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SUMMARY

Histones package and compact DNA by assembling into nucleosome core particles. Most histones are
synthesized at S phase for rapid deposition behind replication forks. In addition, the replacement of
histones deposited during S phase by variants that can be deposited independently of replication provide
the most fundamental level of chromatin differentiation. Alternative mechanisms for depositing different
variants can potentially establish and maintain epigenetic states. Variants have also evolved crucial roles
in chromosome segregation, transcriptional regulation, DNA repair, and other processes. Investigations
into the evolution, structure, and metabolism of histone variants provide a foundation for understanding
the participation of chromatin in important cellular processes and in epigenetic memory.
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OVERVIEW

Histones package DNA by assembling into nucleosome core
particles, whereas the double helix wraps around. Over evo-
lutionary time, histone-fold domain proteins have diversified
from archaeal ancestors into the four distinct subunits that
comprise the familiar octamer of the eukaryotic nucleosome.
Further diversification of histones into variants results in dif-
ferentiation of chromatin that can have epigenetic conse-
quences. Investigations into the evolution, structure, and
metabolism of histone variants provides a foundation for un-
derstanding the participation of chromatin in important cel-
lular processes and in epigenetic memory.

Most histones are synthesized at S phase for rapid de-
position behind replication forks to fill in gaps resulting
from the distribution of preexisting histones. In addition, the
replacement of canonical S-phase histones by variants, inde-
pendent of replication, can potentially differentiate chroma-
tin. The replacement of a canonical histonebya noncanonical
variant is a dynamic process that changes the composition of
chromatin.

The differentiation of chromatin by a histone variant is
especially conspicuous at centromeres, in which the H3 var-
iant, CENP-A, is assembled into specialized nucleosomes that
form the foundation for kinetochore assembly. A centromeric
H3 (cenH3) counterpart of CENP-A is found in all eukaryotes.
In plants and animals, the faithful assembly of cenH3-con-
taining nucleosomes at centromeres does not appear to re-
quire centromeric DNA sequences, a spectacular example of
epigenetic inheritance. Some cenH3s have evolved adaptive-
ly in regions that contact DNA, which suggests that centro-
meres compete with each other, and cenH3s and other
centromere-specific DNA-binding proteins have adapted in
response. This process could account for the large size and
complexity of centromeres in plants and animals.

Chromatin can also be differentiated outside of centro-
meres by incorporation of a constitutively expressed form of

H3, called H3.3, which is the substrate for replication-in-
dependent nucleosome assembly. Replacement with H3.3
occurs at active genes, a dynamic process with potential epi-
genetic consequences. Differences between H3 and H3.3 in
their complement of covalent modifications might underlie
changes in the properties of chromatin at actively transcribed
loci.

Several H2A variants can also differentiate or regulate
chromatin. H2A.X is defined as a variant by a four-amino-
acid carboxy-terminal motif whose serine residue is the site
for phosphorylation at sites of DNA double-stranded breaks.
Phosphorylation of H2A.X is an early event in double-strand
break repair, inwhich it is thought to concentrate components
of the repair machinery. H2A.X phosphorylation also marks
the inactive XY bivalent during mammalian spermatogenesis
and is required for condensation, pairing, and fertility.

H2A.Z is a structurally diverged variant that has long pre-
sented an enigma. Studies in yeast have implicated H2A.Z in
establishing transcriptional competence and in counteracting
heterochromatic silencing. The biochemical complex that re-
places H2Awith H2A.Z in nucleosomes is an ATP-dependent
nucleosome remodeler, providing the first example of a spe-
cific function for a member of this diverse class of chromatin-
associated machines.

Two vertebrate-specific variants, macroH2A and H2A.B
(also called H2A.Bbd), display contrasting features when
packaged into nucleosomes in vitro, with macroH2A imped-
ing and H2A.B facilitating transcription. These features are
consistent with their localization patterns on the epigeneti-
cally inactivated mammalian X chromosome: macroH2A
showing enrichment and H2A.B showing depletion.

The emerging view from these studies is that histone var-
iants and the processes that deposit them into nucleosomes
provide a primary differentiation of chromatin that might
serve as the basis for epigenetic processes.

S. Henikoff and M.M. Smith

2 Cite this article as Cold Spring Harb Perspect Biol 2015;7:a019364

 on August 22, 2022 - Published by Cold Spring Harbor Laboratory Press http://cshperspectives.cshlp.org/Downloaded from 

http://cshperspectives.cshlp.org/


1 DNA IS PACKAGED BY ARCHITECTURAL
PROTEINS IN ALL ORGANISMS

The enormous length of the DNA double helix relative to
the size of the chromosome that contains it requires tight
packaging, and architectural proteins have evolved for this
purpose. The first level of packaging shortens the double
helix and protects it from damage while still allowing DNA
polymerase to gain full access to each base pair every cell
cycle. In addition, these architectural proteins facilitate
higher-order folding to further reduce the length of a chro-
mosome. Perhaps because of stringent requirements for
packaging DNA, only two structural classes of architectural
proteins are found in nearly all cellular life-forms (Talbert
and Henikoff 2010): HU proteins that package bacterial
DNA, and histones that package eukaryotic DNA. Archaeal
DNA is packaged by either HU proteins or histones.

Histones package DNA into nucleosome particles, and
this architectural role can account for the fact that histones
comprise half of the mass of a eukaryotic chromosome.
However, histones have also been found to play diverse

roles in gene expression, chromosome segregation, DNA
repair, and other basic chromosomal processes in eukary-
otes. Specific requirements of these chromosomal process-
es have led to the evolution of distinct histone variants.
The incorporation of a variant histone into a nucleosome
represents a potentially profound alteration of chromatin.
Indeed, some histone variants are deposited by distinct
nucleosome assembly complexes, which suggests that chro-
matin is diversified, at least in part, by the incorporation
and replacement of histone variants.

The four core histones, H2A, H2B, H3, and H4, differ
with respect to their propensity to diversify into variants.
For example, humans have only one H4 isotype but several
H2A paralogs with different properties and functions. Ev-
idently, the different positions of the core histones within
the nucleosome particle have subjected them to different
evolutionary forces, leading to important diversifications
of H2A and H3 but not to H2B and H4 (Fig. 1). The
availability of genomic sequences from a wide variety of
eukaryotes allows us to conclude that these diversifications
have occurred at various times during eukaryotic evolu-
tion. However, the evident diversification of an ancestral
histone-fold protein into the familiar four core histones
must have occurred early in the evolution of the eukary-
otic nucleus or perhaps before. By considering these an-
cient events, we gain insight into the forces that have
resulted in subsequent diversification into present-day
variants.

2 EUKARYOTIC CORE HISTONES EVOLVED
FROM ARCHAEAL HISTONES

The eukaryotic nucleosome is a complex structure, consist-
ing of an octamer of four core histones wrapped nearly
twice by DNA, with histone tails and linker histones me-
diating a variety of packaging interactions outside the core
particle (Arents et al. 1991; Wolffe 1992; Luger et al. 1997).
Archaeal nucleosomes are much simpler, and it is evident
that they resemble the ancestral particle from which eu-
karyotic nucleosomes evolved (Malik and Henikoff 2003).
An archaeal nucleosome consists of histone-fold domain
proteins that lack tails and form a tetrameric particle that is
wrapped only once by DNA. The genomes of all ancient
archaeal lineages encode histones (Fig. 2), which implies
that the eukaryotic nucleosome evolved from an as-yet
unidentified archaeal ancestor. The kinship between ar-
chaeal and eukaryotic nucleosomes can be seen by com-
paring their structures: The backbone of the archeal
tetramer nearly superimposes over that of the (H3-H4)2
tetramer. When archaeal nucleosomes are reconstituted to
form chromatin, the resulting fiber behaves similarly to
“tetrasomes” of (H3-H4)2, and when mapped in vivo,
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Figure 1. Histone variants. Protein domain structure for the core
histones (H3, H4, H2A, and H2B), linker histone H1, and vari-
ants of histones H3 and H2A. The histone-fold domain (HFD)
is where histone dimerization occurs. Regions of sequence varia-
tion in histone variants are indicated in red. WHD, winged-helix
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they show phasing downstream from transcriptional start
sites analogous to what is seen for eukaryotic nucleosomes
(Ammar et al. 2012). Therefore, it is thought that eukary-
otic nucleosomes evolved from an archaeal ancestor by
doubling the number of subunits to allow for a second
DNAwrap, and by acquisition of histone tails. In addition,
DNAwraps into a right-handed superhelix around archaeal
cores, but into a left-handed superhelix around eukaryotic
cores.

