells derived from these
triple-knockout (TKO) embryos have a reduced (∼50%) total H1
content and display specific changes in gene expression due to
locus-specific alterations in DNAmethylation and histone H3 lysine
4 methylation (8–10). These results, as well as data from numerous
other studies (11, 12), have increasingly supported the view that in
addition to their well-established structural roles in chromatin, H1
linker histones are intimately involved in epigenetic regulation of
chromatin function. However, the extent, genomic contexts, and

mechanisms of this regulation have not been fully explored. To
further investigate the roles of H1 in epigenetic regulation, we have
used CRISPR-Cas9–mediated genome editing to inactivate addi-
tional H1 genes in the H1 TKO ES cells and thereby deplete the H1
content to even lower levels.
Nearly 50% of the mouse and human genomes consist of re-

petitive sequences, including tandem repeats, such as satellite se-
quences, as well as interspersed elements, such as long interspersed
nuclear elements (LINEs), short interspersed nuclear elements
(SINEs), and endogenous retroviruses (ERVs) (13). Transcription of
these sequences is tightly controlled during development (14).
Whereas transcription of certain repetitive sequences has been
reported to be required for normal cellular processes, such as het-
erochromatin formation and embryonic development (15–17), ab-
errant transcription of some repetitive sequences has been implicated
in disease states, including cancer (18, 19).
The establishment and maintenance of a repressive chromatin

environment is an important mechanism for the silencing of
these repetitive sequences. Silencing of these sequences in mouse
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ES cells involves trimethylation of histone 3 lysine 9 (H3K9me3)
catalyzed by three histone methyltransferases (HMTs): Suv39h1,
Suv39h2, and SETDB1 (20–23). In mESCs null for both Suv39h1
and Suv39h2, H3K9me3 is lost from pericentric heterochromatin,
and major satellite and LINE elements are de-repressed (20, 24).
On the other hand, SETDB1 appears to be responsible for H3K9
methylation and silencing of class I and II ERVs (22, 23). How-
ever, H3K9 methylation alone is unlikely to be the sole determi-
nant of the transcriptional status of the underlying repetitive
sequence, because loss of H3K9 methylation does not always lead
to their de-repression (23). Furthermore, DNA methylation ex-
tensively decorates repetitive elements in both ES cells and so-
matic tissues and in some cases is lost concomitantly with H3K9
methylation (20, 24). However, genetic ablation of the three DNA
methyltransferases does not lead to widespread de-repression of
repetitive element transcription (22); thus, the complex interplay
between epigenetic marks and other nuclear factors in governing
the transcription of these repetitive sequences has yet to be fully
elucidated.
Here we describe an integral role for H1 linker histones in si-

lencing repetitive element transcription in mouse ES cells. Using
computational approaches, we uncover a set of H1 enriched do-
mains and show that they significantly overlap with constitutive
heterochromatin occupied by Suv39h1, Suv39h2, and SETDB1.
Next, using ES cells with only one functional H1 allele, we show
that severe H1 depletion leads to a profound de-repression of
major satellite transcripts, to much higher levels than is seen in
Suv39h1/2 double-null cells, as well as de-repression of LINE-1 and
ERV transcripts. This de-repression is accompanied by a reduction
in H3K9me3 at the affected loci. Mechanistically, H1 interacts
directly with Suv39h1, Suv39h2, and SETDB1 and stimulates their
methyltransferase activities toward chromatin in vitro. Finally, we
provide evidence that in addition to promoting H3K9 methylation,
H1-mediated chromatin compaction is a critical mechanism for
fully silencing major satellites in pericentromeric heterochromatin.

Results
H1 Is Enriched in Constitutive Heterochromatin Silenced by Suv39h1/2
and SETDB1. H1 linker histones are abundant nuclear proteins
that are reported to display widespread genomic binding except
at promoters of active genes, where they are depleted (25–27).
To discover regions of H1 enrichment, we used the recently
developed ISOR algorithm (28), and publicly available H1 ChIP-
seq data in mouse embryonic stem cells (mESCs) (26) to analyze
the genome-wide profile of H1 binding in these cells. ISOR it-
eratively segments the genome and compares ChIP and input
reads to detect regions of variable length that are enriched or
depleted for a given factor. We applied ISOR to ChIP-seq data
of H1d, the most abundant H1 subtype in mESCs (8). Although
mESCs express primarily five different H1 subtypes, nearly all
studies of genome-wide occupancy of H1 have found very strong
correlations among these H1 subtypes (25, 26); therefore, we
used H1d occupancy as a surrogate for H1 occupancy generally.
We compared H1-enriched regions (P < 0.00001; enrichment
score [ES] >0.2) to published ChIP-seq data for several factors
and histone posttranslational modifications in mESCs and
identified chromatin features significantly enriched or depleted
for H1 (Fig. 1A). Notably, this analysis indicates that H1 is sig-
nificantly enriched (odds ratio >8) in trimethylated lysine 9 of
histone H3 (H3K9me3)-marked chromatin. In addition, H1 is
enriched in chromatin occupied by Suv39h1, Suv39h2, and
SETDB1, H3K9 methyltransferases that are critical for the si-
lencing of mammalian constitutive heterochromatin (22, 29). In
contrast, the ISOR analysis showed that H1 is highly depleted
from genomic regions occupied by G9a, an H3K9 di-methyltransferase
associated primarily with euchromatin (30), as well as from
regions of “active” chromatin containing several types of H3
acetylated residues (H3K27ac, H3K9ac, and H3K56ac) and H3K4

