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ABSTRACT
◥

Aberrant cell fate decisions due to transcriptional misregula-
tion are central to malignant transformation. Histones are the
major constituents of chromatin, and mutations in histone-
encoding genes are increasingly recognized as drivers of onco-
genic transformation. Mutations in linker histone H1 genes were
recently identified as drivers of peripheral lymphoid malignancy.
Loss of H1 in germinal center B cells results in widespread

chromatin decompaction, redistribution of core histone modi-
fications, and reactivation of stem cell–specific transcriptional
programs. This review explores how linker histones and muta-
tions therein regulate chromatin structure, highlighting recipro-
cal relationships between epigenetic circuits, and discusses the
emerging role of aberrant three-dimensional chromatin archi-
tecture in malignancy.

Introduction
Chromatin, a complex of DNA polymer and associated proteins,

is the physiologic substrate of all genomic processes, including gene
expression, damage repair, replication, and chromosome organiza-
tion and segregation. Major constituents of chromatin are histone
proteins, including four core subtypes, H2A, H2B, H3, and H4 that
together with the associated DNA make up the nucleosome, and H1
linker histones—which associate with the nucleosome at or adjacent
to the dyad axis, forming the “chromatosome” particle (reviewed in
refs. 1, 2). H1 family members are larger than core histones, are
extremely basic (lysine-rich), and contribute to higher-order chro-
matin organization, in part by electrostatic interaction with the
negatively charged DNA backbone (expanded upon below). Both
core and linker histones are heavily modified by so-called “writer”
and “eraser” enzymes, with the posttranslational modification
(PTM) landscape interpreted by the cognate “readers” (reviewed
in refs. 3, 4), or PTMs directly affecting charge-based interactions
between proteins and DNA (5). Factors operating on chromatin
have long counted among the most prevalent oncogenic drivers
across many tumor types (6, 7), representing a promising class of
therapeutic targets (8). More recently, a number of mutations in
core histone genes have been identified, initially in few specific tu-
mors (9–12), and later broadly across multiple diverse malignancies
(13–17). Mechanistically these mutants, aptly termed “oncohis-
tones,” are thought to disrupt chromatin functions, either as direct
and potent inhibitors of SET-domain methyltransferases in case of

Lys-to-Met and related mutations (17–21), or as destabilizing
agents when incorporated into the nucleosomes in context of the
chromatin fiber polymer (13, 14, 22, 23). The discovery of driver
loss-of-function mutations in linker histone genes, highly prevalent
in peripheral B-cell tumors (24–28), adds another oncogenic mech-
anism to the “oncohistone” repertoire.

Linker Histones: Distinct Isoforms,
Common Functions, Diverse Mutations

In the human genome, linker histones are encoded by 10 para-
logous genes. Five of these (HIST1H1A, HIST1H1B, HIST1H1C,
HIST1H1D, and HIST1H1E, also annotated as H1-1, H1-5, H1-2,
H1-3 and H1-4, respectively) are transcribed from HIST1 locus in a
replication-dependent manner and constitute predominant iso-
forms in the cycling cells, two (H1FX and H1F0, also annotated
as H1-10 and H1-0) are replication-independent and are charac-
teristic of terminally differentiated cells, and remaining three
(HIST1H1T, H1FNT, and H1FOO, also known as H1-6, H1-7, and
H1-8) are gamete specific. Two additional linker histone family
pseudogenes (HILS1 and HIST1H1PS1, also known as H1-9P and
H1-12P, respectively) do not encode functional proteins in
humans (29), although in mouse, HILS1 protein is accumulated
in elongating spermatids and may regulate chromatin condensation
in absence of core histones (30). Despite their shared name, linker
histones are not structurally related to core histones; they are larger
(200–220 amino acids) proteins with characteristic tripartite struc-
ture: a short N-terminal domain, a central winged-helix globular
domain (GD), and a long, lysine-rich C-terminal domain. The GD
anchors H1 molecules at or near the nucleosome dyad axis, and
is remarkably conserved across species. Several DNA-binding
amino acids are distinct across isoforms and determine the posi-
tioning of the GD relative to the nucleosome core particle with
implications for higher-order chromatin compaction (31). Both N-
and C-terminal tails are intrinsically disordered (32), although
several conserved motifs within these regions may adopt specific
conformations dependent on PTM status, protein partnerships, or
chromatin association (33–35). Significant structural similarity
between GD and winged-helix DNA-binding domains of pioneer
transcription factors was hypothesized to facilitate H1 loading into
condensed chromatin, yet unlike pioneer factors, linker histones
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bind DNA indiscriminately (36). Linker histone association with
DNA, in turn, facilitates chromatin condensation and has been
convincingly linked to transcriptional repression both in vitro and
in vivo (37, 38). Several regions in the H1 GD and C-terminal tails
appear to function cooperatively; a model has been proposed
wherein the C-terminal tail facilitates initial association, and posi-
tions the GD for stable binding at the nucleosome dyad axis (39, 40).
Importantly, unlike core histones, which are stably incorporated
into chromatin in context of the nucleosome and require significant
energy expenditure by specialized factors for remodeling, eviction,
and exchange (41–43), association of linker histones with the
chromatin fiber is dynamic, with in vivo residence time an order
of magnitude shorter than that of core histones (27, 44, 45). Mobil-
ity of H1 proteins is thus uniquely suited to facilitate transient and
developmentally regulated condensation of facultative heterochro-
matin, and emerging evidence support this function of linker
histones.