Further insight into the origin of the eukaryotic nucle-
osomes comes from examination of the subunit structures
of archaeal nucleosomes. Whereas most archaeal histones
are undifferentiated monomers or are differentiated into
structurally interchangeable variants that come together
to form a tetramer, some are head-to-tail dimeric fusions
that come together to form a dimer of fused dimers. When
two of these fused dimers assemble into a nucleosome par-
ticle, each member of the fused pair is in a structurally
distinguishable position. By occupying distinct positions
in the particle, each member of the archaeal fused dimer
will evolve independently, allowing it to adapt to a single
position in the nucleosomeparticle. In contrast,monomers
that occupy interchangeable positions are not free to adapt

to particular positions. Indeed, the twomembers of archae-
al dimers have diverged from one another in both indepen-
dent lineages inwhich they are found. This process provides
a possible scenario for the differentiation of an ancestral
histone-fold domain protein into four distinct subunits
that occupy distinct positions in the eukaryotic nucleo-
some. Like their presumed archaeal ancestors, eukaryotic
histones form dimers, where H2Adimerizes withH2B, and
H3 with H4 (which also stably tetramerizes in solution).
The structural backbone of an archaeal histone dimer su-
perimposes with those of H2A-H2B and H3-H4 at 2-Å
resolution, with the first member of the dimeric repeat
superimposing on H2A or H3 and the second member
superimposing on H2B or H4. So, although all four eu-
karyotic histones lack significant sequence similarity to
one another and to archaeal histones, the striking structural
superposition of dimeric units suggests that eukaryotic
histones evolved and differentiated from simpler archaeal
ancestors.

The asymmetry of H2A-H2B and H3-H4 dimers,
which appears to have originated from archaeal tandem
dimers, could have led the way to subsequent diversifica-
tion of eukaryotic histone variants. Both H2A and H3 cor-
respond to the first member of archaeal tandem histone
dimers and both have subsequently diversified multiple
times in eukaryotic evolution. In contrast, H2B and H4
correspond to the second member and have shown little
(H2B) or no (H4) functional diversification. Both H3 and
H2A make homodimeric contacts in the octamer (Fig. 3),
whereas H4 and H2B only contact other histones. As a
result, changes in the residues involved in homodimeriza-
tion of either H2AorH3 can potentially resist formation of
mixed octamers, allowing nucleosomes containing anH2A
or H3 variant to evolve independently of parental nucleo-
somes. In general, structural features that facilitated inde-
pendent evolution of subunits may have been prerequisites
for diversification of nucleosome particles.

Although we can rationalize the descent of the eukary-
otic core histones fromarchaeal tandemdimers, other basic
questions remain. Where did histone tails come from? Did
(H3-H4)2 tetrasomes evolve before acquiring flanking
H2A-H2Bdimers, or perhaps the fourcore histones evolved
first as (H2A-H2B-H4-H3) “hemisomes” before doubling
to form the octamer, or was there some other evolutionary
progression from tetramer to octamer? Did these events
occur before, during, or after the evolution of the eukaryot-
ic nucleus? Did the emergence of octameric nucleosomes
with twoDNAwraps allow for the tight packaging ofmitot-
ic chromosomes, a eukaryotic-specific invention? Perhaps
the sequences of more archaea or of primitive eukary-
otes will reveal intermediate forms that can answer these
questions.
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Figure 2. Archaeal cladogram indicating the presence of histones in
all ancestral clades. Losses are attributable to horizontal transfer of
HUproteins from bacteria. (Modified, with permission, fromBroch-
ier-Armanet et al. 2011,# Elsevier.)
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3 BULK HISTONES ARE DEPOSITED AFTER
DNA REPLICATION

Thepackagingof essentiallyallDNAinaeukaryoticcell into
nucleosomes requires that chromatin is duplicated when
DNAreplicates. Thus, canonical histones areproduceddur-
ing the DNA synthesis (S) phase of the cell cycle. S-phase
coupling of histone synthesis to DNA synthesis is under
tight cell-cycle control (Marzluff and Duronio 2002). This
is especially evident in animals, in which special processing
of histone transcripts by the U7 small nuclear ribonuclear
protein complex, and messenger RNA (mRNA) stabiliza-

tion by the stem-loop-binding protein (SLBP) contributes
to the tight coordination of histone synthesis with DNA
replication. The need for rapid and massive production of
histones during S phase is very likely responsible for the fact
that replication-coupled (RC) histones in animals are en-
coded in clusters that comprise many histone genes. For
example, there are 14 H4 genes in the human genome,
most of which are found in two major clusters, where these
H4 genes are interspersed with other RC histone genes
(Marzluff et al. 2002). In animals, RC histones are recog-
nizable by the presence of a 26-bp 3′ sequence that forms a
stem-loop for recognition by SLBP when transcribed into
histone mRNA. Canonical plant histones are also encoded
by multiple genes and are deposited during S phase, al-
though plant histone transcripts are polyadenylated and
there does not appear to be a counterpart to SLBP.

To the extent that epigenetic inheritance results from
inheritance of a chromatin “state,” the process of RC nucle-
osome assembly has been of intense interest. The biochem-
istry of the process was elucidated with the development of
in vitro systems that could assemble nucleosomes onto rep-
licating DNA. These studies revealed that a three-subunit
complex, CAF-1 (chromatin assembly factor 1), acts as a
histone chaperone that facilitates the incorporation of H3-
H4 as a first step in nucleosome assembly (reviewed in Loy-
ola and Almouzni 2004). CAF-1 was shown to interact with
the replication processivity clamp, PCNA, which implies
that DNA replication and RC assembly occur in close prox-
imity (Fig. 4). Work in budding yeast revealed that none of
the subunits of complexes involved in RC assembly in vitro
is essential for growth, suggesting that in vivo, there are
redundant mechanisms for RC assembly. The fact that
much of yeast chromatin is assembled in a replication-in-
dependent (RI) manner (Altheim and Schultz 1999) pro-
vides a rationale for this evident redundancy.Aswe shall see,
histone variants are typically deposited by RI nucleosome
assembly.

RC assembly is not completely redundant in budding
yeast. An intriguing finding is that absence of the large
CAF-1 subunit leads to loss of epigenetic silencing at telo-
meres (Loyola and Almouzni 2004). Moreover, in human
cells, depletion of CAF-1 results in the deposition ofH3.3 at
sites of DNA replication (Ray-Gallet et al. 2011). The con-
nection between RC assembly and epigenetic silencing has
been extended to Arabidopsis, in which loss of CAF-1 sub-
units results in a variety of defects attributable to loss of
epigenetic memory (Kaya et al. 2001). Although the mech-
anistic basis for these observations is unknown, it seems
clear that the proper deposition of new nucleosomes be-
hind the replication fork is important for maintaining an
epigenetically silenced state. An example of the importance
of replication-coupled assembly for maintaining a devel-
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opmental state is the observation that the identity of one of
two sister neurons inCaenorhabditis elegans is disrupted by
mutating either the H3-H3 dimerization interface or CAF-
1 (Nakano et al. 2011).

