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Abstract

The linker histone is a protein that binds with the nucleosome, which is generally considered to
achieve chromatin condensation in the nucleus. Accumulating evidences suggest that the linker
histone is essential in the pathogenesis of several diseases. In this review, we briefly introduce the
current knowledge of the linker histone, including its structure, characteristics and functions. Also,
we move forward to present the advances of the linker histone’s association with certain diseases,
such as cancer, Alzheimer’s disease, infection, male infertility and aberrant immunity situations,
focusing on the alteration of the linker histone under certain pathological conditions and its role in

developing each disease.
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Introduction

To form a chromosome, the first stage of DNA
packaging is to form nucleosomes. A nucleosome is a
basic repeating unit of chromatin, which includes an
octamer of eight core histones, a linker histone and a
certain length of DNA. The DNA in a nucleosome unit
includes a core DNA that wraps the octamer with the
length of ~147 bp, and a linker DNA of 20-60bp. The
eight core histones of the octamer have been well
studied, including two of each H2A, H2B, H3 and H4
[1]. However, the fifth histone, the linker histone (H1),
has been proven the most difficult one to understand,
either structurally or functionally [2]. Recent studies
have revealed several important characteristics of the
linker histone and more evidences accumulate to
indicate its functions. In this review, we focus on the
structural and functional characteristics of linker
histone, and discuss its association with several
important diseases, offering new insights of novel
targets for treatments.

Current Knowledge of Linker Histone

Linker histone structure

The structure of the linker histone includes three
domains, a N-terminal domain, a globular domain

and a C-terminal domain. The N-terminal domain is
the shortest domain of H1, with a length of between
20 and 35 amino acids. It is divided into two
sub-regions. The distant region is enriched in
hydrophobic residues while a highly basic region is
close to the globular domain [3]. The globular domain
is highly conserved with about 80 amino acids. It
possesses three helices, three loops and two short beta
sheets in hairpin [4, 5]. The C-terminal domain has
approximately 100 amino acids with high variation
among species.

Linker histone variants

In human, 11 H1 histone variants have been
reported so far, seven somatic ones including
H1.1-H1.5, H1.0 and H1.10 and four germ line-specific
ones including testis-specific variants (TS)H1.6,
(TS)H1.7, (TS)H1.9 and oocyte-specific ~variant
(OO)HL1.8 [6]. Among the somatic histone H1 variants,
H1.1 to H1.5 are replication-dependent while H1.0
and H1.10 are replication-independent through the
cell cycle. H1.2 to H1.5 are expressed ubiquitously,
whereas H1.1 is expressed in only certain types of
cells and tissues. H1.0 accumulates in terminal
differentiated cells. Regarding gene location, H1.1 to
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H1.5-encoding genes are clustered in a region of
chromosome 6, together with the core histone genes.
H1.10 and H1.0 gene are located on chromosome 3
and 22 respectively [6]. Series of experiments
demonstrate that each variant exhibits its own
characteristics and functions, including the expression
pattern, chromatin affinity and knock-out phenotypes
(Table 1) [7, 8]. However, knocking out or
overproducing certain H1 variants could be
compensated by other H1 variants’ alteration, thus
making it more complicated to understand their
precise functions and the importance of H1 variants

[6].
Linker histone, nucleosome and chromatin
formation

It is generally acknowledged that the linker
histone binds to and protects DNA, specifically the
linker DNA, a “string” linking up nucleosomes.
Micrococcal nuclease digestion revealed that each
linker histone interacts with 10 bp of each linker DNA
[9, 10]. Besides, Thoma et al. showed that the linker
histone-containing chromatin exhibits a “zig-zag”
fiber structure pattern, indicating that the linker
histone is involved in determining the angle between
the axis of the fiber and the flat faces of the
nucleosomal disks, as well as the higher level of
chromatin compaction [11, 12]. These evidences
suggest that the linker histone is able to protect linker

Table 1. Characteristics of Linker Histone Variants

DNA as well as to determine the structure of the
chromatin, and therefore it is of great significance to
find out how linker histone binds to the nucleosome.

