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The eukaryotic genome exists in vivo at an equimolar ratio with

histones, thus forming a polymer composed of DNA and

histone proteins. Each nucleosomal unit in this polymer

provides versatile capabilities and dynamic range.

Substitutions of the individual components of the histone core

with structurally distinct histone variants and covalent

modifications alter the local fabric of the chromatin fiber,

resulting in epigenetic changes that can be regulated by the

cell. In this review, we highlight recent advances in the study of

histone variant structure, assembly, and inheritance, their

influence on nucleosome positioning, and their cumulative

effect upon gene expression, DNA repair and the progression

of disease. We also highlight fundamental questions that

remain unanswered regarding the behavior of histone variants

and their influence on cellular function in the normal and

diseased states.
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Introduction
In Norse mythology, the trickster Loki plays the role of

‘‘Stirrer of strife, mischief-monger, Maker of laughter

and bringer of change, Friend and foeman, order and

chaos’’ [1]. Akin to Loki, tiny, positively charged proteins

called histones impose different chromatin states and

encode epigenetic changes in an otherwise staid genome.

These proteins date back to the dawn of eukaryotic

evolution, spanning protozoans, fungi, animals, and

plants. Indeed, prokaryal and archaeal species are the

earliest genomes known to have evolved histone-like

proteins [2,3]. Bacterial genomes contain histone-like
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HU proteins, which bind and bend DNA, stabilize higher

order chromosomal folding during replication, and

regulate transcription (Figure 1a) [2]. Histone-like

proteins are also present in the archaea [3]. For example,

in the extremophile  Methanothermus fervidus, archaeal

histones (Figure 1b,c) form tetrameric complexes, which

wrap �70 bp of DNA in a right-handed toroid, into which

histone subunits are exchanged in response to environ-

mental stressors such as salt concentration or tempera-

ture [4]. Another archaeal organism, Methanopyrus
kandleri, contains a fused ‘‘doublet’’ histone fold protein,

wherein one of the histone folds shares homology with

the histone folds of eukaryotic H2A and H4 (Figure 1d),

suggesting that the eukaryotic histone genes for H2A,

H2B, H3, and H4 probably arose from duplication of

primitive archaeal histone genes [5].

In eukaryotes, 147 bp of DNA wrap in a left-handed

torus around an octameric complex composed of two

copies each of the invariant histones H3, H2A, H2B and

H4 (Figure 1e) [6]. Since the discovery that the vast

majority (>70%) of DNA in eukaryotes is packaged into

nucleosomes, and the landmark X-ray diffraction study

by Finch and Klug showing chromatin was organized

into highly compacted 30 nm wide solenoidal coils

(Figure 1f), histones were proposed to function primar-

ily as packaging material for ever-growing eukaryotic

genomes [7]. However, a serious challenge to the exist-

ence of the 30 nm chromatin fiber comes from recent

theoretical and experimental analyses. Computational

modeling of the chromatin fiber suggests that the

nucleoprotein polymer is theoretically far less efficient

for packaging than was previously assumed [8,9], and a

series of experimental studies provide support for these

computational models. Using cryo-electron microscopy

(EM) coupled with careful measurements, 30 nm fibers

were not detected in interphase nuclei, or even in

metaphase chromosomes [10�,11�]. Using small-angle

X ray scattering (SAXS), another group likewise

reported it was unable to detect 30 nm fibers in vivo,

but rather raised the startling possibility that the data

which first reported 30 nm fibers might instead have

been periodic reiterations of ribosomes, which are 30 nm

in width and were found to coat the chromatin under

certain preparative procedures [12�]. Despite the

ongoing debate on this issue [13], it does appear that

much of the chromatin fiber exists in the 10 nm fiber

state (beads on a string) (Figure 1g), with a few locally

folded areas comprising 5-10 nucleosomes and with 3D

‘‘fractal globule’’ arrangements of chromatin fibers

stabilized in a cross-array format (Figure 1h), the density

of which is possibly coordinated by linker histone H1
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Histone-like proteins are found in every kingdom of life and serve to regulate access to the genome, paritally through formation of tertiary structure. In

panel A, the co-crystal structure of the HU protein from Anabena and DNA (PDB ID 1P78) shows the HU protein dimer binding the DNA duplex. Panel B

shows the crystal structure of the HmfA homodimer from Methanothermus fervidus (PDB ID 1B67) while panel C shows the crystal structure of HmfB