A prerequisite for epigenetic inheritance of a nucleo-
some state is that preexisting nucleosomes must be distrib-
uted to daughter chromatids following replication. Indeed
this is the case; classical studies have shown that old nucle-
osomes are inherited intact and evidently at random to
daughter chromatids (Annunziato 2005). However, more
recent studies of particular cell types and particular loci
have challenged this dogma. Germline stem cells in Dro-
sophila male early embryos show asymmetric inheritance
of RC H3, but not RI H3.3, whereby old nucleosomes re-
main in the stem cell and new nucleosomes segregate to the
differentiating daughter cell (Tran et al. 2012). Moreover,
although RC H3 was not found to split at replication (Xu
et al. 2010), the small amount of RI H3.3 that splits was
shown to be enriched at active human genes and cell-type-
specific enhancers (Huang et al. 2013). Taken together,
these two findings suggest that RC nucleosome assembly
is profoundly involved in initiating developmental deci-
sions and RI assembly in epigenetic inheritance, resusci-
tating ideas proposed long before these pathways were
elucidated (Weintraub et al. 1976). More work is needed

to test these exciting possibilities and to explore the impor-
tance of nucleosome deposition pathways in establishing
and maintaining epigenetic states (Jenuwein 2001; Henik-
off and Ahmad 2005).

4 VARIANT HISTONES ARE DEPOSITED
THROUGHOUT THE CELL CYCLE

As we have seen, core histones can be classified based on
their ancestral sequence and position in the nucleosome.
Linker histones are characterized by a winged-helix do-
main, rather than a histone-fold domain, and bind to the
linker DNA that separates nucleosomes (Wolffe 1992). Al-
though minor variants of these canonical histones exist,
they appear to be interchangeable with the major form.
For example, mammalian H3.1 and H3.2 differ by a single
amino acid that is not known to impart different functional
properties to the two isoforms. The existence of multiple
genes that produce large amounts of canonical histones for
S-phase deposition is typical of eukaryotic genomes. The
near ubiquity and overwhelming abundance of canonical
S-phase histones has resulted in relatively little attention
being paid to histone variants until recently.

The renaissance of interest in histone variants came in
part from the realization that they differ from canonical
S-phase histones in ways that can lead to profound differ-
entiation of chromatin. One way that they differ is in their
mode of incorporation into chromatin. RC assembly in-
corporates new nucleosomes into gaps between old nucle-
osomes genome-wide, whereas RI assembly involves local
replacement of an existing nucleosome or subunit (Mar-
zluff et al. 2002). RI assembly therefore has the potential of
switching a chromatin state by replacing a canonical his-
tone with a variant. Replacing one histone with another
also could erase or alter the pattern of posttranslational
modifications. Therefore, RI assembly can potentially reset
epigenetic states that are thought to be mediated by his-
tones and their modifications. Recent progress in studying
histone variants and the processes by which they are depos-
ited has led to new insights into the basis for epigenetic
inheritance and remodeling. Below we discuss features of
particular histone variants that contribute to chromatin
differentiation and might be involved in propagating epi-
genetic information.

5 CENTROMERES ARE IDENTIFIED BY
A SPECIAL H3 VARIANT

A defining feature of the eukaryotic chromosome is the
centromere, which is the site of attachment of spindle mi-
crotubules at mitosis. The first centromeres to be described
in molecular detail were those of budding yeast (Saccharo-
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myces cerevisiae), in which a 125-bp sequence is necessary
and sufficient for centromere formation (Amor et al.
2004b). However, centromeres of plants and animals are
very different, typically consisting of megabase arrays of
short tandem repeats. Unlike the situation for budding
yeast, the role of DNA sequence at these complex centro-
meres is uncertain because fully functional human neo-
centromeres are known to form spontaneously at ectopic
sites that entirely lack sequences resembling centromeric
repeats (Fig. 5A). These and other observations argue
against a direct role of DNA sequence in determining the
location of centromeres (see Allshire and Ekwall 2014).

A key insight into the basis for centromere identity and
inheritance came from the identification of a histone H3
variant, CENP-Awhichwas found to localize specifically to
centromeres and be incorporated into nucleosomal parti-
cles in place of H3 itself (Palmer et al. 1991). Remarkably,
CENP-A remains associated with centromeres during the
transition from histones to protamines during spermato-
genesis, when essentially all other histones are lost (Palmer
et al. 1990). This early observation in the study of CENP-A
suggested that CENP-A contributes to centromere identity
of the male genome. The generality of this insight was not
fullyappreciateduntil itwas realized thatCENP-A is amuch
better marker for centromeres than DNA sequence (Fig. 5)
(Amor et al. 2004b), and that counterparts of CENP-A
(cenH3s) can be found in the genomes of all eukaryotes
(Talbert and Henikoff 2010). So, although budding yeast
centromeres are determined by a 125-bp consensus se-
quence, this is also the site of a centromeric nucleosome
that contains the cenH3 variant. In fission yeast (Schizosac-
charomyces pombe), an array of cenH3-containing nucleo-
somes occupies the central core region of the centromere
flanked byH3-containing nucleosomes that display hetero-
chromatic features (see Fig. 3 of Allshire and Ekwall 2014;
Amor et al. 2004b). In flies and vertebrates, cenH3s are
present in arrays that alternate with H3-containing arrays
that display a unique pattern of histonemodifications (Sul-
livan andKarpen2004).Alternation canaccount for the fact
that centromeres occupy only the outside edge of the cen-
tromeric constriction of metaphase chromosomes. This is
consistent with the observation that inworm “holokinetic”
chromosomes, microtubules attach throughout the length
of each anaphase chromosome, and cenH3 occupies the
leading edge all along its length (Fig. 5C) (Malik andHenik-
off 2003). Indeed a unique cenH3 variant is found to pre-
cisely mark the centromere in nearly all eukaryotes (Fig.
6A). This apparent ubiquity, and the presence of centro-
meres to perform mitosis in all eukaryotes, raises the pos-
sibility that the first canonical H3 evolved from a cenH3.

Genetic experiments in a variety of eukaryotes have
confirmed the essentiality of cenH3 for formation of the
kinetochore and for chromosome segregation (Amor et al.
2004b). Because they remain in place throughout the cell
cycle, cenH3-containing nucleosomes form the foundation
for assembly of other kinetochore proteins during mitosis
andmeiosis (see Allshire and Ekwall 2014). An outstanding
question in chromosome research is just how these proteins
interact to provide a linkage between the centromere and
spindle microtubules that can hold up to the strong pulling
forces exerted on kinetochores at anaphase. Several dozen
kinetochore-specific proteins have been identified in yeast
(for more detail, see Allshire and Ekwall 2014), although
exactly how they interact with cenH3-containing nucleo-

A

B C

Figure 5. cenH3s at centromeres of eukaryotes. (A) Human neocen-
tromeres (indicated by an arrow) lack centromeric a-satellite DNA,
but have CENP-A and heterochromatin. Anti-CENP-A staining
in green and Anti-CENP-B staining in red (which marks a-satellite
DNA) identifies a Chromosome 4 neocentromere that lacks a-satel-
lite (main panel). This Chromosome 4 is otherwise normal, having
been transmitted for at least three meiotic generations in normal
individuals. Inset shows anti-HP1 staining, which indicates that de-
spite the lack of satellite DNA, heterochromatin forms around active
neocentromeres (indicated by arrow). (Reprinted, with permission,
from Amor et al. 2004a, # National Academy of Sciences.) (B)
Drosophila melanogaster anti-cenH3 antibody (red) stains centro-
meres in metaphase chromosomes and throughout interphase. (Im-
age courtesy of Suso Platero.) (C) C. elegans anti-cenH3 antibody
(green) stains the end-to-end holocentromeres of prophase chromo-
somes (red). (Image courtesy of Landon Moore.)
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somes and other foundation proteins, such as CENP-C,
remains unclear.

The evolution of cenH3s is unlike that of any other
histone class. Whereas histone H3 is almost invariant in
sequence, which reflects extraordinarily strong purifying
selection on every residue, cenH3s are evolving rapidly,
especially in plant and animal lineages (Talbert and Henik-
off 2010). This is most evident from the amino-terminal
tails, which differ in length and sequence to such an extent
that they cannot be aligned between the cenH3s of different
taxonomic groups. Even the histone-fold domain of cenH3
is evolving orders of magnitude faster than that of H3.
What is the reason for this striking evolutionary difference
between an H3 that functions at centromeres and an H3
that functions everywhere else?