To confirm the possibility and feasibility of
linker histone interacting and binding to the structure
is the first step. Meyer et al. have done the work to
prove that the space between the nucleosome surface
and linker DNA is large enough to contain the
globular domain [13]. In addition, the orientation of
linker DNA also determines if the cavity is big enough
to accommodate the linker histone. Shukla et al.
reported that modified H2A altered the entry/exit
angle of nucelosomal DNA, which hinders the
binding of H1 to the nucleosome [14]. A similar work
by Shed et al. reported that mutant nucleosome with
H2A variant exhibits extended length of linker DNA,
which results in a far weaker contact with linker
histone for its excessive distance [15]. Despite that,
steric restriction still exists for the interaction between
linker histone and the nucleosome. Other proteins,
such as PARP-1, can also bind to the nucleosome,
hindering the binding site on nucleosome and
interrupt linker histone’s binding [16]. To sum up, the
structure of the nucleosome core as well as the linker
DNA has provided the linker histone with an
available site for stable binding, as long as there is no
other protein binding or linker DNA alteration to
hinder the process.

Unified Gene Expression | Cell Cycle
. Location | < Presst y Genomic Distribution Pattern (human) [21] Knock-out Phenotype
Name Pattern Dependence
(human)
H11 6p21.3 Somatic (IMR90) enriched in intergenic regions and at active /
chromosome 19; present at promoters
H1.2 6p21.3 Somatic (IMR90) enriched at (T47D,‘ MC‘F7) Cell cycle arrestt in G1 [81]; (T47D)
chromosome X; reduction in nucleosome spacing [81];
H13 6p213 | Somatic o (IMR90) depleted in (IMR90) No significant difference [S1];
replication- TSS of active genes, - -
H14 6p213 Somatic dependent intergenic regions and ‘(T47D, MCFlOA) Deleterious effect with an
CpG islands; enriched increase in the subG1 peak [81];
at LADs. (IMR90) ]
H1.5 6p22.1 Somatic differentiation-dependent (IMR90) SIRT1 down-regulation and lower
. H3K9me?2 level [24];
enrichment
(TS)HL6 |6p213 | Testis / /
H1.0 22q13.1 | Somatic (T47D) enriched at the nucleolus (hESC) Impa-lred differentiation [82]; (IMR90) No
significant difference [81];
(TSHL7 |12q13.1 | Testis replication- |/ /
(OO)H1.8 |3qg22.1 Oocyte independent |/ /
(TS)H1.9 | 17q21.33 | Testis / /
H1.10 3q21.3 Somatic (T47D) enriched in active chromatin /

IMR90: a human lung fibroblast cell line; T47D: a human breast cancer cell line; MCF7: a human breast adenocarcinoma cell line; MCF10A: a human non-tumor breast

epithelial cell line; hESC: human embryonic stem cell.
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With the possibility and feasibility of such
interaction being confirmed, studies concerning the
exact location of the linker were carried out. Among
them, two models received the most attention.
Muyldermans’s model suggests that H1 binds
symmetrically to the dyad axis, while Wolffe’s model
indicates an asymmetrical pattern that the linker
histone binds off the axis [17, 18]. Evidences
accumulated to support either model, yet controversy
remained. Until recently, an important study has
successfully observed its exact location by using
cryogenic electron microscopy and finally confirmed
the asymmetrical binding pattern [19]. In this study,
Song et al. illustrated that the globular domain of the
linker histone deviates from the dyad axis of the
nucleosome. The asymmetry of the two sides of the
nucleosome, like a “head” and a “tail” of the coin, sets
a specific twist of each nucleosome to form the
higher-order structure of the chromatin. Moreover,
nucleosomes are packed in a two-start stack in the
30-nm chromatin fiber. Adjacent nucleosome cores are
in either head-to-head interaction or tail-to-tail
interaction pattern, resulting in the self-association of
the linker histones, which plays an important part in
the stabilization of the 30-nm fiber [19, 20]. Altogether,
the linker histone binds asymmetrically with the
nucleosome, which helps to form and determine a
high-order structure of the chromatin.