Distinct H1 isoforms demonstrate high cross-species conserva-
tion, suggesting selective pressure to retain poorly appreciated
isoform-specific functions (46). This complexity is supported by
biochemical and structural studies suggesting that specific isoforms
have distinct capacity for chromatin condensation (31, 47), obser-
vations of unique interactors for mouse isoforms H1d and H1e (48),
and genetic studies, wherein heterozygous H1c/eþ/� mouse germi-
nal center (GC) B cells demonstrated a proliferative advantage
over homozygous H1c/e�/�, therefore suggesting that specific func-
tions of H1c or H1e may be important in GC B cells (27). In
addition, several isoform-specific PTMs have been reported in

transcriptional regulation, including activation (49, 50) and repres-
sion (51, 52). On the other hand, extensive rescue experiments
demonstrated that functions of replication-dependent linker his-
tones in mouse are largely interchangeable (53, 54), and localization
studies found overlapping binding profiles of distinct H1 isoforms
genome-wide (55, 56). Together, these results suggest that while
key functions of chromatin condensation and transcriptional re-
pression are shared across isoforms, subtle differences between H1
isoforms exist and may be highlighted in specific developmental or
pathologic contexts (expanded upon below).

Missense mutations in both GD and C-terminal domain can
drastically reduce the H1 capacity for chromatin association or
compaction.While initially implemented as theoretical tools to under-
stand the mechanistic basis of H1-nucleosome association (40, 57),
many of these and similar mutations have been reported recently
across multiple cancer types. Prevalence is particularly high among
mature B-cell neoplasms such as follicular lymphoma, Hodgkin
lymphoma, and diffuse large B-cell lymphoma (DLBCL), all of which
derive from GC B cells (24–27, 58). Interestingly, the mutation
landscape of linker histones does not neatly conform to the emerging
core “oncohistone” dichotomy, wherein stereotypical gain-of-function
substitutions at specific residues—such as classical K27M andK36M—
occur at high rates in specific tumor types, while more broadly
distributed loss-of-function mutations, often thought to destabilize
core nucleosome structure, are found, at lower rates, across many
cancers (Table 1; refs. 15, 22, 59–62). Linker histone mutations are
broadly distributed and affect all replication-dependent H1 isoforms,
with the exception of H1A, which is expressed at low levels inmature B

Table 1. Major classes of histone mutations in cancer.

Histone Aberration Proximal mechanisma Cancer type References

H3 K27M Strong inhibition of PRC2 methyltransferase
activity in trans

Pediatric midline gliomas, acute myeloid
leukemia (infrequent)

(9–11, 16, 18)

K36M Strong inhibition of H3 K36–specific
methyltransferases in trans

Chondroblastoma, undifferentiated
sarcoma, chondrosarcoma, head and
neck squamous cell carcinoma (subset)

(12, 17, 19)

H3.3 G34R/V/W/L Inhibition of H3 K36–specific
methyltransferases in cis

Pediatric glioma (predominantly R/V),
osteosarcoma, giant cell tumor of the
bone (predominantly W/L)

(12, 20, 21)

H3 Diverse missense Unknown, possibly nucleosome
destabilization

Many cancers (14, 15, 22)