Rapidly evolving regions of Drosophila and Arabidopsis

cenH3 genes display an excess of replacement nucleotide
substitutions over what would be expected from the rate of
synonymous substitutions (Malik and Henikoff 2009).
This excess is a hallmark of adaptive evolution. Adaptive
evolution in plants and animals is also seen for another
major centromere foundation protein, CENP-C (Malik
and Henikoff 2009). Although adaptive evolution is well
documented for genes involved in genetic conflicts such
as arms races between hosts and parasites, these are the
only known essential single-copy genes that are adap-
tively evolving in any organism. In the case of cenH3 and
CENP-C, the regions of adaptive evolution correspond to
regions of DNA binding and targeting. This suggests that
the major centromere-binding proteins are adapting to
the evolving centromeric DNA, thus allowing centromeric
chromatin to interact with the conserved kinetochore ma-
chinery that connects the centromere to spindle micro-
tubules. It has been proposed that centromeres compete
during female meiosis to be included in the egg nucleus
rather than being lost as polar bodies (Malik and Henikoff
2009). An arms racewould develop leading to expansion of
centromeres, probably by unequal crossing-over between
sister chromatids. Host suppression of this meiotic drive
process by cenH3 and CENP-C would lead to an excess of
replacement changes in regions that interact with DNA.
Organisms in which there is no opportunity for centro-
meres to compete, such as budding yeast, would not un-
dergo centromere drive, and this might account for the fact
that they have small centromeres, and their cenH3 and
CENP-C proteins are under strong purifying selection.

Thus, we see that a special region of the genome, the
centromere, is distinguished by a single histone variant
class, whose sequences reveal remnants of an arms race
that may have led to the extraordinary complexity of cen-
tromeres. The RI assembly process that targets new cenH3-
containing nucleosomes to centromeres every cell cycle has

been elucidated by the discovery and detailed characteriza-
tion of the related Scm3 (yeast) and HJURP (mammalian)
cenH3-specific chaperones (Stoler et al. 2007; Dunleavy
et al. 2009; Foltz et al. 2009). Detailed biochemical and
structural characterization of Scm3/HJURP complexes
(Shuaib et al. 2010; Cho andHarrison 2011; Hu et al. 2011)
indicates a role in CenH3 nucleosome assembly that paral-
lels thatofothernucleosomeassemblycomplexes,discussed
further in Almouzni and Cedar (2014). Centromeric nu-
cleosomes show a remarkable lack of sequence specificity
in that they not only can faithfully localize to neocentro-
meres that are completely unlike native centromeres (Fig.
5A), but also the yeast homolog Cse4 can functionally
replace human CENP-A (Wieland et al. 2004). It is ex-
traordinary that our centromeres have remained in the
same positions for tens of millions of years without any
evident sequence determinants involved in the process that
maintains them. To the extent that epigenetics refers to
inheritance that does not depend on DNA sequence, the
inheritance of centromeres on a geological timescale is the
most extreme form imaginable. Yet, we are still seeking a
mechanism to explain how they have maintained them-
selves for even a single cell cycle.

There is now general agreement in the centromere field
that the cenH3 nucleosome is the key to understanding
the epigenetic inheritance of centromeres (Black and
Cleveland 2011; Henikoff and Furuyama 2012). It is not
only necessary for recruitment of the other structural com-
ponents of the centromere, in some experimental systems
it is also sufficient (Guse et al. 2011; Mendiburo et al.
2011). However, its molecular structure has been the
subject of controversy for several years. In vivo evidence
from flies, humans, and yeast is most consistent with a
right-handed hemisome (Henikoff and Furuyama 2012),
whereas several groups have shown that reconstitution
of cenH3-containing particles generally results in the for-
mation of a partially unwrapped left-handed octameric
nucleosome (Black and Cleveland 2011). Indeed, since
2007, the authors of this article coauthored the studies
that provided the first evidence for nonoctameric cenH3
particles (Dalal et al. 2007; Mizuguchi et al. 2007), but
the composition and structure of these proposed particles
were completely different! In light of the continuing con-
troversy, we leave a final resolution of this important issue
to the future.

6 THE REPLACEMENT HISTONE VARIANT H3.3
IS FOUND AT ACTIVE CHROMATIN

Like centromeres, transcriptionally active chromatin is
thought to be maintained epigenetically and is enriched
in an H3 variant, H3.3, which is the substrate for RI dep-
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osition (Filipescu et al. 2013). H3.3 is very similar in se-
quence to the canonical forms of H3, differing by only four
amino acids. With so few differences, it might have been
assumed that these two forms are interchangeable. How-
ever, H3.3 is deposited exclusively by RI nucleosome as-
sembly, whereas H3 is deposited only at replication foci
in an RCmanner. This difference between the two variants
is encoded in the protein itself, with three of the four dif-
ferences between H3 and H3.3 evidently involved in pre-
venting H3 from being deposited by an RI pathway
(illustrated in the a-helix 2 of Fig. 3). Purification of solu-
ble nucleosome assembly complexes confirmed that these
two forms participate in distinct assembly processes: H3.1
copurifies with CAF-1 for RC assembly, and H3.3 copuri-
fies with other components, including the HirA and Daxx
histone chaperones, and participates in RI assembly.

Although the four-amino-acid difference might seem
practically insignificant, when one considers that humans,
flies, and clams have precisely the same H3.3 sequence,
these differences from H3 stand out. Phylogenetic analysis
reveals that the H3/H3.3 pair evolved at least four separate
times during eukaryotic evolution, in plants, animals/fun-
gi, ciliates, and apicomplexans (Fig. 6A) (Talbert and He-
nikoff 2010). Despite having a separate origin from animals
and fungi, the animal H3/H3.3 pair and the pair from
plants (called H3.1 [RC] and H3.2 [RI]—to avoid confu-
sion, we will refer to all RC isoforms as H3 and all RI
isoforms as H3.3) are strikingly similar. The same cluster
of amino acids (positions 87–90) that prevents RI deposi-
tion of H3 in Drosophila are found to differ in plants, and
the remaining difference in animals (position 31 is Ala for
H3 and either Ser or Thr for H3.3) is also found in plants.
Fungi are especially interesting. Ancestrally, they have both
H3 and H3.3; however, ascomycetes, which include yeasts
and molds, have lost the H3 form. Thus, the obligate RC
form of histone 3 that has received the most attention in
animals is not even present in yeast.

Studies of H3.3 in bulk chromatin showed that it is
enriched in transcriptionally active chromatin fractions
(Filipescu et al. 2013).However, various factors contributed
to theobscurityof this potential “mark”of active chromatin
during a time of great excitement in the chromatin field
when it was realized that histone modifications can distin-
guish active from silent chromatin. For one thing, no anti-
bodies were available that could effectively distinguish H3
from H3.3 in chromatin (positions 87–90 are blocked by
the DNA gyres in the nucleosome), whereas excellent anti-
bodies against many different posttranslational modifica-
tions were readily available. Also, the seemingly slight
sequence differences between H3 and H3.3 did not suggest
any fundamental distinctions in chromatin, whereas his-
tone modifications were mostly on tail lysines that were

known to affect chromatin interactions or to bind chroma-
tin-associated proteins. This perception that the two his-
tone 3 forms should be interchangeable was confirmed by
the finding in Tetrahymena andDrosophila that the S-phase
form can in general substitute for its replacement counter-
part. Finally, the influential “histone code” hypothesis en-
visioned nucleosomes as fixed targets of modification
enzymes during chromatin differentiation (Jenuwein and
Allis 2001). However, it has become increasingly evident
that chromatin is highly dynamic, and even heterochroma-
tin-associated proteins bind with residence times of a mi-
nute or less (Phair et al. 2004). It appears that the chromatin
of actively transcribed genes is in constant flux, character-
ized by continual histone replacement (Dion et al. 2007).
The three core amino acid differences that distinguish H3
andH3.3makeH3.3-H4 dimers the substrate for RI assem-
bly, and RI assembly itself profoundly changes chromatin.
As a result of this process, actively transcribed regions be-
comemarked byH3.3 (Fig. 7), and evidence for this process
comes from the observation of RI replacement of H3meth-
ylated on lysine-9 (H3K9me) with tagged H3.3 at RNA
polymerase I and II (RNA Pol I and II) transcribed loci
(Schwartz and Ahmad 2005).