(PDB ID 1A7W), also from Methanothermus fervidus. The crystal structure of the fused doublet HmfA from Methanopyrus kandleri (PBD ID 1F1E) is

shown in panel D. In panel E, the crystal structure of the canonical eukaryotic histones (PDB ID 1AOI) shows the assembly of the histone octamer, the

protein core of the nucleosome. Nucleosomes were previously thought to form 30 nm solenoid fibers as shown in panel F, through recent evidence

suggests the genome exists primarily as a 10 nm ‘‘beads-on-a-string’’ fiber, as shown in panel G, with some regions of higher order organization like

those shown in panel H.
and networks of non-histone proteins [14]. These

results, along with the evolutionary evidence that

archaeal histones do not function as a packaging mol-

ecule, lend themselves to the possibility that histones
Table 1

A list of known functions for histone variants in the eukaryotic

genome

Histone variant Function Conserved?

CENP-A/CID/cse4 Epigenetic marker of the

centromere

Yes

H3.3 Transcription Yes

H2A.Z/H2AV Transcription/double strand

break repair

Yes

H2A.X Double strand break

repair/meiotic remodeling of

sex chromosomes

Yes

macroH2A Gene silencing/X chromosome

inactivation

Yes

H2A.Bbd Epigenetic mark of active

chromatin

Yes

H3.Z Regulation of cellular response

to outside stimuli

No

H3.Y Regulation of cellular response

to outside stimuli

No
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may have evolved primarily as a means of regulating

local access to genes [15,16]. Thus, if canonical histones

generally serve to regulate access to the DNA, what

additional roles do specialized histone variants play in

regulating the various cellular processes that occur

throughout the genome?

All eukaryotes studied thus far contain the histone variant

H3.3 and the centromere-specific histone variant CENP-

A/CENH3, even when they lack other H3 types [17].

Additional variants include H2A.Z/HTZ, H2A.X, H2Av,

H2A.Bbd, macroH2A [17], the primate-specific histones

H3.X and H3.Y [18] (Table 1), and a plethora of histone

H1 variants. Remarkably, while these proteins were dis-

covered decades ago, their precise function, the mech-

anisms by which they effect change on the chromatin

fiber, how they are inherited in vivo, and their contri-

butions to the progression of disease states remain open

questions in biology.

In this review, we highlight recent advances and yet to be

answered fundamental questions regarding the behavior

of histone variants and their influence on cellular function

in the normal and diseased states.
Current Opinion in Genetics & Development 2014, 25:8–14
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An ancient foe of the polymerase: the role of histone

variants in regulating transcription

The histone variants H3.3 and H2A.Z have both been

individually linked to a role in regulating transcription,

but biochemical purification suggests that these two

variants may come together in a single nucleosome. Using

HeLa cells expressing a Flag-tagged H3.3 histone, single

nucleosomes were isolated and subjected to immunopre-

cipitation (IP) followed by sequencing to determine their

location relative to the transcription start sites (TSS) of

three separate classifications of genes: highly expressed,

intermediately expressed, and silent [19]. H3.3/H2A.Z

hybrid nucleosomes localized to the TSS of active genes,

at sites that have previously been characterized as nucleo-

some depleted regions (NDRs). Upon modulating the salt

concentration used in the nucleosome isolation, it was

discovered that H3.3/H2A.Z nucleosomes are unstable in
vivo, causing them to dissociate from the DNA during

extraction, leaving behind a NDR. Although a crystal

structure is not available for this double hybrid, in vitro
characterization of the H3.3/H2A.Z nucleosome’s

stability by salt induced dissociation revealed only very

small differences compared to the stability of the cano-

nical nucleosome, resulting in a puzzling discrepancy

between in vivo and in vitro results [20]. However, a

recent investigation into a post-translational modification

(PTM) found not on the histone tail, but at H3K122, in

the center of the nucleosome core, suggests a plausible

explanation that could neatly resolve this discrepancy

[21��]. Acetylation at H3K122 disrupts the interaction

between the histone core and DNA, destabilizing the

nucleosome [22��]. Furthermore, it co-localizes with H3.3

and H2A.Z in vivo, leading to the compelling hypothesis

that K122 acetylation on H3.3, which is absent in the in
vitro studies, may be responsible for the destabilized