Linker Histone Distribution

Understanding the distribution of the linker
histone is quite important to reflect possible functions
of the linker histone. The first total H1 map was made
by a genome-wide study wusing chromatin
immunoprecipitation (ChIP), exhibiting that H1 level
is dramatically decreased near the transcription start
site of active genes and intergenic regions but not in
repressed promoters [16]. Furthermore, with the
success in obtaining specific antibodies of the linker
histone, the precise mapping of H1 variants in the
genome has started to emerge, aiding the
understanding of the specific functions of certain
variants. For example, H1.2~H1.5 are enriched in
transcription start site of active genes and intergenic
regions [21]. H1.2 and H1.3 are depleted in GC- and
gene-rich regions and active promoters in knock-in
mouse ESCs [22]. Another study demonstrated that
H1.10 is enriched in active chromatin in human breast
cancer while H1.0 mostly distributed at the nucleolus
[23].

Generally speaking, each H1 variant maintains a
specific and fixed distribution pattern, yet the pattern
can be slightly different depending on the
differentiation state of the cell. A case in point is H1.5.

Li et al. investigated the genomic distribution of H1.5
in various cell lines [24]. The study illustrated that
during the process of cell differentiation from hESCs
to neural progenitor cells and further to neurons and
astrocytes, there is a significant increase in H1.5
binding. A similar pattern is also observed in the
process of primary keratinocyte turning into a more
differentiated stratified layer [24]. This evidence
suggests that H1.5 genomic distribution is in
association with the differentiation state of the cell.
However, linker histone is not restricted in the
nucleus. The earliest evidence dated back to 1989
when Smith et al. demonstrated that the linker histone
interacted with epidermolytic toxin in the cytoplasmic
region [25]. Since then, evidences accumulated to
indicate linker histone’s presence in the cytoplasm,
including Zlatanova et al. achieving to isolate linker
histone from mouse liver cell cytoplasm [26]. Further
investigation revealed that the linker histones are
presented on the surface of viable cell as well as
outside the cell, which leads us to a more
sophisticated understanding of linker histone’s
distribution and its underlying function [27].

The Functions of Linker Histone

It is difficult to assign a precise description on
linker histone’s function. In early experiments,
scientists even cast doubt on whether linker histones
are essential in organisms. For example,
H1.0-depleted mice showed no obvious phenotype
[28]. Also, the studies on both H1-deleted Tetrahymena
strain and Hholp knock-out yeast showed no
significant change on growth rate [29, 30]. As research
progressed, scientists have proposed certain functions
that have been observed on the linker histone.

Inside the Nucleus: Transcriptional Activity and DSB
Repair

It is long been implicated that the linker histone
represses transcription. The linker histone is capable
of binding to the nucleosomes and further,
compacting the chromatin from the “beads on string”
structure to the 30-nm fiber [2, 18]. Based on such
knowledge, it is quite natural to speculate that the
linker histone’s effects on transcriptional activity is to
repress gene expression since the linker histone binds
to and hinders the binding site on DNA for
transcription factors and cofactors. For example, the
linker histone is required for the basal repression of
ngoA in growing cells by binding to the nucleosome to
inhibit the interaction between USF (upstream
stimulatory factor) and its target DNA [31, 32]. Also,
Ura and colleagues’ study suggests another
underlying mechanism that the linker histone can
inhibit the factors from binding to the DNA by
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reducing the mobility of the nucleosome [33].