methylation. The latter result is consistent with previous studies
reporting a depletion of H1 at active promoters, which are marked
by H3K4me3 (25).
We further investigated the occupancy of some of the chro-

matin marks and protein factors identified in the ISOR analysis
within H1-enriched domains. Suv39h1, H3K9me3, and, to a
lesser extent, SETDB1 are significantly enriched over input in
H1-enriched regions compared with random genomic regions of
equal size and number (Fig. 1B). In contrast, we observed no
difference in enrichment of G9a ChIP-seq reads within H1-
enriched and control domains, supporting the ISOR analysis,
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Fig. 1. H1 is enriched within constitutive heterochromatin silenced by
Suv39h1/2. (A) Overlap of H1d and histone posttranslational modifications
or chromatin proteins in mESCs. ChIP-seq data for a number of histone PTMs
and chromatin factors in mESCs was analyzed by ISOR to detect enriched
regions. The overlap of H1d-enriched domains with each factor or modifi-
cation is expressed as a log2(odds ratio). (B) The enrichment of Suv39h1,
H3K9me3, SETDB1, and G9a within H1-enriched domains was compared to
matched control genomic regions of equal size and number. Enrichment is
expressed as log2(IP reads/input reads). (C) Significantly enriched histone
posttranslational modifications in H1-enriched domains. H1-enriched ISOR
regions (P < 0.01; ES >0.5) were analyzed by Enrichr (31) to detect significant
overlaps with histone posttranslational modification ChIP-seq datasets. (D)
H1 enrichment in Suv39-dependent, Suv39-independent, and control do-
mains. Suv39-dependent and -independent H3K9me3 domains were de-
termined (SI Appendix, Fig. S1 A and B), and the enrichment of H1d within
these domains was analyzed using HOMER. Due to variable domain sizes,
the x-axis is displayed as a percent of total peak length from the center. (E)
Overlap of H1-enriched domains and repetitive elements genome-wide. H1
ISOR domains were analyzed by HOMER, and enrichment is expressed as
log2(observed/expected) overlap. (F) Enrichment of H1a at repetitive ele-
ments. ChIP-qPCR was performed on fixed chromatin from ES cells using H1a
and control IgG antisera. Enrichment is expressed a percentage of input DNA
fragment recovered. ns, not statistically significant; *P ≤ 0.05; **P < 0.01;
***P < 0.001; ****P < 0.0001. The Wilcoxon signed-rank test was used to
test for significance in B.
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which showed a negative odds ratio for the overlap of regions
enriched for both G9a and H1.
To further explore genomic features associated with H1 enrich-

ment, we used Enrichr, a web-based genomic enrichment tool (31).
This analysis showed that several H3K9me3 ChIP-seq datasets from
several cell types and tissues are enriched within H1 ISOR domains
(Fig. 1C), suggesting that this relationship may be conserved in
differentiated somatic tissues.
Given the significant enrichment of both H3K9me3 and Suv39h1

in H1 domains, we next asked whether H1 occupancy is increased
specifically within genomic regions in which Suv39h1/2 is required
for H3K9me3 deposition. Using published H3K9me3 ChIP-seq data
in wild-type (WT) and Suv39h1/h2 double-null (Suv39-dn) mESCs
(24), we defined a set of domains in which H3K9 trimethylation is
decreased on deletion of these two factors (SI Appendix, Fig. S1 A
and B). Within these Suv39-dependent H3K9me3 domains, we
observe a marked enrichment of H1d ChIP-seq reads that is not
present at matched control genomic regions (Fig. 1D). Similar re-
sults were obtained using ChIP-seq data of H1c, another highly
expressed linker histone subtype in mESCs (SI Appendix, Fig. S1D).
The Suv39h1/h2 and SETDB1 methyltransferases have been

implicated in repressing several different types of repetitive ele-
ments in mESCs (22–24). Therefore, we explored whether H1-
enriched domains identified by ISOR are enriched in repetitive
sequences genome-wide. Notably, H1-enriched domains signifi-
cantly overlapped with several hundred annotated repeat regions,
including LINEs, SINEs, and long-terminal repeat-containing
ERVs (Fig. 1E). Importantly, none of the annotated repeats was
significantly depleted within H1-enriched domains. In contrast,
matched control genomic regions did not significantly overlap with
repeat regions (SI Appendix, Fig. S1E). Of note, pericentromeric
satellite sequences, a major target of Suv39-mediated silencing
(20), are among the most highly enriched repeat sequences
within the H1-enriched domains. ChIP-qPCR of H1 in mESCs
confirmed the observed enrichment within major satellite, LINE,
and ERV repeat sequences (Fig. 1F). Taken together, this
analysis indicates that, whereas the genome-wide average stoi-
chiometry of H1 to nucleosomes is 1:2 in mESCs (8), H1 is
significantly enriched in repeat-rich regions of heterochromatin
that are repressed by Suv39h1/2- and SETDB1-mediated H3K9
methylation in these cells.