H4 Diverse missense Unknown, possibly nucleosome
destabilization

Many cancers (15, 22)

H4G Overexpression Unknown Breast cancer (23)
H2A Diverse missense Unknown, possibly nucleosome

destabilization
Many cancers, including DLBCL (C4) (15, 22, 58)

H2A.B Overexpression Incorporation may result in nucleosome
destabilization

Many cancers, high rate in DLBCL (78)

H2B E76K and other globular
domain missense

Likely nucleosome destabilization Many cancers, including DLBCL (C4) (13–15, 58)

H1B, H1C, H1D, H1E Diverse missense Loss of nucleosome association and/or
reduced capacity for chromatin compaction

DLBCL, Hodgkin lymphoma, follicular
lymphoma

(24–27, 58)

H1B Increased expression Unclear, may be a marker of proliferative
activity

Neuroendocrine tumors, prostate cancer (59, 60)

H1.X Increased expression Unclear, may be a marker of proliferative
activity

Neuroendocrine tumors (61)

H1.0 Loss/reduced expression Chromatin decompaction, increased self-
renewal and tumor heterogeneity

Many cancers, including glioblastoma
and breast cancer

(62)

Increased expression Unknown Lung squamous cell carcinoma (subset) (120)

aSimplified; refer to cited works for detailed discussion.
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cells (27, 63). Therefore, as genetic, biochemical, and in vivo data agree
that H1mutations are loss of function, the cell-type specificity strongly
implicates that GC B cells are uniquely dependent on chromatin
condensation by H1, adding to the diverse repertoire of epigenetic
drivers of mature B-cell neoplasms.

Epigenetic Misregulation in B-cell
Malignancy: An Extra Dimension of
Complexity

The extent and impact of epigenetic misregulation in GC B-cell
tumors have been extensively reviewed previously (64–66). B cells
undergoing the GC reaction experience a period of critical
vulnerability characterized by rapid clonal proliferation, suppress-
ion of checkpoint surveillance (67–69), somatic hypermutation
by activation-induced cytidine deaminase (70, 71), metabolic re-
programming (72, 73), and downregulation of terminal differ-
entiation programs (74). Importantly, these canonical “cancer
hallmarks,” resulting in rapid diversification and proliferation of
B cells in response to antigen stimulation, are reversibly regulated
by epigenetic mechanisms (64, 65). It is therefore not surprising
that mutations implicated in oncogenic transformation in GC B
cells often arise in epigenetic regulators, such as chromatin modi-
fiers, transcription factors, and histone proteins themselves.

The cell of origin classification of DLBCLs distinguishes two major
classes, the GC B cell–like (GCB) derived from GC B cells, and the
more aggressive activated B cell–like (ABC) subtype, originating
from B cells that completed the GC transit. Two recent studies
developed more detailed classifications based on genetic signatures,
yielding roughly similar DLBCL subtypes. One of these two appro-
aches classified DLBCLs into (i) MCD: characterized by MYD88
L265P and CD79B mutations, (ii) BN2: carrying BCL6 struc-
tural variants, NOTCH2 pathway mutations, and aberrant NFkB
signaling, (iii) N1: mutations in NOTCH1, (iv) A53: TP53mutations,
(v) ST2: mutations in SGK1, TET2 and others, and (vi) EZB: muta-
tions in epigenetic regulators including EZH2, and BCL2 structural
variants (with a subset of these also containing MYC translocations
and associated with poor clinical outcomes; refs. 75, 76). Although
H1 mutations are common across most of these subsets, the highest
prevalence was observed among the MCD-DLBCLs, which are
mostly overlapping with the ABC-DLBCLs (27). Strikingly, even
among ABC-DLBCLs, those with H1 mutations experienced inferior
clinical outcomes (26). The second study defined five distinct coor-
dinate genetic signatures, including C1 (BCL6 fusions, NOTCH2
pathway alterations, generally corresponding to BN2), C2 (charac-
terized by loss of checkpoints like TP53, CDKN2A, and RB1, similar
to A53), C3 (BCL2-IgH translocations, and mutations in chromatin
modifiers including EZH2, KMT2D, and CREBBP, similar to EZB),
C4 (SGK1 mutations, and frequent linker and core histone gene
mutations), and C5 (BCL2 gain, MYD88 L265P and CD79B muta-
tions—closely resembling MCD class; ref. 75). In this study, cluster
C4 tumors were predominantly classified as GCB type. This apparent
discrepancy likely stems from several factors, including potentially
nonuniform effects of distinct HIST1H1 mutations, absence of
matched nontumor controls in many samples across both studies,
and nonexclusive occurrence of histone mutations across all tumor
classes, an observation consistent with previous reports that H1
mutations occur early in B-cell neoplastic transformation (77). Inter-
estingly, cluster C4 tumors were further characterized by increased
frequency of mutations in genes encoding core histones H2A and
H2B—implicated in nucleosome stability (13, 14, 22). Together