The dynamic nature of chromatin at active loci results
in the erasure of preexisting histone modifications, and
yet histone modification states persist through multiple
rounds of cell division. Therefore, the enzymes responsible
for modifying histones must be targeted to their sites of
action. For histone modifications that are typically as-
sociated with transcriptionally active chromatin, this is
achieved by association with the carboxy-terminal do-
main (CTD) of RNA Pol II, a tandem array of YSPTSPS

DAPI H3.3 DAPI + H3.3

Figure 7. H3.3 preferentially localizes to actively transcribed regions
ofDrosophila polytene chromosomes. DAPI staining (red) shows the
DNA banding pattern (left), and H3.3-GFP (green) localizes to in-
terbands (middle), which are sites of RNA Pol II localization. The
merge (Schwartz and Ahmad 2005) is shown on the right. In each
image, the shorter arrow points to a decondensed interband that is
enriched in H3.3, and the longer arrow points to a condensed band
that lacks H3.3.
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heptamers. For example, the Set1 H3K4 methyltransferase
associates with the CTD when it is heavily phosphorylated
on Serine-5 during transcriptional initiation, and so en-
counters its substrate primarily near initiation sites. Simi-
larly, the Set2 H3K36 methyltransferase associates with the
CTD when it becomes heavily phosphorylated on Serine-2
during transcriptional elongation and encounters its sub-
strate within gene bodies. When a nucleosome is evicted
and replaced with unmodified histones during transcrip-
tional elongation, the newly deposited H3.3 is therefore
modified appropriately.

It appears that an analogous process maintains histone
modifications that are typically associated with silent chro-
matin. Nucleosomes that are lost at sites of short-period
tandem repeats, such as occur atmammalian telomeres and
pericentric regions, are replaced by the Daxx H3.3-specific
histone chaperone complex and the ATRX ATP-dependent
nucleosome remodeling protein (Fig. 8) (Drane et al. 2010;
Goldberg et al. 2010). ATRX has a bifunctional histone tail
recognition domain with high affinity for an H3 tail that is
both unmethylated at K4 and trimethylated at K9 (Euster-
mann et al. 2011), and so likely is recruited to telomeric
sites that are enriched for H3K9me and lack H3K4me.
Telomeres are also enriched for heterochromatin-associat-
ed protein 1 (HP1), which recruits the Su(var)3-9 H3K9
methyltransferase, and binds its H3K9 methylated product
(Hines et al. 2009), and so an enzyme that methylates the
tails of replacement H3.3 at telomeres is present at a high
local concentration in which new H3.3 is incorporated.
This implies that all of the components necessary formain-
taining H3K9 methylation are present at telomeres: the

enzyme that performs the modification, the modifica-
tion-specific-binding module on the machine that uses
ATP to provide energy for the replacement process, and
the fresh unmodified H3.3 substrate that becomes incor-
porated into the new nucleosome (Fig. 8). It seems likely
that a similar process occurs at other sites of short-period
tandem repeats inDNAwhere nucleosomes frequently turn
over, insofar as ATRX is also abundant in mammals at C +

G-rich sites (Law et al. 2010), which are found at most
promoters, and the Drosophila ortholog of ATRX, XNP, is
abundantly present at a single site of a (GATA)n repeat
where H3.3 is actively incorporated (Schneiderman et al.
2009). The incorporation of H3.3 nucleosomes at sites of
telomeric heterochromatin belies the common notion that
H3.3 is a “mark” of active chromatin. As the general sub-
strate for replacement of nucleosomes wherever they are
lost, the finding that H3.3 is mostly incorporated at active
genes rather implies that these are sites where nucleosome
turnover is most intense. This generic replacement func-
tion of H3.3 has important relevance to human disease as
described in Section 15.

7 H3.3 FUNCTIONS IN THE GERMLINE

When cells exit the cell cycle and differentiate, they no
longer produce or incorporate S-phase histones, and
H3.3 accumulates as a result. For example, H3.3 accumu-
lates in rat brains to a level of 87% of the histone 3 by the
time that rats are 400 days old (Pina and Suau 1987). This
classical observation suggested that replacement by H3.3
has no functional significance except to prevent holes in the
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Figure 8.Model for maintenance of histone modifications by the concerted action of multiple chromatin regulators
via RI replacement with H3.3. We address the question of how a histone modification can be inherited when
a nucleosome is lost and replaced. (A) The Suv39h H3K9 methyltransferase (an ortholog of fly Su(var)3-9) is
recruited by HP-1 protein, which binds specifically to methylated H3K9. To perpetuate this mark when the
nucleosome turns over, we speculate that the ATRX ATPase is recruited to the site via its ATRX-DNMT3-DNMT3L
(ADD) domain, which binds with high specificity to methylated H3K9 on tails that entirely lack H3K4 methylation
(because there are no H3K4 methyltransferases in this region of the genome). (B) ATRX provides the energy of ATP
and works together with the H3.3-specific DAXX histone chaperone complex to incorporate the new nucleosome
(Goldberg et al. 2010), or half-nucleosome in the case of partial eviction (Xu et al. 2010). The high local concen-
tration of Suv39h results in a new nucleosome with the same H3K9 methylation as the nucleosome that was lost.
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nucleosomal landscape. Consistent with this view,H3.3 has
been found to be nonessential forDrosophila development,
as flies lacking both H3.3 genes develop normally to the
pupal stage, with occasional adult escapers that die shortly
after eclosion but show no specific morphological defects
(Hodl and Basler 2009; Sakai et al. 2009). Moreover, H3.3
can functionally substitute for H3 and allow at least some
developmental decisions to be made in Drosophila embry-
os, further suggesting that RC and RI substrates are largely
interchangeable (Hodl and Basler 2012). It appears that
histone replacement in H3.3 null proliferating cells can
be accomplished by incorporating H3 nucleosomes using
the RI pathway. However, there is no germline development
in flies lacking key RI pathway components, such as HirA
(e.g., Fig. 9). Females that lack the ChD1 ATP-dependent
nucleosome remodeler protein are also sterile, evidently
because ChD1 is required in the zygote for sperm nuclei
decondensation and the replacement of protamines byma-
ternally encoded RI histones (Orsi et al. 2009). This essen-
tial germline function of the RI pathway is conserved in

mammals, in which H3.3 is required for remodeling of
both maternal and paternal gametes (Santenard et al.
2010; Akiyama et al. 2011). Similar RI processes have
been documented in both C. elegans and Arabidopsis, in
which maternal H3.3 is incorporated into the paternal ge-
nome of the zygote (Ooi et al. 2006; Ingouff et al. 2007).
Therefore, germline remodeling via RI assembly of H3.3
nucleosomes is a universal process that has evolved in both
animals and plants, most likely to “reset” the chromatin
landscape to a totipotent state.

Remodeling events in the zygote, where RI assembly of
H3.3 nucleosomes plays a key role, is analogous to nuclear
reprogramming, which can be artificially induced in Xe-
nopus eggs, mouse embryonic stem cells, and induced
pleuripotent cells. In Xenopus, transfer of an embryonic
nucleus into an enucleated egg can result in the production
of mostly normal embryos that nevertheless sometimes
(mis)express genes that were active in the differentiated
donor nucleus (Ng and Gurdon 2008). The lack of observ-
able gene expression during the intervening 12 embryonic
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Figure 9. Models for RI replacement or exchange. A large molecular machine (either the SWR1 complex or RNA
polymerase) partially or completely unravels a nucleosome during transit. The result is either retention of hetero-
dimeric subunits, such as the FACT-facilitated transfer of H2A-H2B from in front of RNA polymerase to behind
(Formosa et al. 2002; Belotserkovskaya et al. 2003) or loss of a heterodimer. In the latter case, chromatin repair
replaces the lost heterodimer with either H3.3-H4 (left) or H2A.Z-H2B (right).
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divisions implies that the persistence of an epigenetic mark
maintains the memory of prior gene activity. Overexpres-
sion of H3.3 in developing embryos improved epigenetic
memory and mutation of H3.3K4 to glutamine erased
memoryof the active state, whereas no effect was seen using
a general DNA methyltransferase inhibitor. Further evi-
dence for the importance of H3.3 in nuclear reprogram-
ming comes from the finding that the shift from somatic to
oocyte transcription does not require replication, but does
require transcription and the H3.3-specific chaperone,
HirA (Jullien et al. 2012). It is attractive to think of H3.3
and its histone partners as general mediators of totipotency
both in the zygote and during nuclear reprogramming,
insofar as histones are likely to be most accessible to the
enzymes that posttranslationally modify their tails during
nucleosome assembly (e.g., Fig. 8).