To make it more complex, the linker histone does
not always exhibit repressing effect. According to the
study of Shen et al, the linker histone is able to directly
activate CyP gene in starved cells [31]. Moreover, the
post-translational modification (PTM) of the linker
histone, including acetylation, methylation,
phosphorylation, ADP-ribosylation and so on, also
regulates the transcriptional activities of certain genes
due to its rich-lysine C-terminal domain [34]. For
example, Pinl, a proline-isomerase, binds to and
dephosphorylates the linker histone, which leads to
the destabilizing of H1 to the chromatin and thus may
alter the transcriptional activity of the related genes
[35]. Another example is that GCN5 can acetylate
H1.4K36 to promote the transcription of CFOS, EGR1
and CJUN. The acetylated linker histone recruits
TAF-1, a subunit of the general transcription factor
TFIID, and thus promotes the transcription of the
target genes [36]. Therefore, it is only safe to conclude
that the linker histone, as well as its PTM, exerts
certain influence on the transcriptional activity of
certain genes. Its specific function and its underlying
mechanism, either activating or repressing the gene
transcription, remains to be confirmed.

More recently, a new study points out that the
linker histone is also associated with DNA double
strain break (DSB) repair. Under the circumstance of
DSB, K63-linked polyubiquitylation of H1 is markedly
upregulated, suggesting that the linker histone plays a
possible role in the repair process. Downregulating
overall H1 inhibits the accumulation of K63-linked
ubiquitin and the recruitment of E3 ubiquitylation
ligase RNF168 [37]. Further investigation found out
that the linker histone polyubiquitylation is
dependent on RNF8 (E3 ubiquitylation ligase) and
UBC13  (E2  ubiquitin-conjugating  enzyme).
Afterwards, RNF168 binds with K63-linked ubiquitin
of H1 and triggers the recruitment of downstream
factors to DSB sites to proceed the repair process.
Therefore, the linker histone is essential in connecting
the process of the recruitment of RNF168 by UCB12
and RNFS8, serving as a key substrate of RNF8 and
providing K63-linked ubiquitin as a binding platform
for RNF168 to the DSB site [37]. This study reveals the
function of histone H1 on DSB repair.

Extranuclear and extracellular functions

While linker histones are mostly located inside
the nuclear, certain subtypes are identified outside
[26]. Linker histones are able to relocate in the
extranuclear area, mainly in the cytoplasm and on the
cell membrane. Therefore, these relocated linker
histones certainly possess unique characteristics that
enable them to perform various functions outside the

nucleus (Figure 1).

Linker histone is associated with the process of
apoptosis. In face of DSB, the linker histones are
released in a p53-dependent manner, resulting in the
releasing of cytochrome ¢ from mitochondria, which
eventually leads to cell apoptosis (Figure 1) [38]. Yet
how strong is the association between H1 and cell
apoptosis remains controversial because linker
histone over-expressed cells don’t exhibit significant
changes on gene expression, cell cycle progression or
the overall chromatin structure [39-41].

Linker histone can exert its influence on innate
immune system. The linker histone was also found in
the granules of macrophages, named as murine
microbicidal protein 1 and 2 (MUMP-1&2) initially
[42]. MUMP exhibits antimicrobial activity against a
large variety of microbes, including Salmonella
typhimurium, E. coli, and Staphylococcus aureus [42]
(Figure 1). In addition, linker histone acts as a pattern
recognition receptor on nonspecific cytoxic cells
(NCC) of catfish, which also possess antimicrobial
activity against several bacteria [27].

Besides exerting influence in the cytoplasm, the
linker histone also function on the surface of the cell.
Macrophages of the liver, also known as Kupffer cells,
express linker histone on the cell membrane, which
enables the linker histone to bind with thyroglobulin
and consequently to be internalized and cleared
inside the macrophage [43].

Another case in point is that a cytoplasmic pool
of linker histones is identified on the tip of the villus
cell of intestine epithelium [44]. These linker histones
are able to interact with Escherichia coli, which
suggests that linker histone is associated with E. coli’s
colonization as well as the onset of bacterial diarrhea
[45]. In addition, a type of virus Norovirus is also
identified to bind to H1, which assigns the linker
histone to the association with the onset of viral
diarrhea. Yet this interaction seems to be specific,
since Poliovirus or hepatitis E virus is unable to bind
with the linker histone in vitro (Figure 1) [46].