H1 Is Required for Transcriptional Repression of Several Classes of
Repetitive Sequences. The strong enrichment of H1 in regions of
the genome that harbor repetitive sequences and are repressed
via Suv39h1/2- and SETDB1-mediated H3K9 methylation sug-
gests that H1 may be required for maintaining silencing of these
regions. To investigate this possibility, we measured the tran-
script levels of several repetitive elements within the satellite,
LINE, and LTR families, specifically major satellites and LINE-
1 elements that are repressed by Suv39h1/2 (20, 24) and ERV
family members intracisternal A particle (IAP) and early trans-
poson Mus musculus group D (ETn_MusD) that are repressed
by SETDB1 (23). Transcript levels were compared in three
clones of our previously described H1c/d/e TKO mESCs (8) and
in WT control cells. For each of the repetitive elements assayed,
we observed a mild increase in transcript level in some clones
(Fig. 2 A and B).
One possible explanation for the relatively modest effects of

H1 depletion on repetitive sequence transcripts in TKO mESCs
is that the total H1 content in these cells is reduced by only 50%
compared with WT, owing to compensatory expression of the
remaining H1 subtypes, H1a and H1b (8). Therefore, we sought
to further reduce H1 levels in the TKO mESCs by targeted de-
letion of Hist1h1a and Hist1h1b with CRISPR-Cas9. We gener-
ated several mESC lines in which both alleles of Hist1h1b and
one of the two alleles ofHist1h1a are deleted. These cells possess
just 20% of the normal H1 level in mESCs (SI Appendix, Fig.

S2 A and B). Strikingly, we observed a profound, 100-fold de-
repression of major satellite transcripts in these highly H1-depleted
(H1-low) mESCs (Fig. 2A). Similar, robust de-repression was also
observed for the transcripts of several LINE-1 elements (promoter,
ORF1, and ORF2) and ERVs (IAP and MusD) (Fig. 2B). In
contrast, we did not observe significant differences in expression of
the pluripotency gene Nanog among WT, TKO, and H1-low
mESCs (Fig. 2B). These results indicate that H1 linker histones
make a strong contribution to maintaining silencing of several dif-
ferent types of repetitive sequences in mESCs.
To determine whether H1 is simply required for maintaining

silencing of these elements or whether it can initiate silencing, we
used CRISPR-Cas9–mediated homology-directed repair to
reintroduce an H1d gene into the H1-low mESCs by targeted
integration of the gene into one of the previously inactivated
H1d loci. Screening of clones by quantitative high-performance
liquid chromatography allowed us to obtain several lines with
total H1 levels similar to those observed in TKO mESCs (SI
Appendix, Fig. S2 A and B). We observed that expression of the
exogenous H1d protein in these cells restored repression of each
type of repetitive element (Fig. 2 A and B). These results suggest
that H1 is capable of initiating silencing of these repetitive
sequences.
An important mechanism for silencing these repetitive se-

quences in mESCs is trimethylation of lysine 9 in nucleosomal
histone H3, catalyzed by Suv39h1/2 and SETDB1. To determine
whether H1-mediated silencing of these repetitive sequences
involves H3K9 methylation, we performed ChIP-qPCR for
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Fig. 2. H1 is required for transcriptional repression of several classes re-
petitive elements. (A and B) Transcript levels of the indicated repetitive se-
quences were measured by RT-qPCR in WT, TKO, H1-low, and H1 rescue lines
stably expressing H1d. Values were normalized to Gapdh mRNA using the
ΔΔCt method. Prom., promoter. Error bars represent SEM of three or four
independently derived clones per condition. (C and D) H3K9me3 ChIP-qPCR
in WT, H1-low, and H1 rescue lines. Cross-linked chromatin was immuno-
precipitated with an H3K9me3 antibody, and recovered DNA was quantified
by PCR using primers for the indicated repetitive sequences. Data are shown
as a percentage of input DNA fragments. Error bars indicate SEM of three or
four independent clones per condition. ns, not statistically significant; *P ≤
0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001.
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H3K9me3 at these loci in H1-low, H1d restored, and WT mESC
lines. We found that H3K9me3 was reduced at all the repetitive
sequences except the LINE-1 promoter in H1-low mESCs
(Fig. 2 C and D). Moreover, within major satellite sequences,
H3K9 methylation was nearly fully restored in the cells in which
exogenous H1d was expressed (Fig. 2 C and D). However, H3K9
methylation was not significantly restored at LINE-1 sequences,
or at the IAP and MusD elements, despite the clear restoration
of repression of these sequences by exogenous H1. These latter
results suggest the operation of alternative, possibly redundant
H1-mediated silencing pathways at these loci (see below). Nev-
ertheless, the observations at major satellite sequences suggest
that H1 linker histones cooperate with Suv39h1 and Suv39h2 to
promote deposition of the repressive H3K9me3 mark and re-
press major satellites in mESCs.