with a recent report that short H2A isoforms, normally restricted
to gametogenesis and recapitulating many aspects of H2A
“oncohistones,” are upregulated across several cancers, with highest
enrichment in DLBCLs (78), these observations suggest that these
tumors are particularly sensitive to compromised organization of
chromatin fiber (Table 1).

Emerging evidence support a critical role for genome topology in
the rapid phenotypic transitions experienced by GC B cells. Genome-
wide chromatin conformation capture studies showed that B cells
undergo extensive reorganization of three-dimensional chromatin
architecture as they transition from quiescent na€�ve into GC B cells.
Specifically, GC B cells undergo significant transitioning of compacted
compartment B, into the more open and transcriptionally active
compartment A (79). Consistent with this decompaction, GC B cells
also feature merging of boundary-delimited gene domains into larger
conglomerates of interacting genes, broad gains in enhancer interac-
tivity, and the formation of intergenic architectural interaction hot-
spots, at least one of which was essential for formation of GC B cells
and survival of DLBCL cells (79, 80). Likewise, exit from the GC to
form plasma cells involves extensive architectural remodeling involv-
ing massive cohesin-dependent changes in chromatin boundaries and
enhancer interactivity (81). Accordingly, haploinsufficiency of cohesin
subunit SMC3 causedGCB-cell hyperplasia and acceleration of BCL6-
driven lymphomagenesis due to blockade of plasma cell formation,
through failure of timely establishment of enhancer-promoter contacts
at key differentiation genes (81). Another recent report defined an
intermediate chromosomal compartment that featured Polycomb-
dependent H3K27 trimethylation, that underwent broad and revers-
ible expansion in GC B cells (82). While this temporally poised
chromatin generally reverts to B compartment upon further differ-
entiation in wild-type cells (82), GC B-specific linker histone loss
resulted in stable expansion of compartment A at the expense of
shrinking H3K27me3-demarcated domains (27, 83) Together, these
data suggest that unique topological reorganization ofmetastable GCB
chromatin represents significant vulnerability in B-cell differentiation
trajectory.

Several features may make GC B cells particularly sensitive
to mutations in linker histone genes. First, only three of seven
somatic H1 isoforms account for over 90% of total H1 in lymphoid
cells, potentially reducing the overall fault tolerance of the sys-
tem (63). Second, B cells transiting the GC reaction employ non-
canonical Polycomb repressive complex 1 (PRC1), downregulating
BMI1 (PCGF4) and PHC1–3, and upregulating BCOR, PCGF1,
and KDM2B subunits associated with vPRC1 (PRC1.1 variant;
refs. 83, 84). A stepwise model of mutual reinforcement between
Polycomb group proteins postulates a central role of H2A K119
ubiquitylation established by canonical PRC1 for subsequent re-
cruitment of PRC2 and H3 K27 methylation (Fig. 1A; refs. 85, 86).
As PRC2 function is additionally stimulated by H1 incorporation
in vitro (63, 87), it is intriguing to hypothesize that GC B cells may
be uniquely sensitized to H1 mutations in a background lacking
sufficient canonical PRC1. Interestingly, a recent study demon-
strated that H1-dependent chromatin compaction stimulates
propagation of H2A K119Ub by variant PRC1 complexes (88).
Furthermore, the potential importance of PRC1 subunit stoichi-
ometry in GC B-cell biology is highlighted by related observations
that overexpression of BMI1 or CBX7, occurring frequently in
B-cell malignancies, result in ectopic repression of key tumor
suppressor genes and is a poor prognostic marker in lympho-
mas (89, 90). Of note, intact and dynamically regulated function of
PRC2 complex is necessary for GC formation, and has been linked
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to repression of cell-cycle checkpoint and differentiation genes,
including cyclin-dependent kinase inhibitor CDKN1A, in prolif-
erating centroblasts (91). EZH2, the enzymatic subunit of PRC2, is
upregulated in centroblasts, and downregulated as B cells exit the
GC reaction (92), highlighting the key reliance of GC B-cell
development on epigenetic regulation. Finally, GC reaction is
accompanied by reduction in Lamin B1, a nuclear lamina compo-
nent implicated in organization of repressive chromatin at the
nuclear periphery (93). Together, we propose that relative down-
regulation of these repressive and architectural mechanisms is
responsible for the unique dependency of GC B cells on normal
function of linker histones.