While the function of defending against
microbes outside the nucleus is already intriguing,
scientists step further to demonstrate that the linker
histone also exerts its antibacterial function outside
the cell. In face of an explosion of interleukin-8 or
endotoxin, neutrophils release antimicrobial agents
within minutes, including core histones, linker
histones and elastase, strung together by a web of
DNA, forming the structure of neutrophil
extracellular traps (NET). Further investigation
revealed that the linker histone is the major
component of NET [42]. NET is able to trap pathogens
and to restrict the deadly proteins that are released by
neutrophils from harming surrounding host cells [47].
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Surprisingly, linker histone does more than trapping
microbes. Fragments of H1 can interact with bacterial
membrane lipids, increasing its membrane
permeability and disrupting cell membrane, and thus
achieve to kill pathogens [42, 48]. Linker histone’s
another extracellular function is demonstrated by its
ability to bind to C reaction protein (CRP). When the
linker histone does not bind to DNA, it has two
binding sites for CRP, with one calcium-dependent
site and the other calcium-independent site. CRP is
able to bind to microbes and undermine their
membrane, resulting in the clearance of microbes [49].
Thus, linker histone is also associated with
CRP-dependent microbe clearance (Figure 1). To
conclude, linker histone exhibits important
extranuclear and extracellular functions mainly on the
innate immune system.

Linker Histone Associated Diseases

Linker Histone in Cancer Cells

Quantity Alterations

The transcription level of the linker histone is
difficult to detect mainly because its mRNA lacks a
long poly A tail [50]. Not until recently did scientists
reveal that the mRNA level of H1 gene is altered in
cancer cells. For example, ovarian adenocarcinoma

cancer cells exhibit a 40% reduction in overall linker
histone mRNA level compared with benign tumors
[51].

More importantly, not only does the overall H1
level in cancer cells alter, the expression pattern of
certain variants also differs. In benign prostate
epithelial cells and low grade cancer cells, H1.5
exhibits low expression level and a weaker reactivity.
However, in higher grade or even metastatic prostate
cancer cells, the expression level of H1.5 greatly
increased [52]. Thus, it can be speculated that H1.5 is
correlated to prostate cancer cells” aggressiveness and
differentiation status. The same pattern of H1.5 is
observed in other types of cancer cells [53]. For
example, low grade pulmonary neuroendocrine
tumors show low level of H1.5 while high grade
cancer exhibits a strong staining pattern of H1.5 [54].
Therefore, it is reasonable to postulate that the
replication-dependent subtypes might exhibit the
similar pattern and consequently can be of use as
diagnostic biomarkers. In differentiated normal cells,
H1.0 is expressed at high levels while its expression
level is down-regulated in various cancer cells.
Moreover, H1.0 level is anti-correlated with the
presence of the proliferating cell marker Ki67,
particularly in high grade cancer cells [55].
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Figure 1. Nuclear, cytoplasmic and extracellular functions of linker histone. In the nucleus, linker histone is responsible for chromatin condensation and
transcriptional activity regulation. In the cytoplasm, linker histones are secreted to trigger the process of apoptosis when DNA double string break occurs. Certain cells, such as
macrophages, contain linker histones granules that show antimicrobial activity. Extracellular linker histone forms NET to trap pathogens, or binds with CRP to kill the target
pathogen. On the cell membrane of Kupffer cell, linker histone binds TGs and internalizing them.
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To sum up, it is obvious that the expression level
of H1 changes in cancer cells compared with normal
cells and benign tumors. Certain subtypes exhibit
specific but aberrant patterns. Therefore, the detection
of H1 subtypes is of high clinical diagnostic value to
distinguish malignant tumors from the benign ones.

Recurrent Mutations

Except for alteration in expression level, H1
gene mutation can also lead to tumorigenesis. Several
recurrent mutations in linker histone genes are
detected in certain types of cancer. For example,
HIST1H1 B-E genes are identified as recurrent
mutated genes in follicular lymphoma [56-58].
HIST1H1 mutations have also been identified in
chronic lymphocytic leukemia, diffuse large B-cell
lymphoma and colorectal cancer [57, 59-61].