Linker Histones Interact Directly with Suv39h1/h2 and SETDB1 and
Promote H3K9 Methylation In Vitro. The preceding results suggest
that H1 may cooperate with Suv39h1/2 and SETDB1 to promote
silencing of several types of repetitive elements. Previous results
from our laboratory showed that Drosophila H1 physically and
functionally interacts with Su(var)3-9, the fly ortholog of Suv39h1/
h2, to promote H3K9 methylation and repression of repetitive
sequences in Drosophila (32). To begin to explore possible func-
tional relationships between H1 and the three mammalian en-
zymes, we carried out in vitro protein–protein interaction studies
and found that a GST-fusion protein of H1d interacts with
recombinant Suv39h1, Suv39h2, and SETDB1 (Fig. 3A). This in-
teraction is unlikely to be due to bridging by contaminating nucleic
acids, because we found that interaction between GST-H1d and
Suv39h1 was unaffected by inclusion of ethidium bromide in the

A B C

D E

F

Fig. 3. Linker histones interact with Suv39h1/h2 and SETDB1 and promote H3K9 methylation in vitro. (A) Interaction studies between H1 and H3K9
methyltransferases. Linker histone GST fusion proteins were purified, bound to glutathione Sepharose beads, and incubated with the indicated recombinant
proteins tagged with either hexahistidine-maltose binding protein (6his-MBP) or Flag peptides. Bound proteins and 5% input control samples were analyzed
by sodium dodecyl sulfate/polyacrylamide gel electrophoresis (SDS/PAGE) followed by immunoblotting for the indicated peptides. (B and C) GST pulldown
assays as in A with the indicated proteins. Coomassie blue-stained SDS/PAGE gel of purified proteins showing equal loading (Lower). (C, Right) Schematic
representation of GST-H1d polypeptides used in interaction assays. Numbers indicate amino acid residues. (D) GST pulldown assays as in A with the indicated
polypeptide fragments of Suv39h1. After incubation with GST or GST-H1d, pulldown products and 5% input controls were analyzed with a hex-
ahistidine(6his)-specific antibody. A schematic illustration of Suv39h1 domain structure is shown below. (E) In vitro HMT assays with reconstituted chromatin
in the presence or absence of H1. Chromatin was reconstituted in vitro using a DNA template bearing two repeats of the synthetic “601” nucleosome po-
sitioning sequence and recombinant histone octamers in either the presence or absence of H1. H1 incorporation was verified by nondenaturing agarose gel
electrophoresis followed by ethidium bromide (EtBr) staining, demonstrating slower migration of H1-containing dinucleosomes (Lower). Dinucleosomes were
incubated with the indicated enzymes (Suv39h1, 100 nM; SETDB1, 50 nM; G9a, 20 nM) under conditions described in Materials and Methods. Enzymatic
activity was detected by immunoblotting for the indicated histone modifications. (F) RT-qPCR of major satellite transcripts. Expression of major satellites was
quantified in H1-low lines in which either full-length H1d (H1d-FL) or H1d lacking 75% of the CTD (H1d-Δ75) bearing an N-terminal 3xFlag tag were rein-
troduced via stable transfection. Expression (relative to the parental line) was calculated using the ΔΔCt method normalized to Gapdh mRNA. n = 2 or 3
independent clones per condition.
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pulldown assay (SI Appendix, Fig. S3A). Furthermore, we observed
that five other H1 subtypes expressed in somatic cells interacted with
both Suv39h1 and Suv39h2 (Fig. 3B and SI Appendix, Fig. S3B).
Linker histones possess a tripartite domain structure consist-

ing of a short, unstructured N-terminal domain (NTD), a central
globular domain (GD), and a long, intrinsically disordered
C-terminal domain (CTD) (33). We previously reported that the
CTD of H1d is required for its physical and functional interac-
tions with two DNA methyltransferases (9). To determine
whether the CTD is also involved in the interactions of H1d with
Suv39h1/2 and SETDB1, we prepared a series of GST fusion
proteins in which portions of the CTD are deleted. We observed
somewhat diminished binding of Suv39h1 to H1d terminated at
residue 167, lacking 50% of the CTD, greatly diminished binding
to H1d terminated at residue 140, and a complete loss of binding
to H1d lacking its CTD (Fig. 3C). Similar results were observed
with Suv39h2 (SI Appendix, Fig. S3B), and we determined that
the H1d CTD is also required for interaction with SETDB1 (SI
Appendix, Fig. S3C).
To further explore the H1–Suv39h1 interaction, we asked which