8 PHOSPHORYLATION OF H2A.X FUNCTIONS
IN DNA DOUBLE-STRAND BREAK REPAIR

The H2A histones also comprise a family of distinct vari-
ants found throughout eukaryotes (Fig. 6B). The H2A.X
variant is defined by the presence of a carboxy-terminal
amino acid sequence motif, SQ(E or D)Ø, in which Ø
indicates a hydrophobic amino acid. The serine in this
sequence motif is the site of phosphorylation, producing
a modified protein designated “gH2A.X.” The dynamic
nature of chromatin, and H2A.X phosphorylation, is espe-
cially evident when double-strand breaks (DSBs) occur
in DNA (Morrison and Shen 2005). The lethality of even
a single double-stranded (ds) break requires immediate
action to repair the lesion and restore the continuity of
the double helix. The detection of a ds break normally
occurs within a minute or so of its formation and this,
in turn, triggers the rapid phosphorylation of H2A.X in
the immediate vicinity of a break site. This phosphory-
lation is performed by members of the phosphoinositol
3-kinase-like kinase family. Following this initial event,
H2A.X phosphorylation then spreads quickly along the
chromosome marking a relatively large chromatin domain
surrounding the break. Finally, the ds break is eventually
repaired by either homologous recombination or nonho-
mologous end-joining and the phosphorylation mark is
removed.

Phosphorylation ofH2A.X is not essential for detection
or repair of DSBs because deletion of the gene or mutation
of the target serine residue does not abolish repair. How-
ever, H2A.X is not just a marker of damage because such
mutants have reduced efficiency of repair and are hyper-
sensitive to radiation damage and genotoxic agents. Cur-
rently, H2A.X is thought to function in ds break repair in at
least two ways. First, it may help recruit or retain proteins

required for repair at the site of the break (Morrison and
Shen 2005). Second, it may stabilize the chromosome sur-
rounding the broken ends through the recruitment of co-
hesin, the protein complex responsible for keeping sister
chromatids together (Lowndes and Toh 2005).

The evolution of H2A.X is unlike that of other histone
variants. Although a gene for H2A.X is found in nearly all
eukaryotes, it has hadmultiple relatively recent divergences
fromH2A (Fig. 6B) (Malik and Henikoff 2003; Talbert and
Henikoff 2010). For example, the version of H2A.X found
in Drosophila is different from that found in another dip-
teran insect, Anopheles. Some organisms, such as yeasts,
have an H2A.X but lack an H2A, consistent with the pos-
sibility that most present-day canonical H2As have evolved
from ancestral H2A.Xs (Talbert and Henikoff 2010). Pre-
sumably, the ability to evolve either a canonical H2A from
an H2A.X or vice versa is a consequence of the simplicity
of the SQE motif. Depending on selective constraints,
the loss or gain of such a simple motif at the carboxyl
terminus of a protein might occur repeatedly over evolu-
tionary time. Occasional loss of an existing H2A.X with a
newly minted version might be fueled by the need for
H2A.X to be very uniformly distributed because DSBs
can occur anywhere in the genome. If mutations occur in
an existing H2A.X gene that reduce its similarity to the
canonical H2A in such a way that its assembly becomes
less efficient or uniform, then there will be strong selection
to replace it with a version that is more similar to canonical
H2A. This rationale could help account for the exceptional
case of Drosophila H2A.X, which unlike other eukaryotes,
is not derived from its canonical H2A, but rather from the
distant H2A.Z variant lineage (Baldi and Becker 2013).
If all that is necessary to be an H2A.X is to be in the H2A
position in a nucleosome and to have the carboxy-terminal
motif for phosphorylation, then an H2A.Z can evolve this
capability.

DSB repair is clearly the universal function of H2A.X
phosphorylation, and there would seem to be no stable
epigenetic aspect to this process. However, H2A.X null
mice are sterile, and cytological examination of mammali-
an spermatogenesis has revealed a striking epigenetic fea-
ture in which H2A.X is specifically phosphorylated on the
XY bivalent (Fig. 10) (Fernandez-Capetillo et al. 2003).
This chromosome pair occupies a distinct “sex body” dur-
ing meiotic prophase, which has been implicated in silenc-
ing of sex-linked genes during male meiosis. H2A.X
phosphorylation is essential for normal sex-body forma-
tion, and H2A.X-deficient spermatocytes fail to pair or
condense and fail to inactivate X and Y genes during mei-
osis. H2A.X phosphorylation of the XY bivalent is distinct
from the process that occurs at DSBs. XY phosphorylation
in the sex body does not require breaks, but rather occurs
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most conspicuously at unpaired regions of the chromo-
somes. The mechanisms whereby H2A.X phosphorylation
is targeted to unpaired chromosomes and how this event
leads to condensation, pairing, and silencing are currently
unknown. However, it is interesting to speculate that this
role may be related to its ability to interact with and recruit
cohesin.

9 H2A.Z PLAYS DIVERSE ROLES IN CHROMATIN
REGULATION

Histone variant H2A.Z is found throughout most eukary-
otic lineages and it has been intensely studied for its struc-
ture and function in chromatin biology (Zlatanova and
Thakar 2008; Draker and Cheung 2009; Marques et al.
2010; Talbert et al. 2012).H2A.Z diverged from an ancestral
H2A early in evolution and shares only ≏60% similarity
with its major histone H2A counterpart. Consistent with
this separate lineage, genetic experiments in yeast, plants,
flies, and mammals have shown that histones H2A and
H2A.Z have evolved to play separate nonoverlapping func-
tions.H2A.Z is anessential histone inmostorganisms, from
ciliated protozoans to mammals. However, in budding and
fission yeasts, cells that carry a deletion of the single-copy
H2A.Z gene are viable, although the null mutants show a

varietyof conditional lethal phenotypes. Plants, as exempli-
fied by Arabidopsis thaliana, have three closely related
H2A.Z genes, HTA8, HTA9, and HTA11, with roughly
90% identity and a more distantly related HTA4 gene (Tal-
bert and Henikoff 2010). There appears to be functional
redundancy among these genes as organisms with single
deletions of either HTA8, HTA9, or HTA11 are normal,
whereas the hta9 hta11 double mutant shows developmen-
taldefects. Interestingly, vertebrateshaveevolvedtwoclosely
relatedH2A.Z variants,H2A.Z.1 andH2A.Z.2, which differ
at only three amino-acid residues (Dryhurst et al. 2009;
Matsuda et al. 2010; Mehta et al. 2010). These two variants
showdifferentpatternsofchromatindistribution(Dryhurst
et al. 2009) and are apparently nonredundant as the sin-
gle deletion of H2A.Z.1 in the mouse is lethal (Faast et al.
2001).

Evidence for functional diversification of H2A.Z comes
from the discovery of an alternatively spliced form of hu-
man H2A.Z.2 mRNA that results in a protein with a re-
duced CTD. This shorter H2A.Z isoform destabilizes
nucleosomes and is most enriched in brain (Bonisch et al.
2012), in which H2A.Z, like H3.3, is known to be especially
abundant (Pina and Suau 1987). Although this particular
isoform appears to be limited to primates, evidence for a
longer alternatively spliced isoform with potential for nu-
cleosome destabilizationwas reported in carp brain (Simo-
net et al. 2013). With the increasing popularity of RNA-seq
for identification of alternatively processed variants, we
expect that other examples of potential H2A.Z functional
diversification will be discovered.