There are some mechanisms to explain how the
mutations in genes lead to cancer-promoting
phenotypes. One possible explanation is that the
mutation alters protein-protein interaction as well as
its post-translational modification. Another possible
mechanism is that the mutated linker histone fails to
bind to linker DNA and therefore leads to a less
compacted chromatin. This postulation is confirmed
by a research showing that amino acid changes in
linker histone indeed is able to lead to affinity
alteration with DNA in follicular lymphoma [58].

Linker Histone was Mediated by Cancer-Related
Proteins

Linker histone also plays an important part in
the pathway of tumorigenesis (Figure 2). Several
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studies have confirmed that the linker histone can be
mediated by various cancer-related proteins,
interrupting the regular cell cycle and affecting the
cell dividing process. For example, under the
condition of genotoxic stress, CHDS8 recruited the
linker histone to the promoter of p53, which resulted
in the chromatin condensation. p53 is a major tumor
suppressor. With the linker histone condensing the
chromatin of p53 promoter, its transcriptional activity
is repressed, thereby inhibiting the functions of p53
and increasing the possibility of cell tumorigenesis
(Figure 2) [62].

Phosphatase and tensin homolog (PTEN) is a
tumor suppressor that interacts with the linker
histone. These two proteins cooperatively repress
H4K16 acetylation and promote the condensation of
chromatin. In the absence of PTEN, linker histones

dissociate from the chromatin. Furthermore,
microarray analysis of PTEN-/- cells shows
upregulated transcriptional activity of several

oncogenes, including KRAS, BRAF, and AKT1. Thus,
it can be concluded that PTEN promotes the linker
histones attaching to the chromatin to enhance its
condensation, resulting in the repression of
cancer-promoting genes in normal cells; however, in
cancer cells, mutated PTEN resulted in linker histones
dissociating from the chromatin and thus upregulated
the expression of certain cancer-promoting proteins
(Figure 2) [63].

MTA1

Figure 2. Linker histone in the pathway of tumorigenesis. Linker histone can respectively bind with CHD8, PTEN and MTAI. HI binding with CHD8 represses the
transcription of p53. HI normally binds PTEN to promote chromatin condensation and repress the transcription of oncogenes; yet mutated PTEN represses H1 binding and leads
to the chromatin relaxation, and promotes the transcription of oncogene in tumor cells. Also, H1 binding with MTAI alters the transcriptional activity of several genes. These

changes might result in the tumorigenesis of the cells through different pathways.
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Metastasis-associated gene 1 (MTA1) also
modulates the interaction between the linker histone
and the chromatin. Although no physical interaction
has been directly detected between the linker histone
and MTA1, higher level of MTA1 actually leads to the
disruption of the linker histone binding to the
chromatin, therefore resulting in the alteration of
certain gene expression levels (Figure 2) [56].
Similarly, such alteration will result in
cancer-promoting phenotypes [53].

How H1 influences the process of tumorigenesis
is still unknown. The linker histone appears as an
“effector” of certain important cancer-related
proteins. The affinity of the linker histone to the
nucleosome can be modulated by these cancer-related
proteins. The proteins either increase the binding or
dissociate from it, therefore achieving to alter the
expression level of several important cancer-related
proteins, which eventually leads to change the
growing pattern or the cell division pattern.