Chromatin Architecture and Histone H3
Methylations: It Takes (More than) Two
to Tango

The emergence of “intermediate” I-compartment as key dynamic
feature of GC B-cell chromatin (82), the observations that A- and I-
compartments are reciprocally demarcated by H3K36me2 and
H3K27me3 (27, 63, 82), and the reduction of compartment B
chromatin coincident with reorganization of core histone methyla-
tions upon linker histone loss in lymphoma (27) together point
to mutually interdependent relationship between core histone
modifications, genome architecture, and developmental trajectory.
The issue of directionality of dependencies is key in chromatin
biology—whether epigenetic modifications are instructive to, or
merely correlate with transcriptional programs (94, 95). While the
prevailing body of evidence points to a causative relationship
between chromatin modifications and transcriptional state in
eukaryotes (96–98), the role of chromatin architecture remains
controversial (99, 100). To this end, GC B cells, lacking several
compensatory redundancies, provide a mechanistically promising
and clinically relevant model to decipher these processes in vivo.

Regulation of histone H3 lysine 27 methylation by PRC2
Loss of linker histone in GC B cells predominantly resulted in

transcriptional derepression of genes silenced by PRC2 during
hematopoietic cell differentiation. H3K27 trimethylation was likewise
reduced, while H3K36 monomethylation and dimethylation were
upregulated (27, 63). H3K27me is generally associated with transcrip-
tional repression in developmentally regulated “facultative hetero-
chromatin,” and is established by a PRC2 complex, containing core
Enhancer of zeste homolog 1/2 (EZH1/2) methyltransferase subunit,
embryonic ectoderm development (EED) subunit carrying a K27
methylation–sensitive pocket important for allosteric activation
and propagation of PRC2 on chromatin fiber substrate (101), and
suppressor of zeste 12 (SUZ12) and Retinoblastoma-binding protein
p46/p48 (RBBP4/7) implicated in structural integrity and substrate
specificity of the complex (102). Activation of PRC2 involves two
additional subunits, including Jmj/ARID domain containing protein
2 (JARID2; refs. 102, 103), and adipocyte enhancer binding protein
2 (AEBP2; ref. 104). JARID2 carries a conserved Arg-Lys (RK)
motif in its N-terminal part; when methylated at K116 by EZH2 it
binds EED, mimicking H3 K27 methylated substrate for allosteric
activation of PRC2 (103). AEBP2, in turn, appears to facilitate
PRC2 activity by enhanced nucleosome binding, independent of
allosteric activation (105). Recent structural studies further suggest
that both JARID2 and AEBP2 interact with H2A K119Ub, a modi-
fication installed by PRC1 complex, to stimulate PRC2 function
(Fig. 1A; ref. 106). Together, these studies highlight the complexity
of PRC2 regulation and implicate allosteric effects, nucleosome spac-
ing, and nucleosome affinity as key factors affecting H3 K27me levels.
While the specific mechanisms of PRC2 regulation affected by H1 loss
in vivo are not known, allosteric regulation of PRC2 is an emerging
field in cancer therapy and may be of particular interest in lympho-
ma (107). Along these lines it is notable that H1 deficiency did not
affect GC-specific facultative repression by EZH2 through bivalent
chromatin at gene promoters, and insteadmostly affected sets of PRC2

H1 H1
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RING1BCOR

vPRC1

B A

I II III IV V
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DNMT3A
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JARID2
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Figure 1.