H3.3/H2A.Z nucleosome in vivo [21��]. An alternative

attractive explanation for the instability of the H2A.Z/

H3.3 hybrid nucleosome may lie with a newly character-

ized H2A.Z splice variant, H2A.Z.2.2 [23]. Due to its

unique docking domain, this particular histone physically

destabilizes the octameric core of the nucleosome. While

it is unknown whether H2A.Z.2.2 co-localizes with H3.3

in the cell, the decreased stability observed in H2A.Z/

H3.3 hybrid nucleosomes could be attributed to the splice

variants. An additional key example of nucleosome con-

formation variability has also been documented for native

CENP-A nucleosomes in vivo, which exhibit a surprising

bi-stability across the human cell cycle, concurrent with

cell-cycle regulated acetylation on K124, in the center of

the CENP-A octameric core [24,25]. Thus, it is feasible

that other histone variants display modification-depend-

ent conformational oscillations that impact their inheri-

tance and function in vivo.

While nucleosomes have been shown to associate

with specific locations within the genome, such as the

localization of H3.3 and H2A.Z to TSS, the mechanisms
Current Opinion in Genetics & Development 2014, 25:8–14 
underlying nucleosome positioning in the cell are still

being debated. Both experimental and theoretical research

have uncovered subtle structural motifs embedded within

the primary sequence of DNA as a key component driving

preferential nucleosome formation, albeit at subsaturating

levels of histones [26,27]. Many of these motifs turn out to

have a venerable lineage: a recent study demonstrates that

archaeal tetramers are positioned relative to specific motifs

in DNA sequences, tending to prefer bendable GC-con-

taining DNA motifs to stiff AT-containing DNA motifs,

similar to their eukaryotic counterparts [28�]. However, in

eukaryotes, genome-wide nucleosome positioning does

not appear to be dictated solely by DNA sequence, as

the addition of ATP to chromatin incubated in whole cell

extracts is necessary to recapitulate nucleosome phasing in
vitro, indicating that ATP-dependent chromatin remode-

lers play an important role in defining nucleosome pos-

itions within the cell [29]. Yet, other studies have

highlighted the importance of AT-rich DNA sequences

in maintaining NDRs in vivo [30,31]. Thus, while the

primary sequence of DNA does position nucleosomes in

select locations in the genome, trans-acting factors play an

equally significant role in over-ruling intrinsic DNA-

sequence based nucleosome positioning. Together, evol-

utionary conserved nucleosome positioning coupled to

ATP-driven chromatin remodelers provide a powerful

one-two punch, permitting chromatin structure to be flex-

ible and responsive to changing environmental cues from

the cell.

Despite decades of nucleosome positioning research,

surprisingly little information is available on the interplay

between key histone variants and nucleosome position-

ing. Using a 208 bp fragment of DNA, it is apparent

simply from monitoring the migration of the nucleosomes

through a native gel that the histone variants H3.3 and

H2A.Z both modify the position of the nucleosome upon

the DNA in vitro [20]. However, no extant study has yet

undertaken the difficult yet exciting task of investigating

whether individual histone variants, which are all at

subsaturating levels in vivo, manipulate structural motifs

within DNA sequences to potentially out-compete other

histone variants for certain positions in the genome, or to

create specialized chromatin structures that are co-de-

pendent on the presence of the histone variant and the

sequence of the underlying DNA.

Epigenetic inheritance and histone variants

While histone variants play an important role in regulating

gene expression, they may also participate in their own

epigenetic inheritance, maintaining correct localization on

the newly synthesized daughter strands following DNA

replication. Using a SILAC-based (stable isotope labeling

by amino acids in cell culture) approach, it was recently

determined that after two cell cycles, �20% of the core

(H3.3/H4)2 tetramer within nucleosomes were split into

H3.3/H4 dimers, assembled with newly synthesized
www.sciencedirect.com
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Figure 2
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Histone variant H3.3 is inherited after DNA replication by at least two different mechanisms. In panel A, old (H3.3/H4)2 tetramers (orange) can split in a

replication dependent manner into H3.3/H4 dimers, which are deposited on either daughter strand with newly synthesized H3.3/4 dimers (green). In

panel B, the (H3.3/H4)2 tetramers are deposited intact onto either daughter strand, where it serves as a template for re-establishment of the chromatin