domains of Suv39h1 interact with H1d. To do so, we prepared a
series of N- and C-terminally deleted fragments of Suv39h1, as
well as domains representing the NTD (residues 1 to 43), the
chromodomain (CD; residues 43 to 91), the pre-SET domain
(residues 179 to 243), the SET domain (residues 243 to 366) and a
C-terminal fragment including the post-SET domain (residues 366
to 412) (Fig. 3D). Loss of the NTD fragment greatly diminished
binding of Suv39h1 to H1d, although the NTD fragment alone did
not bind H1d (Fig. 3D and SI Appendix, Fig. S3D). On the other
hand, deletion of the SET and post-SET domains had no effect on
H1d binding (Fig. 3D). However, binding experiments with indi-
vidual domains showed that the CD, pre-SET, and SET domains
each bound H1d (SI Appendix, Fig. S3D). Therefore, several re-
gions of Suv39h1 may be involved in binding H1, and the binding
appears to be influenced by the presence of the Suv39h1 NTD.
The direct interaction between H1 and Suv39h1/2 and SETDB1,

coupled with the observation that H3K9me3 is reduced at the
genomic targets of these enzymes in H1-depleted mESCs, suggests
that H1 may promote the HMT activities of these enzymes toward
chromatin. To test this possibility, we reconstituted chromatin
in vitro with and without H1 (SI Appendix, Fig. S3 F and G) and
measured the activity of Suv39h1 and SETDB1 toward these
substrates. The presence of H1 in the chromatin strongly stimu-
lated the activities of both enzymes to methylate H3 in the dinu-
cleosome substrate (Fig. 3E). In contrast, the incorporation of H1
into chromatin had no effect on the activity of G9a, an HMT
primarily responsible for H3K9 dimethylation in euchromatin (30)
(Fig. 3E). In addition, the activity of MLL1, a major H3K4 meth-
yltransferase, was actually decreased on nucleosome substrates
containing H1 (SI Appendix, Fig. S3E), consistent with our pre-
vious results demonstrating inhibition of SET7/9 by H1d (9).
These results are consistent with the computational analyses
indicating significant overlap between H1-enriched domains and
regions occupied by Suv39h1/2 and SETDB1, as well as de-
pletion of G9a in such domains (Fig. 1 A and B).
As mentioned above, Suv39h1 and Suv39h2 together are re-

quired for the repression of major satellite transcription (20).
The results presented here implicate H1 in the silencing of these
loci, and protein–protein interaction experiments indicate that
the CTD of H1d is required for its interaction with Suv39h1 and
Suv39h2 in vitro. To test whether the H1 CTD is required for
silencing of major satellite transcription in vivo, we compared the
ability of exogenous full-length H1d and H1d lacking 75% of the
CTD (H1d-Δ75) to restore repression of satellite transcription in
H1-low mESCs. We used this construct because, like H1d lack-
ing the CTD entirely (H1d-Δ100), H1d-Δ75 does not interact
with Suv39h1/h2, and, unlike H1d-Δ100 (34), H1d-Δ75 retains
substantial chromatin binding (SI Appendix, Fig. S3H). While

full-length H1d was able to restore repression, H1d-Δ75 exhibi-
ted substantially impaired silencing activity (Fig. 3F). These results
support the view that interaction of H1 with Suv39h1/h2 contrib-
utes to H1-mediated repression of major satellite transcription.

H1-Mediated Chromatin Compaction Is the Dominant Mechanism for
Silencing Pericentric Heterochromatin. The preceding results in-
dicate that H1 is a key player in silencing transcription of satellite
DNA. However, we noted that the magnitude of satellite tran-
script de-repression in H1-depleted mESCs far exceeds the rel-
atively mild (approximately threefold) de-repression in mESCs
lacking both Suv39h1 and Suv39h2 (Fig. 4A), suggesting that
H1 may use additional mechanisms to silence pericentric
heterochromatin in these cells. Indeed, polycomb repressive
complex 2 (PRC2)-mediated H3K27 methylation and DNA
methylation have been reported to contribute to silencing
pericentric heterochromatin (35–37). In addition, H1 has been
reported to interact with components of PRC2 and to stimu-
late PRC2 activity in vitro (38), and we have shown that H1
interacts with DNA methyltransferases DNMT1 and DNMT3b
and promotes DNA methylation in vitro and at certain loci in
mESCs (8–10).
To determine whether H1 promotes H3K27 methylation in