Mechanisms of linker histone H1 function in chro-
matin and effects of H1 loss. A, H1 histone fine-tunes
Polycomb and NSD1/2 activities in chromatin. Var-
iant PRC1 (vPRC1) complex, recruited to unmethy-
latedCpG islands by theKDM2B subunit, establishes
core histone H2AK119Ub, in turn recruiting the PRC2
complex, responsible for H3 K27 methylation. H1
incorporation stimulates both vPRC1 and PRC2, and
opposes the function of NSD1/2 enzymes, which di-
methylate H3 K36—a modification implicated in
recruitment of DNMT3A DNA methyltransferase to
broad intergenic regions and direct inhibition of
PRC2 function. Subunit composition of protein com-
plexes is simplified for accessibility; open and filled
lollipops indicate unmethylated and methylated
CpG sequences, respectively. B, Linker histones
integrate chromatin compaction and core histone
modifications. Top, schematic distribution of three
H3 tail modifications (K9me2/3, K27me3, and
K36me2) relative to genome A/B compartment
score, with K9me occupying most compact regions,
K27me3 found in intermediate regions, and K36me2
demarcating open and highly interactive compart-
ment A. Bottom, while loss of linker histone function
universally leads to B-to-A shift, both the degree of
decompaction and the trajectories of core histone
modifications are distinct and fall into five specific
clusters. See text for details.
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targets that are stably silenced through H3K27me3 during earlier
stages of development (27).

Histone H3 K36 dimethylation is reciprocal to PRC2-dependent
H3 K27me

A reciprocal modification, H3 lysine 36 dimethylation (K36me2),
shows significant increase upon H1 loss (27, 63). The landscape of
H3K36me2 writers is complex and includes a family of related nuclear
receptor SET Domain (NSD) enzymes NSD1, NSD2, and NSD3, and
absent, small, or homeotic discs 1-like (ASH1L) enzyme (reviewed
in 108). Importantly, H3 K36me3, a distinct lysine 36 modification
produced by a separate enzymatic system (SETD2) within gene
bodies (109) is not affected by H1 loss (27). Biochemical and
genome-wide studies have demonstrated that H3K36me inhibits
PRC2 function locally on cognate nucleosomes in vitro (110). Several
lines of evidence support extensive biological connection between K27
and K36 methylation systems. First, broad increase of H3K36me2 is
associated with shrinking of H3K27me-demarcated domains in mul-
tiple myeloma (111). Second, reduction of H3K36me2, either due to
H3K36M oncohistone incorporation (19, 20), or NSD enzyme
loss (112), coincides with reciprocal expansion of H3K27me
(Fig. 1A). Third, H3 K36me2 expansion in PRC2-deficient diffuse
intrinsic pontine glioma was recently described as a potential tumor
vulnerability, demonstrating a therapeutically relevant relationship
between H3K27 and K36 methylation (113). Interestingly, NSD2 is
both the highest expressed H3K36 dimethyltransferase in GC B
cells (27) and the only dimethyltransferase that carries distinct high
mobility group (HMG) domain (114)—bearing similarity to HMG
family proteins, which compete with H1 for association with chro-
matin substrate (115). It is intriguing to speculate that in vivo, NSD2
may rely on HMG domain to compete with H1 for the nucleosome
substrate, with reducedH1 dose resulting in expansion of H3K36me2.
In addition, chromatin decompaction upon H1 loss may result in
increased accessibility and occupancy of transcription factor bind-
ing sites—including GATA6, which was recently shown to directly
recruit NSD2 to chromatin (116), and OCT2, which mediates
key GC-specific architectural functions, and the motifs, which are
enriched at key regulatory elements that acquire H3K36me2 in
H1-deficient GC B cells (63, 80). NSD2 overexpression in a multiple
myeloma model, driving excess K36me2, results in broad chromatin
decompaction (117), and activating mutations in NSD2 methyl-
transferase domain have been reported in several hematopoietic
malignancies, including B-cell acute lymphoblastic leukemia
(B-ALL), chronic lymphocytic leukemia, and mantle cell lympho-
ma (118). Interestingly, gene sets upregulated by NSD2 mutation
in B-ALL overlap significantly with genes derepressed in mouse
H1c/e�/� GC B cells, suggesting a common mechanism may under-
lie these distinct malignancies (27). Furthermore, a recent study
implicated the related methyltransferase NSD3 as an oncogene in a
non–lymphoid malignancy, lung squamous cell carcinoma (LUSC),
with increased levels of H3K36me2 driving cancer progres-
sion (119). Of note, a nonoverlapping subset of LUSC samples is
characterized by an amplification encompassing H1F0 gene, result-
ing in overexpression of a replication-independent H1 variant (120),
a relatively poor compactor with distinct chromatosome asso-
ciation (31, 47). Whether such overexpression can effectively dis-
place replication-dependent H1 variants, effectively employing a
dominant negative mechanism, remains to be tested. We predict
that, in the future, causative mutations in genes encoding linker
histones will be identified across other tumors, specifically ones with
known dependencies on the H3 K27/K36 methylation circuit.