Linker Histone and Alzheimer’s Disease

The existence of amyloid plaques in neurons is
one of the most important characteristics in
Alzheimer’s disease. Duce ef al. found that the linker

immunohistochemistry [64]. Such a discovery raises
scientists’ interests to explore the relationship
between the linker histone and the pathogenesis of
Alzheimer’s disease. Further investigation revealed
that the linker histone can change the conformation of
its own C terminal domain into an all beta structure
with the trigger of detergents, which is ready for
forming ribbon-like fibers. This is the evidence in vivo
to suggest that the linker histones can form
amyloid-like fibers, which further relates the linker
histone to Alzheimer’s disease [65]. More recently,
another study found out that the linker histone can
interact with beta-amyloid peptide, which results in
both proteins” conformation changes. Subsequently, a
great number of beta-amyloid peptides form laminar
aggregates and thick bundles, in contrast to the
aggregates of only 3~4 amyloid fibrils in the absence
of the linker histones (Figure 3) [66]. Altogether, these
studies suggest that the linker histones are capable of
forming the amyloid-like fibers themselves. Besides,
H1 also changes the conformation of beta-amyloid
fibrils and results in the over-aggregation of these
amyloid fibrils. These aggregated fibrils further form
larger bundles and amyloid aggregates, which results
in the development of Alzheimer’s disease.

histone is also in the amyloid plaque by
Infertility Aberrant Immunity
Alzheimer’s O
Disease * ~
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Figure 3. Linker histone’s association with several diseases. Linker histone is able to assist the binding and organization of AB monomer and form a larger bundle with
more fibrils, which might trigger Alzheimer’s disease. In the process of spermatogenesis, the failure to replace a subtype of linker histone HI.1 can result in male infertility. Linker
histones can induce the occurrence of type | hypersensitivity and is also associated with SLE. Linker histone also defends the organism from pathogen infection by forming NET
or binding with CRP. It can also inhibit the replication of viral DNA by hindering in the both ends of the replication fork.
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Linker Histone and Infertility

The linker histone also plays an important part
in the process of spermatogenesis. Mammal sperms
are characterized with highly condensed nuclei, and
to achieve such high condensation, linker histones go
over certain changes to remodel chromatin. When
pachytene spermatocytes undergo DNA replication,
most of the somatic H1 variants are replaced by a
testis specific subtype H1.6. Subsequently, the
chromatin structure alters in a significant manner,
showing that H1.1 and H1.6 is related to male
infertility by affecting spermatogenesis (Figure 3) [67].
Thus, it is implicated that the linker histone, especially
H1.6, exerts its influence on chromatin remodeling in
the process of spermatogenesis, and shows its
probable association with male infertility. A recent
study has confirmed this speculation. Although single
knockout mouse lines of H1.1 and H1.6 genes are fully
fertile [68-70], five knockout mouse lines of triple
genes, including Act/H1.1/Smcp, Act/Tnp2/Smcp,
Tnp2/H1.1/Smcp, Acr/H1.6/Smcp and Tnp2/H1.6/Smcp,
exhibit drastic reductions in sperm motility,
decreased migration in the female reproductive tract
and reduced fertilization [71]. Although the
underlying mechanism remains to be solved, these
three parameters strongly support that H1.1 and H1.6
replacing disorder might trigger the chromatin
structure abnormality, hindering the process of
spermatogenesis and thus results in male infertility.

Linker Histone and Infection

Linker histone’s ability to bind with DNA not
only serves to regulate the transcriptional activity of
genes but also helps to defend virus replication in
host cells in an indirect manner. In Human
Papillomavirus type 11 (HPV-11) infected human
cells, H1 is able to bind to viral genome and therefore
inhibits the initiation and elongation of viral DNA
replication since the replication fork is blocked. E1, a
viral protein of HPV-11, is required to bind with the
linker histones and to displace them from the virus
genome to initiate the viral genome replication [72].
Similarly, simian virus 40 large tumor antigen, a viral
protein, is required to bind with the linker histone in
order to disrupt nucleosomal structure and initiate
DNA replication [73]. Thus, it can be implicated that
the presence of the linker histone is essential to
interrupt viral replication.