pericentric heterochromatin in mESCs, we performed ChIP-
qPCR for H3K27me3 in satellite chromatin in the two types of
cells. The level of H3K27me3 in satellite chromatin was quite
low in both WT and H1-low cells (SI Appendix, Fig. S4A),
comparable to that within the promoter of a highly expressed
negative control locus (Rps19). We also found that treatment of
WT mESCs with GSK126, a potent PRC2 inhibitor, did not lead
to de-repression of satellite transcription (SI Appendix, Fig. S4B),
despite a strong reduction in H3K27me3 levels in bulk chromatin
(SI Appendix, Fig. S4C). In a previous study from our laboratory,
we did not detect significant differences in methylation of major
satellite DNA in TKO mESCs (8), and DNMT TKO mESCs do
not show elevation of satellite transcripts (39). Thus, neither
H3K27 methylation nor DNA methylation appears to play a
major role in H1-mediated repression of satellite transcription.
Another mechanism by which H1 could repress transcription

of major satellite sequences is through a direct effect on chro-
matin compaction within pericentromeric chromatin. The ability
of H1 to affect both nucleosome spacing and folding of chro-
matin into more compact structures is supported by numerous
studies in vitro and in cells (8, 12, 40, 41). We showed previously
that H1 TKO mESCs, which have 50% the WT level of H1,
exhibit a 15-bp reduction in nucleosome repeat length (NRL)
and a higher proportion of decondensed chromatin structures in
electron micrographs of polynucleosome fractions isolated from
these cells (8). Limited micrococcal nuclease (MNase) digestion
of nuclei from H1-low mESCs revealed that they have a re-
markably low NRL (166 bp) compared with WT mESCs (192 bp)
and Suv39h1/2 double-null mESCs (194 bp) (Fig. 4B and SI
Appendix, Fig. S4D). The NRL in H1-low mESCs is comparable
to that reported in Saccharomyces cerevisiae, which has extremely
low levels of a linker histone-like proteins (3). In addition, we
determined that bulk chromatin isolated from H1-low mESCs
was significantly less compact, as indicated by increased sensi-
tivity to micrococcal nuclease digestion (Fig. 4C).
We also compared the accessibility of pericentric heterochromatin

in WT, Suv39h1/2 double-null, and H1-low mESCs by treating nuclei
with a minimal amount of MNase and measuring the amount of
soluble major satellite chromatin released. We observed a slightly in-
creased amount of satellite chromatin released from Suv39h1/
h2 double-null mESCs compared with WT mESCs, but a much
greater amount released fromH1-lowmESCs (SI Appendix, Fig. S4E).
To further characterize major satellite chromatin in WT,

Suv39h1/2 double-null, and H1-low mESCs, we transfected these
cells with transcription activator-like effector nucleases (TALENs)
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specific for major satellite DNA, fused to the mClover fluorescent
protein (mClover-MajSat-TAL), and measured the area of major
satellite foci (Fig. 4D and SI Appendix, Fig. S4F). We found that
H1-low cells had larger major satellite foci than both WT and
Suv39h1/2 double-null cells (Fig. 4D), indicating a less-condensed

state of pericentric heterochromatin. Both measurements support
the view that a marked reduction in satellite chromatin compac-
tion may be responsible for the much larger effect of H1 depletion
on satellite de-repression compared with that observed in
Suv39h1/2 double-null mESCs.
To provide further support for this conclusion, we measured the

level of satellite transcripts in WT, Suv39h1/h2 double-null, and H1-
low mESCs following treatment with curaxin, a small molecule
reported to decondense chromatin by inducing formation of alter-
native DNA structures that stimulate binding of the nucleosome
chaperone FACT complex, leading to eviction of nucleosomal his-
tones (42, 43). Treatment of WT and Suv39h1/h2 double-null
mESCs led to a robust induction of major satellite transcripts but
caused a smaller increase in H1-low mESCs (Fig. 4E). Taken to-
gether, studies of pericentric chromatin structure and the effects of
curaxin on satellite transcription support the view that the much
larger de-repression of major satellite transcription in H1-low
compared with Suv39h1/2 double-null mESCs is due to the com-
bined effects of reduced H1-mediated chromatin compaction and
H1-stimulated Suv39h1/2-mediated deposition of H3K9 methylation
at these loci.

Discussion
Silencing of repetitive elements in mESCs is thought to be me-
diated principally by trimethylation of histone H3 lysine 9 cata-
lyzed by three HMTs: Suv39h1, Suv39h2, and SETDB1 (22–24).
The results reported here indicate that H1 linker histones also
play a central role in silencing the repetitive sequences targeted
by these enzymes. Computational analyses show that H1 is
enriched in constitutive heterochromatin, a fraction that contains
H3K9me3 and is silenced by Suv39h1/h2 or SETDB1 (Fig. 1A).
Depleting H1 to low levels in mESCs leads to a very robust ac-
tivation of transcription of the repetitive sequences that are si-
lenced by these enzymes, concomitant with the loss of H3K9
methylation at the affected sequences (Fig. 2 A–D), and rein-
troduction of H1 into the depleted cells restores repression
(Fig. 2 A and B). Further evidence for an important role for
linker histones in the silencing mechanism mediated by these
enzymes comes from our findings that H1 linker histones interact
directly with each of the enzymes and stimulate their activities
toward chromatin in vitro (Fig. 3E). Importantly, our results are
entirely consistent with an earlier report from our laboratory
demonstrating that Drosophila H1 is a key regulator of hetero-
chromatin silencing in flies through direct interaction with the
H3K9 methyltransferase Su(var)3-9 (32). Thus, mechanistically,
the role of H1 in silencing repetitive sequences appears to have
been conserved in flies and mammals.
It also is important note that the role of H1 in these silencing