The genomic function of H3K36 dimethylation is unclear. In
vertebrates, de novo methyltransferase DNMT3A PWWP domain
acts as a “reader” of H3K36me2, directing intergenic DNA methyla-
tion (121). Interestingly, deficiency of either the TET2 dioxygenase,
involved in DNA hydroxymethylation and cytosine demethylation,
or the DNMT3A methyltransferase may lead to GC hyperplasia,
a premalignant phenotype also observed in H1-deficient B cells
(26, 122, 123). In contrast, NSD2 deficiency results in impaired GC
formation (124). It is hence intriguing to speculate that H3K36me2
expansion in HIST1H1 mutant lymphomas has a broad effect on
intergenic DNA methylation, with consequences ranging from
potential alterations in spatial organization of chromosomal terri-
tories (125) to local variations in nucleosome positioning and
sequence-specific transcription factor association (126, 127).
Together, these observations point to an emerging role of broad
intergenic domains and distal elements in transcriptional regula-
tion and cancer biology.

The Missing Link(er): Effects of H1 Loss
on Chromatin Structure and Function

H1 incorporation has distinct effects on specific chromatin regu-
latory systems. On one hand, in vitro studies in single chromatosome
particle demonstrated that H1 association repositions the histone H3
tail in a spatially inaccessible conformation and restricts the activity of
“writer” complexes (128). This is consistent with genome-wide local-
ization of H1 to gene-poor, largely inactive domains (55, 129) and
observations that H1-compacted chromatin does not preclude coac-
tivator binding but remains resistant to histone acetyltransferase
activity until H1 is evicted (130). However, it does not address how
repressive PTMs are successfully propagated across H1-compacted
fibers. To this end, biochemical studies in di- and oligonucleosomal
templates demonstrated that H1 incorporation both promotes PRC2-
dependent H3 lysine 27 methylation, and inhibits NSD2-dependent
lysine 36 di-methylation (63, 87). Recent advances in cryo-EMprovide
mechanistic basis for these findings, as PRC2 appears to be sensitive to
linker DNA length as it engages two neighboring nucleosomes (101).
Likewise, as NSD association results in unwrapping of nucleosomal
DNA from entry–exit site (131), and H1 incorporation reduces linker
DNA flexibility adjacent to the nucleosome dyad axis (31), linker
histones may act as direct competitive inhibitors of NSD enzymes in
chromatin. In addition, PRC2 may reach out to nonadjacent nucleo-
somes in context of a chromatin fiber (132); as H1 incorporation
facilitates nucleosome contacts both in cis and in trans (133), it is likely
that H1-condensed chromatin would be more amenable to processive
H3K27methylation. Furthermore, H1may directly facilitate position-
ing of H2A tail for accessibility by PRC1, as the C-terminal tail of H2A
interacts with H1 (31, 134) and variant PRC1 complexes exhibit
preference for H1-compacted chromatin substrate (88). Observations
of frequent ectopic expression of potentially oncogenic short H2A
isoforms lacking theC-terminal tail in lymphomas (78) further suggest
that the H1–PRC1 axis may represent an additional oncogenic vul-
nerability on GC B cells. Finally, chromatin effects of H1 loss may be
indirectly mediated by additional factors, as SMARCA2 was recently
identified as interactor of NSD2 (135). Whether K36me2 expansion
drives increased chromatin accessibility by direct recruitment of
chromatin remodeler remains to be tested, yet interestingly, several
subunits of the BAF complex are mutated at a high rate across GC B-
cell neoplasms (136). While the mechanistic effects of these mutations
remain to be elucidated, these results further implicate alterations of
chromatin fiber fidelity in B-cell malignancy.
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Integrative analyses of chromatin compartment trajectories and
core histone modifications in H1 knockout GC B cells demonstrate
distinct effects of H1 loss on differentially compacted genomic
regions (27). While H1 loss resulted in overall chromatin decompac-
tion manifested as global B-to-A compartment shift, hierarchical
clustering of genomic regions based on mapped core histone mod-
ifications revealed five distinct classes, strongly associated with tran-
scriptional effects of decompaction upon H1 loss (Fig. 1B). (I)
compartment B regions that undergo decompaction but remain in
B upon H1 loss, characterized by very low levels of either H3 K27me3
or H3 K36me2; (II) regions that gain modest levels of H3 K27me3 or
H3 K36me2, which start in compartment B and transition into
intermediate compartment upon H1 loss; (III) regions that start in
intermediate compartment and gain moderate levels of H3 K36me2 as
they transition into compartment A; (IV) regions that start in com-
partment A and decompact further, gaining significant H3 K36me2
levels; and (V) compartment A regions that demonstrate most signif-
icant decompaction, coincident with dramatic loss ofH3K27me3 (27).
Together, these observations support the notion that activity of distinct
core histone modifiers is optimal at specific chromatin compaction
states. Furthermore, as genes upregulated upon H1 loss were located
almost exclusively within regions III–V—associated with significant
gain of H3 K36me2 or loss of H3 K27me3—it is likely that changes in
core histone modifications rather than decompaction per se mediate
transcriptional effect of H1 loss. Meanwhile, several nonexclusive
mechanisms may explain how most compacted compartment B
regions remain largely resistant to H1 loss. First, in addition to linker
histone, heterochromatin is compacted by H3 K9me “reader” HP1,
providing a redundantmechanism possibly compensating for the local
loss ofH1. Second, linker histone levels are decreased but not abolished
in either mouse knockout model or patients with lymphoma, and as
heterochromatin is generally compartmentalized within the nucleus, it
is conceivable that a residual population ofH1 is preferentially retained
in these dense nuclear territories. These possibilities are supported by
distinct dynamics of H1 in heterochromatin and euchromatin com-
partments (44) and observations that H1 is critical for spatial orga-
nization of nucleosome nanodomains in euchromatin but is dispens-
able for silencingof heterochromatin-associated transposable elements
in Arabidopsis (137). Together, these observations underscore the
complex relationship between chromatin structure, core histone mod-
ification landscape, and gene activity, highlighting the need for cross-
disciplinary approaches in future studies.