state by filling in gaps with nucleosomes containing newly synthesized (H3.3/H4)2 tetramers. The centromeric histone variant found in Drosophila, CID,

and canonical (H3.1/H4)2 tetramers are also re-established via a templating mechanism.
H3.3/H4 [32]. These data support a model in which

segregated deposition of parental H3.3/H4 after DNA

synthesis is responsible for maintaining the local epige-

netic state (Figure 2a) [33]. The splitting process appears to

be primarily replication-dependent, as treatment with

hydroxyurea or aphidicolin significantly reduced splitting

events. In contrast, the remaining (H3.3/H4)2 tetramers,

along with the canonical (H3.1/H4)2 tetramers, were not

split during replication, providing support instead for a

model in which epigenetic information is regenerated after

DNA synthesis using the past epigenetic state of neighbor-

ing nucleosomes as a template (Figure 2b). These data

indicate that epigenetic inheritance of modified histones

may proceed via more than one pathway. Another example

of templating comes from Drosophila, in which the cen-

tromeric histone variant CID derived from the sperm is

used to template CID deposition at the centromere during

embryogenesis [34�]. While fertilization can occur with

sperm that lack CID, the embryos do not develop normally,

and paternal chromosomes lose the ability to recruit

maternal CID and re-establish functional centromeres.

Thus CID deposition during embryogenesis also appears

to depend on a templating mechanism, although it is

unclear whether it proceeds via direct or indirect recruit-

ment. Interestingly, several epigenetic marks on the H3

histones appear to be important for proper recycling of old

histones to the newly replicated DNA, and these marks

have been shown to change under conditions of replication

stress [35]. However, the mechanism by which nucleosome

inheritance is regulated still remains unexplored. Investi-

gations into the influence of transcription rate, histone

availability, and timing of replication may all provide

important insights into how histones provide the genome

with a molecular memory.

Friend and foe: versatile roles of histones in
DNA damage repair
The ability of chromatin to protect DNA from ionizing

radiation was established in a seminal study over 20 years
www.sciencedirect.com 
ago. When DNA was completely stripped of its nucleo-

somes and exposed to 20 Gy of gamma-radiation, the

occurrence of double strand breaks (DSBs) was 10 times

greater than that of intact cells [36]. However the dis-

covery that histone variants are intimately tied to proper

DNA damage response (DDR) progression is relatively

recent. In particular, work has focused on the role played

by variants of the H2A family: (g)H2A.X, H2A.Z and

macroH2A.

While the localized phosphorylation of H2A.X has been

implicated in the response to DSBs for some time, it is

only recently that the behavior of H2A.X in response to

clustered DNA lesions has been elucidated. Interest-

ingly, when clustered DSBs were induced by ionizing

radiation in skin fibroblasts, H2A.X phosphorylation,

monitored by immunostaining, was not limited to the

region directly surrounding the break, but occurred

throughout the genome in a dose dependent manner

[37]. This response, catalyzed by two kinases, ATM

and DNA-PK, was transient and not linked to apoptosis.

Recently, using ChIP at a defined DSB, a second H2A

variant usually involved in transcriptional regulation,

H2A.Z, was found at the break site [38]. H2A.Z is

deposited at the DSB by the ATP-dependent chromatin

remodeler p400, and is thought to re-organize the chro-

matin surrounding the DSB into a more fluid confor-

mation by promoting H4 acetylation (Figure 3).

Surprisingly, macroH2A, normally accumulated at repeti-

tive LINE elements on the inactive X chromosome, is

also found at DSBs, though it is not necessarily incorp-

orated into chromatin [39]. While macroH2A produces a

signal by ChIP after analysis of formaldehyde crosslinked

chromatin surrounding the DSB, it does not produce a

signal by ChIP after analysis of uncrosslinked chromatin,

suggesting only a transient interaction as part of the DDR

pathway. Thus, histone variants represent a crucial player

in the proper repair of double strand breaks and main-

tenance of the genome.
Current Opinion in Genetics & Development 2014, 25:8–14
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Figure 3
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The histone variants H2A.X and H2A.Z are involved in re-arrangement of