processes appears to be specific for heterochromatin. Compu-
tational analyses indicate that H1 is depleted from chromatin
containing G9a (Fig. 1A), a H3K9 methyltransferase associated
with euchromatin (30). Furthermore, in contrast to the ability of
H1 to stimulate the in vitro activities of Suv39h1, Suv39h2, and
SETDB1 toward chromatin, H1 does not stimulate the HMT
activity of G9a (Fig. 3E). A heterochromatin-specific role for H1
is further supported by our findings in Drosophila, where H1 was
found to be required for silencing the heterochromatic copies of
the stellate transposon located in heterochromatin, but not the
transposon copies located in euchromatin (32).
Given that H1 binds to nucleosomes in both heterochromatin

and euchromatin, how does H1 mediate these heterochromatin-
specific effects? Recent studies on the regulation of Suv39h1
activity suggest that the enzyme exhibits both fast sampling of
chromatin and more stable binding dependent on its N terminus
(44). Our in vitro interaction data suggest that this region is also
important for Suv39h1 binding to H1 (Fig. 3D). Thus, H1-
containing chromatin may provide a preferred substrate for the
enzyme by helping to anchor it to chromatin. In addition,
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Fig. 4. H1-mediated chromatin compaction is the dominant mechanism of
major satellite repression. (A) Expression of major satellite transcripts in WT,
Suv39-dn, and H1-low ES cells. Major satellite transcripts in WT, Suv39-dn,
and H1-low ES cells were measured by RT-qPCR and normalized to Gapdh
mRNA using the ΔΔCt method. Numbers above indicate expression relative
to WT. Data are from three technical replicates of the indicated cell line.
Similar results were obtained with several lines of the same genotype (see
Fig. 2A). (B) Nucleosome spacing in WT, Suv39-dn, and H1-low ES cells. Nuclei
were subjected to limited digestion with micrococcal nuclease and DNA was
purified and analyzed by nondenaturing agarose gel electrophoresis, fol-
lowed by ethidium bromide staining. (C) Analysis of chromatin condensation
in WT, Suv39-dn, and H1-low ES cells. The fraction of signal arising from DNA
fragments in B corresponding to tetranucleosomes and below (≤4n) and
pentanucleosomes and above (>4n) was quantified and normalized to the
total signal in each lane using ImageJ. n = 2 or 3 clones per genotype; error
bars represent SD. (D) Area of major satellite foci in WT, Suv39-dn, and H1-
low ESCs. At 24 h after transfection with TALEN specific to major satellite
DNA fused to mClover, cells were sorted, applied to coverslips, and fixed.
The area of major satellite foci was determined using ImageJ. WT, n = 180;
Suv39-dn, n = 191; H1-low, n = 279. *P ≤ 0.05; **P < 0.01. Unpaired t test
with Welch’s correction was used to test statistical significance. (E) Expres-
sion of major satellites in dimethyl sulfoxide (DMSO)- and curaxin-treated
cells. Major satellite transcripts in WT, Suv39-dn, and H1-low ES cells treated
with 0.2 μM curaxin or DMSO for 48 h were measured by RT-qPCR as in A.
Data are shown as relative to DMSO control at 24 h.
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heterochromatin-specific effects may be achieved through varia-
tions in H1 stoichiometry in different chromatin compartments.
Our computational analyses indicate that H1 is enriched in
chromatin domains marked by H3K9me3 and occupied by
Suv39h1/h2 and SETDB1 (Fig. 1A), and H1 is enriched in large,
heterochromatic “clutches” of nucleosomes by microscopy (45).
Even subtle changes in H1 stoichiometry can significantly alter
chromatin structure in vitro (41), and, given the findings of dif-
ferential enrichment or depletion of H1 shown here, it is likely
that this such alterations occur in vivo. Such H1-mediated changes
in chromatin structure might influence the multivalent engage-
ment of silencing factors, such as Suv39h1/2 and SETDB1, by
affecting the binding of other factors that help recruit these en-
zymes. Indeed, several silencing factors demonstrate preferential
binding to condensed chromatin structures through simultaneous
binding of neighboring nucleosomes (46–48); thus, H1 may rep-
resent a critical component in the establishment of a chromatin
state that facilitates binding of repressive factors or maintains their
association with certain heterochromatic regions. Interestingly, the
computational analysis indicates significant enrichment of KAP1
and ZFP57, two well-established repressive cofactors, in H1-
enriched domains (SI Appendix, Fig. S1C). Indeed, KAP1 binds
SETDB1 (49) and is reported to mediate its targeting (22), while
ZFP57 itself has been shown to interact with KAP1 in ESCs (50).
While the results reported here clearly support a role for H1 in