An increasing extent of investigation on linker
histone’s extranuclear function leads to scientists’
attention on its capability of microbe clearance. As
mentioned above, H1 in the cytoplasm can bind
specifically to certain microbes, such as E. coli [45],
norovirus [46], and thus achieves to clear these

harmful bacteria or virus. H1 also achieves to clear the
microbes in extracellular matrix. Neutrophils can
secrete DNA, histones and other related proteins to
form NET, which traps harmful microbes and hinders
its potential to spread through circulation or across
tissues [42]. Secreted linker histone can also bind with
CRP and then together they binds to the microbe,
leading to the destruction of its cell wall and
eventually its death (Figure 3) [49]. To conclude,
linker histone exhibits its effect on the clearance of a
wide range of pathogens through various pathways.
Therefore, it is possible that the linker histone might
serve as a potential therapeutic target against certain
infection, or a promising way to regulate innate
immunity.

Linker Histone and Aberrant Immunity

Linker histone is found to serve as an alarmin
that sets off type 1 hypersensitivity. In
ovalbumin-sensitized mice an increased level of
circulating linker histone was observed. High level
linker histone activates mast cells, leading to its
degranulation, and eventually induces typical
symptoms of allergic rhinitis [74]. Therefore, the
linker  histone plays a rather important
pathophysiological role in mast cell-mediated type 1
hypersensitivity. This finding suggests linker histone
to be a potential therapeutic strategy against allergic
rhinitis, or furthermore, a wider spectrum of diseases
concerning allergy.

Cells that undergo apoptosis generally form
apoptotic bodies, containing DNA, histones and so
on. However, an inflammatory response against
apoptotic bodies will take place if the process of
phagocytosis  is  impaired, thus provoking
autoimmunity (Figure 3) [75]. Specifically, the
phagocytes that engulf linker histones will turn into
LE cells, which is one of the signs for active SLE [76].
For patients that develop SLE, serum antibodies that
target the C-terminal of the linker histone are often
detected with high specificity [77, 78]. Consequently,
it can be concluded that abnormal apoptosis induces
certain inflammatory response that triggers the
generation of H1 antibody, which leads to the
development of SLE [27]. Yet it is important to point
out that other anti-nuclear antibodies in SLE patients
also show high affinity with the linker histone, thus
whether auto-antibodies of SLE start out to target the
linker histone needs further research [79, 80].

To sum up, the linker histone serves as a trigger
in the course of certain autoimmune diseases. H1 is
easily targeted by the immune system once exposed
extracellularly, resulting in the activation of mast cell
or B cell, and finally the development of the disease.
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Conclusion and Perspectives

Linker histone is mainly a nucleus protein that
binds to the linker DNA as well as the nucleosome to
enhance the condensation of the chromatin. It exerts
its influence on the transcriptional activities of certain
genes. Moreover, the linker histone can relocate to the
cytoplasm and the cell membrane surface, or even
secrete into the extracellular matrix. These
extranucleus linker histones serve as receptors and
play important roles in several important pathways.
Although controversy remains to be solved, current
knowledge about the linker histone is increasing to
reveal its mysterious mask.

What is more exciting is that with the
understanding of the linker histone’s characteristics
and functions deepens, its relationship with several
diseases begins to become clear to us. The most
investigated association is with cancer cells and
tumorigenesis. The cell replication status and the
invasiveness of tumor cells are often associated with
H1 and H1 subtype level, which indicates its valuable
clinical implication as a biomarker to differentiate
malignant tumors from the benign ones. The linker
histone also plays important roles in the pathway of
tumorigenesis, exerting its influences as an effector to
modulate the expression of certain cancer-related
genes and thus achieves to alter the proliferation
status of the cell. The identification of such an
important role indicates its application as a potential
target for cancer therapy. The linker histone also
emerges to be related with several other diseases such
as Alzheimer’s disease, male infertility and
autoimmune disease. The associations between the
linker histone and these diseases are not fully
understood. More researches are needed to
investigate the role of the linker histone in these
diseases: whether the alteration of the linker histones
is the trigger or the result of the disease.

Although we currently do not possess the
complete knowledge of linker histone and its
association with diseases, its outline is becoming clear
to us while details are needed to complete the whole
picture. Hopefully, the improvement of technology
and methods as well as an increasing number of
clinical researches will aid our understanding of
linker histone and furthermore discover effective
treatments against diseases.
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