chromatin around the DSB site. After a DSB occurs, H2A.X (blue) is

phosphorylated (gH2A.X, purple), which leads to remodeling of the

chromatin on either side of the DSB such that gH2A.X is exchanged for

H2A.Z (green) by p400 (orange). H2A.Z then promotes the formation of

more open, relaxed chromatin, which is poised for repair. It has been

proposed that the incorporation of H2A.Z at DSBs creates a structure

reminiscent of a TSS, and that H2A.Z may limit the spreading of

nucleosome free regions at the break site.
While histone variants generally aid the DNA repair

process, there are examples where histones can serve

as an obstacle. In vitro experiments demonstrate that

when an oxidized abasic site, one of the most common

lesions resulting from oxidative damage, is present in the

nucleosome, the lesion is not merely removed from the

DNA, but can be transferred to the closest histone tail,

usually the lysine rich tails of H3 or H4, creating a DNA/

protein crosslink [40]. By monitoring the length of 32P-

labeled substrates before and after incorporation into a

nucleosome, the formation of single strand breaks (SSBs)

was determined to increase between 130 and 550 fold,

depending on the location of the lesion within the nucleo-

some, with lesions positioned near the entry/exit site of
Current Opinion in Genetics & Development 2014, 25:8–14 
the DNA displaying the highest rates of SSB formation.

While these experiments were conducted using recom-

binant, canonical histones, the effect of histone variants

on the rate of SSB and DNA/protein crosslink formation is

completely unknown.

Stirrers of strife: histone variants in aging and
disease
Histones play an important role in cellular aging; histone

levels decrease as part of the natural aging process in yeast

[41]. Upon inactivation of the Hir histone chaperone

complex or overexpression of histone proteins in S. cer-
evisiae, lifespan can be artificially increased, indicating

that regeneration of cellular chromatin is vital for extend-

ing lifespan [42]. Histone variants are also implicated in

cancer. A recent study has shown that specific splice

variants of macroH2A are correlated with the known

invasiveness of cancer cell lines [43]. While the total

macroH2A content is consistent between the cell lines

studied, when a cell has a greater amount of macroH2A1.1

as compared to macroH2A1.2, the cell is less invasive, as

measured by migration through a porous membrane.

Conversely, when the cell has a greater amount of

macroH2A1.2, the cell tends to be more invasive.

Mechanistically, it is not known if this correlation reflects

an increase in fragile chromatin structure imparted by

macroH2A1.2 versus macroH2A1.1, or whether the

increase in macroH2A1.2 is an indirect downstream effect

of other factors. Indeed, the potential for interaction of

upregulated macroH2A1.2 with other histone variants

remains a completely unexplored arena in the study of

cancer invasiveness.

Interestingly, alterations in histone genes are not just

associated with diseases of age. In pediatric glioblastomas,

mutations such as K27M and G34R/V are found clustered

on the tail of histone variant H3.3, causing a gain of

function mutation [44��]. These mutations cause a

reduction in the overall levels of methylation on

H3K27 by targeting the active site of SET-domain con-

taining methyl transferases [45��]. The loss of H3K27

methylation is predicted to disrupt a feedback loop that

regulates the polycomb repressor complex 2 (PCR2),

which then promotes the cancer state. Thus, histones

can play a pivotal role in the progression of the disease

state, making them potential candidates to consider for

therapeutic targeting.

Conclusions and future directions
As is evident from the large body of literature on

histones and their variants, nucleosomes and their

structure, and chromatin organization in vitro and in
vivo, this topic is a continuously evolving chapter in

the study of genomes. Despite almost 40 years of steady

progress on understanding chromatin, profound open

questions persist that make this field one of the

most exciting to investigate. Do histone variants have
www.sciencedirect.com
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different preferences for particular DNA sequences?

Do histones re-associate with the same DNA sequence

after being disrupted? Is there true molecular memory

at sites that are to be marked for the next cell cycle?

How is such memory over-ridden when cells embark on

different developmental programs? How does the vig-

orous compression in the mitotic chromosome physi-

cally affect the position and stability of various types of

nucleosomes? When cells age or transit into resting

phase, how does the proportion of histone variants

and nucleosome positions change, and how do such

phenomena affect the rate of gene expression, DNA

repair, remodeling and replication? All these questions

await answers, which will eventually bring a more

complete conceptual framework of the behaviors used

to regulate genetic accessibility by these tiny, but

crucial proteins, the tricksters of the genome.
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