The high-resolution structure of an H2A.Z-containing
nucleosome reveals several unique properties of the variant
(Suto et al. 2000). Compared with H2A nucleosomes,
H2A.Z presents an extended acidic patch domain on the
surface of the nucleosome and mutational studies have
shown this to have functional significance. The acidic patch
is then part of a larger “docking domain,” an essential part
of the protein necessary for interaction with H3 in the
nucleosome. Like other histones, H2A.Z is subject to a
variety of posttranslational modifications, including acet-
ylation, ubiquitylation, and sumoylation. There is strong
genetic and biochemical evidence that these modifications
affect the localization, dynamics, and function of H2A.Z
nucleosomes (Talbert and Henikoff 2010).

H2A.Z has been linked to a wide variety of different
and sometimes contradictory nuclear functions, includ-
ing transcriptional activation, transcriptional repression,
RNA Pol II elongation, heterochromatin, antisilencing,
cell-cycle control, DNA replication, DNA damage repair,
chromosome segregation, and genome integrity (Zlatano-
va and Thakar 2008; Altaf et al. 2009; Marques et al. 2010;
Talbert and Henikoff 2010; Xu et al. 2012; Adkins et al.

X

Y

Y

X

H2AX+/+

H2AX–/–

SCP3 SCP3 + XMR

Figure 10. Pachytene stage of spermatogenesis showing the depen-
dence of sex-body formation on H2A.X. In normal mammalian
spermatocytes, a nuclear structure, the sex body (arrow, green, in
right panels), is seen to encompass the unpaired XY bivalent (labeled
in left panels). The synaptonemal complex, which aligns paired chro-
mosomes, is stained red. H2A.X is normally enriched in the sex body
(H2A.X+/+). In H2A.X2/2 spermatocytes, the sex body does not
form and a sex-body epitope becomes dispersed (lower right). Scale
bar, 10 mm. (Images courtesy of Shantha Mahadevaiah and Paul
Burgoyne; Fernandez-Capetillo et al. 2003.)
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2013). It likely has direct mechanistic roles in transcription
initiation, elongation, antisilencing, and DNA damage re-
pair. In some other cases, evidence suggests that H2A.Z
function is manifest indirectly through its involvement
in transcription. For example, delay in the G1-S transition
observed in budding yeast deleted for H2A.Z is likely due
to the misregulation of cyclin gene expression and not
defects in DNA replication initiation (Dhillon et al.
2006). In S. pombe, and perhaps other organisms, H2A.Z
cooperates with heterochromatin-silencing factors (Clr4/
SUV39H) to enforce RNA-processing fidelity and pre-
vent deleterious antisense transcription (Zofall et al. 2009).
Loss of this enforcement may account for the genome in-
stability and chromosome segregation defects observed
in H2A.Z deletion mutants. Indeed, at least part of the
chromosome segregation defects observed in H2A.Z mu-
tants of S. pombe might be caused by decreased trans-
criptional expression of the centromere protein, CENP-C
(Hou et al. 2010). Nevertheless, such examples of indirect
function are relatively rare. Indeed, ruling out indirect ac-
tivities for any chromatin regulator is a challenging prob-
lem, particularly for H2A.Z in organisms for which it is
essential.

10 H3.3 AND H2A.Z OCCUPY DISCRETE
CHROMATIN LOCATIONS

Much of our understanding of histone variant function
is inferred from its patterns of genomic chromatin oc-
cupancy. H3.3 makes up ≏15%–25% of total H3 protein
and H2A.Z makes up ≏5%–10% of the total H2A pro-
tein in most organisms examined to date. Abundances in-
crease when cells exit from the cell cycle and no longer
replicate their DNA, such as during development (Pina
and Suau 1987). These variants are widely, but not uni-
formly, distributed throughout the genome. High-res-
olution chromatin immunoprecipitation experiments in
a number of model organisms have revealed that both
H3.3 and H2A.Z preferentially occupy nucleosomes that
flank gene promoters and both are particularly enriched
at the +1 nucleosome bordering transcriptional start sites
(TSSs). They are often enriched at the 21 or 22 nucleo-
some as well and thus flank a nucleosome-depleted re-
gion at the TSS (Talbert and Henikoff 2010). In animals,
the H3.3 over gene bodies correlates with transcriptional
levels, suggesting that it replaces nucleosomes that are oc-
casionally lost during transcription (illustrated in the left
panel of Fig. 9). Direct evidence for this interpretation
comes from measuring nucleosome turnover by metabolic
labeling, which showed nucleosome turnover patterns
closely matching H3.3 patterns genome-wide (Deal et al.
2010).

H2A.Z has been mapped genome-wide in a variety of
eukaryotes. In budding yeast, nematodes, and plants,
H2A.Z occupancy around the promoter is correlated
with nontranscribing genes “poised” for activation (Zhang
et al. 2005; Mavrich et al. 2008; Whittle et al. 2008; Kumar
and Wigge 2010). However, in flies and mammals, pro-
moter H2A.Z occupancy appears to correlate more with
actively transcribing genes (Barski et al. 2007; Mavrich
et al. 2008; Hardy et al. 2009; Hardy and Robert 2010; Kelly
et al. 2010), similar to the situation for H3.3. Although
preferentially found at promoters and regulatory sites,
H2A.Z nucleosomes can also be found at lower frequency
in gene bodies and elsewhere (Hardy et al. 2009; Weber et
al. 2010; Santisteban et al. 2011). Enrichment of H2A.Z
over gene bodies closely corresponds to that of chromatin
that is extracted with low salt, suggesting that H2A.Z
changes the physical properties of nucleosomes (Weber
et al. 2010).

H2A.Z is also specifically deposited near or within het-
erochromatin. In budding yeast, H2A.Z is enriched near
telomeres where it serves as an antisilencing factor. Dele-
tion of the H2A.Z gene results in extended spreading of
silent chromatin inward from the telomeres and this defect
can be suppressed by the additional deletion of genes en-
coding the silencing factors themselves (see Grunstein and
Gasser 2013 for more detail). Indeed, this function may
act globally, in parallel with the Set1 histone H3 methyl-
transferase, to prevent large-scale aberrant distribution
of silencing factors (Venkatasubrahmanyam et al. 2007).
In metazoans, H2A.Z is also localized in facultative and
constitutive heterochromatin, the inactive X chromosome,
transposable elements, and pericentric heterochromatin
(Greaves et al. 2007; Draker and Cheung 2009; Boyarchuk
et al. 2011; Zhang and Pugh 2011).

In contrast to the chromosomal features that are cor-
related with H2A.Z, there is a remarkable anticorrela-
tion between histone H2A.Z nucleosome occupancy and
DNA methylation (Zilberman et al. 2008; Kobor and Lor-
incz 2009; March-Diaz and Reyes 2009; Conerly et al.
2010; Edwards et al. 2010; Zemach et al. 2010; see Li and
Zhang 2014 for a discussion of DNA methylation). There
is strong evidence that this mutual antagonism is causal
and not simply correlative. Mutants in A. thaliana with
decreased DNA methylation show an increase in H2A.Z
occupancy at loci where it is normally not found, indepen-
dent of transcriptional activity. Conversely, mutants defec-
tive inH2A.Z deposition show increasedDNAmethylation
over gene bodies normally occupied by H2A.Z nucleo-
somes. While the precise molecular pathways that account
for this mutual exclusion remain to be elucidated, this
functional relationship has important implications for de-
velopment and carcinogenesis. For example, the stochastic
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or environmentally effected loss of H2A.Z from the pro-
moter of a tumor-suppressor gene could well contribute to
locally increased DNAmethylation and heritable epigenet-
ic repression.