Concluding Remarks
The dynamic nature of H1 association with chromatin fibers is a

defining property of linker histone biology (44). Where core histones
are incorporated in context of nucleosome particles, allowing for
PTMs and variants to stably demarcate specific genomic regions (138),
linker histones are highly mobile, with residence time in chromatin on
the order of minutes (27, 44), and thus are well suited for rapid and
reversible chromatin condensation and gene repression. While sig-
nificant redundancy compensates for partial linker histone loss under

normal developmental conditions (53), the extreme environment
comprised of rapid cell cycles coupled with reduced activity of
canonical repressors during the GC reaction highlight the dependency
of peripheral B cells on a full repertoire of linker histones.

Emerging evidence that many nuclear processes employ intrinsi-
cally disordered proteins for compartmentalization of biological activ-
ities by liquid–liquidphase separation (LLPS; reviewed inrefs. 139, 140)
place linker histones center stage. While the role of LLPS in active
expression remains a subject of debate (141), condensation of chro-
matin fibers is a defining feature of transcriptional repression (142).
Recent studies implicate HP1 proteins in sequestering heterochroma-
tin via LLPS (143–145), and provide structural insights into howHP1a
binding reshapes core nucleosome particles to facilitate phase transi-
tion (146). Of note, developmental phenotypes of HP1a loss in mouse
appear limited to lymphoid lineage (147). Importantly, while hetero-
chromatin provides robust and visually striking example of repression
by condensation, subtle transitions at the intermediate compartment,
corresponding to PRC2-repressed genes, are understood in much less
detail. We envision that linker histone association provides both a
robust and dynamic means of chromatin condensation. This is
supported by both recent and long-standing observations that linker
histones may self-associate, a hallmark of LLPS processes (148, 149).
As recent studies implicate C0T-1 RNAs in euchromatic chromosome
organization (150), and linker histones readily associate with single-
stranded nucleic acids (151), complete understanding of chromatin
structure will require a synthesis of many such lines of evidence.While
the consequences of specific tumor-associated missense mutations in
linker histones are yet to be investigated, we expect that mechanistic
understanding of these processes at mesoscale will emerge as the next
great frontier in both fundamental cell biology and cancer research.
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