the silencing mechanism mediated by Suv39h1/h2 at major sat-
ellite sequences, we also found evidence for an additional, even
more potent H1-dependent silencing mechanism that operates
independently of the HMTs. We observed that strong H1 de-
pletion results in a level of de-repression of major satellite
transcription that far exceeds that in Suv39h1/h2 double-null ES
cells (Fig. 4A). This additional silencing mechanism very likely
involves H1-mediated alteration of the heterochromatin struc-
ture. Indeed, we found that major satellite chromatin is more
accessible, and major satellite foci are larger, in the H1-low ES
cells than in the Suv39h1/2-dn and WT ES cells (Fig. 4D and SI
Appendix, Fig. S4 E and F). Furthermore, treatment of the
Suv39h1/h2-dn cells with curaxin, a chromatin decompaction
agent, led to a much greater activation of satellite transcripts in
Suv39h1/2-dn ES cells than in the H1-low ES cells (Fig. 4E).
These measurements support the view that H1 restricts access of
the transcriptional machinery to major satellite sequences, not
only by promoting H3K9 methylation of pericentric hetero-
chromatin, but also through its effects on the higher-order
structure of heterochromatin. A recent report found that con-
trary to expectation, the number and compaction of dense het-
erochromatic foci in murine fibroblasts was independent of HP1
binding or H3K9 trimethylation (51), consistent with the hy-
pothesis that another factor is responsible for pericentric het-
erochromatin structure. We propose that this factor is H1.
Indeed, this proposed H1-mediated compaction mechanism ap-
pears to be more robust than the effect of H1 on Suv39h1/2- and
SETDB1-mediated H3K9 methylation, since restoration of H1
to the H1-depleted cells caused strong repression at all repetitive
sequences examined but not a concomitant restoration of H3K9
methylation at LINE-1, IAP, and MusD elements. The proper-
ties of altered chromatin structures adopted on H1 binding
in vivo merit further investigation.

The role of H1 as an essential repressive factor for several
classes of repetitive sequences may also be important for disease
mechanisms. Recent reports implicate repetitive sequence tran-
scripts in cancer (19, 52, 53). Restricting the transcription of such
elements may represent an important tumor suppression mecha-
nism. A recent study demonstrated that transposable elements are
often subjected to exaptation to drive oncogene activation in many
human cancers (54). In this context, it is important to note that
linker histone genes themselves are often mutated in certain hu-
man cancers (55–57), with especially high frequencies observed in
diffuse large B-cell lymphomas (58). Many of these mutations
occur within the H1 CTD which, in addition to mediating chro-
matin binding and compaction, is required for the physical inter-
actions of H1 with the HMTs reported here and with DNA
methyltransferases reported previously by our laboratory (9). The
multifunctionality of the H1 CTD represents an exciting and
expanding aspect of the field, and our results contribute to this
emerging concept. The importance of the H1 CTD in disease
etiology is underscored by the clustering of CTD mutations in
HIST1H1E observed in a human overgrowth and intellectual
disability syndrome (59). Therefore, it will be of interest to de-
termine whether transcription of repetitive sequences is altered in
disease conditions associated with mutations in H1 genes.

Materials and Methods
mESCs were cultured under standard conditions on gelatinized plates with
100 U/mL LIF (ESGRO; Millipore Sigma). Generation of H1-low ES cell lines is
described in SI Appendix, Materials and Methods. Publicly available ChIP-seq
data were accessed from the Gene Expression Omnibus database, aligned to
the mouse genome (mm9) using STAR (60) and analyzed using the ISOR
algorithm as described previously (28). More details on the computational
analyses are provided in SI Appendix, Materials and Methods. qRT-PCR
analyses of total RNA was performed as described previously (24). ChIP
was carried out as described previously (9) with specific modifications de-
scribed in SI Appendix, Materials and Methods. Procedures for recombinant
protein purification, protein interaction studies, nucleosome reconstitution,
and in vitro HMT are described in SI Appendix, Materials and Methods.
Isolation and analysis of histones was carried out exactly as described pre-
viously (61). Analysis of chromatin compaction was performed as follows: 1 ×
106 cells were resuspended in EZ Nuclei Lysis Buffer (Sigma-Aldrich) and
digested with micrococcal nuclease (New England BioLabs) for 1 min at
37 °C. Purified DNA fragments were separated by 1.2% nondenaturing
agarose gel electrophoresis and analyzed using ImageJ (NIH). sgRNA se-
quences are listed in SI Appendix, Table S1, and PCR primers are listed in SI
Appendix, Tables S2 and S3.

Data Availability. All unique reagents generated in this study are available by
request from corresponding author A.I.S. (arthur.skoultchi@einsteinmed.org).
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