11 H2A.Z NUCLEOSOME OCCUPANCY IS
DYNAMIC AND CHANGES THE PROPERTIES
OF CHROMATIN

The dynamic exchange of H2A.Z nucleosomes in chroma-
tin appears to be an important part of its function. (See
Becker and Workman 2013 for an in-depth discussion of
histone exchange.) Unlike the major core histones, H2A.Z
expression is not restricted to S phase and it can be incor-
porated into chromatin independent of DNA replication.
The deposition of H2A.Z into nucleosomes is performed
by multisubunit protein complexes, which have been con-
served throughout the eukaryotic kingdom (Lu et al. 2009;
March-Diaz and Reyes 2009; Morrison and Shen 2009).
First identified in budding yeast, the SWR1 complexes con-
tain, as their catalytic subunits, homologs of the protein
Swr1, a member of the SWI/SNF family of ATP-dependent
chromatin remodelers. The substrate for SWR1 is an
H2A.Z-H2B dimer, which is used to replace one of the
existing H2A-H2B dimers in the nucleosome in an ATP-
dependent exchange reaction (Fig. 9). This reaction is step-
wise and unidirectional, in vitro, resulting in the complete
replacement of H2A-H2B dimers with H2A.Z-H2B dimers
(Luk et al. 2010). In vivo, unidirectional replacement of
H2A with H2A.Z by SWR1 is enforced by acetylation of
H3K56, which allows the reverse reaction to occur, result-
ing in local reduction in H2A.Z incorporation, thus mod-
ulating transcription (Watanabe et al. 2013). SWR1 is likely
dedicated to the task of replacing H2Awith H2A.Z because
the effects of eliminating SWR1 function are similar to the
effects of deleting the gene encoding H2A.Z itself. Indeed,
the activity of the SWR1 complex is actually deleterious to
the cell in the absence of its H2A.Z-H2B substrate (Halley
et al. 2010; Morillo-Huesca et al. 2010).

The removal of H2A.Z from chromatin proceeds by at
least two pathways. Nucleosome exchange and eviction oc-
curs in many contexts such as the remodeling and eviction
of complete nucleosomes that can happen at promoters.
Any H2A.Z that is a part of those nucleosomes will be
removed as well. However, there is also evidence that
H2A.Z-H2B dimers may be specifically removed from nu-
cleosomes by the INO80 complex, a close relative of SWR1
(Morrison and Shen 2009; Papamichos-Chronakis et al.
2011). In budding yeast, the elimination of INO80 results
in the global mislocalization of H2A.Z and a decrease in its
apparent exchange rate. Additional mutational results are
consistent with this interpretation. In vitro, purified INO80

is reported to catalyze the replacement of a nucleosomal
H2A.Z-H2B dimer with a canonical H2A-H2B dimer, that
is, the reverse of the SWR1 reaction (Luk et al. 2010; Papa-
michos-Chronakis et al. 2011), and this reaction may also
be regulatedbyacetylationofH3K56(Watanabeet al. 2013).

The factors that determine where H2A.Z is deposited
are incompletely understood. At present, there is little ev-
idence that H2A.Z templates its own deposition epigenet-
ically (Viens et al. 2006). In budding yeast, a DNA sequence
related to the binding site of transcription factor Reb1 is
able to target the enrichment of H2A.Z at ectopic sites,
independent of Reb1 (Raisner et al. 2005). In other cases,
transcription factors themselves are implicated in targeting
H2A.Z deposition (Updike and Mango 2006; Zachariou-
dakis et al. 2007; Gevry et al. 2009). The unifying theme
underlying the function of these various factors appears to
be the creation of a nucleosome-depleted region necessary
for H2A.Z deposition, although how this recruits H2A.Z is
not currently known (Hartley and Madhani 2009). Inter-
estingly, SWR1 complexes often contain homologs of yeast
Brd1, a protein containing dual bromodomain motifs ca-
pable of binding acetylated lysines. Thus, SWR1 may be
recruited to, or stabilized at, chromatin neighborhoods
rich in acetylated histones. H2A.Z deposition may also be
blocked at specific loci. The S. pombe SWR1 complex con-
tains a regulatory subunit, Msc1, which is dispensable for
the loading of H2A.Z at promoter nucleosomes, but which
is required to prevent H2A.Z deposition within the chro-
matin of the inner centromere and subtelomeric regions
(Buchanan et al. 2009; Zofall et al. 2009). It has also been
suggested that an additional pathway directing localized
occupancy by H2A.Z may involve its random deposition
and then specific eviction, perhaps as a consequence of
transcription (Hardy and Robert 2010).

In any case, the consequence of H2A.Z deposition and
replacement can be complex. Because of the exchange re-
actions, nucleosomes in cellular chromatin may be “ZZ,”
“ZA,” or “AA,” containing two, one, or zero H2A.Z-H2B
dimers, respectively (Luk et al. 2010; Weber et al. 2010).
In Drosophila, the pattern of ZZ and ZA nucleosome oc-
cupancy is different, and homotypic H2A.Z nucleosomes
are enriched over the bodies of active genes, perhaps as a
consequence of transcription elongation. In mouse tro-
phoblast cells, there are distinct changes in the promoter
content of ZZ and ZA nucleosomes during G1, S, and M
phase, independent of actual transcription activity, sug-
gesting a major remodeling pathway dependent on the
cell-division cycle (Nekrasov et al. 2012). Differential post-
translational modifications further enrich the situation as
H2A.Z acetylation has been linked with both SWR1 and
INO80 functions (Millar et al. 2006; Papamichos-Chron-
akis et al. 2011).
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A quantitative evaluation of the +1 nucleosome in
yeast revealed that at steady state the relative abundance
of ZZ, ZA, and AA nucleosomes is roughly 32%, 24%,
and 44% respectively (Luk et al. 2010). How can H2A.Z
drive chromatin function with this level of heterogeneity?
One explanation is that H2A.Z nucleosomes are in dynam-
ic exchange at these sites. In budding yeast, nucleosomes
with rapid turnover were identified by the kinetic incorpo-
ration of newly synthesized histone H3. These “hot” nucle-
osomes preferentially map to promoter regions, including
the nucleosomes at the TSS, which are enriched in H2A.Z
histones (Dion et al. 2007). Remarkably, in budding yeast
H2A.Z appears to increase the global turnover of nucleo-
somes and not simply those into which it is most abun-
dantly incorporated (Dion et al. 2007; Santisteban et al.
2011). The mechanistic basis for this influence is currently
unknown.

The stability ofH2A.Z-containing nucleosomes in vitro
has been examined inmany studies with contrasting results
(Zlatanova and Thakar 2008; Talbert and Henikoff 2010).
In vivo it is clear that not allH2A.Znucleosomes are created
equal and that the lability ofH2A.Z nucleosomes is affected
by posttranslational modifications and the presence of oth-
er variant histones. Nucleosomes containing both H2A.Z
and H3.3, especially H2A.Z/H2A nucleosomes with H3.3,
are particularly unstable and sites occupied by these dou-
ble-variant nucleosomes may be erroneously scored as
entirely free of nucleosomes, depending on how the chro-
matin is isolated (Jin et al. 2009; Nekrasov et al. 2012).
H2A.Z acetylation generally destabilizes nucleosomes in
vitro and in vivo is associated with gene activation (Tanabe
et al. 2008; Wan et al. 2009; Halley et al. 2010).

A particularly striking example of the differential prop-
erties of H2A.Z nucleosomes is the transcriptional re-
sponse of cells to temperature. Plants possess a signaling
pathway that senses ambient temperature and regulates
gene expression (see Baulcombe and Dean 2014 for a dis-
cussion of plant responses to environmental factors). The
developmental program for flowering, for example, is ac-
celerated at higher temperature. To identify factors that
regulate this response,A. thalianawas screened formutants
with a constitutive high temperature expression pattern
and the mutations turned out to be in ARP6, which en-
codes one of the conserved subunits of the SWR1 complex
(Kumar andWigge 2010). Indeed, H2A.Z occupancy at the
promoters of heat responsive genes was found to decrease
with increasing temperature and this loss was independent
of transcriptional activity per se. These findings have po-
tentially broad implications for agriculture in a globally
warming environment, insofar as depletion of H2A.Z in a
model cereal phenocopies the ambient temperature re-
sponse and impacts grain yield (Boden et al. 2013).

12 H2A.Z FUNCTIONS IN EPIGENETIC
INHERITANCE

There is increasing evidence that H2A.Z participates in the
heritable specification of chromatin function. Chromo-
somes undergo extensive remodeling each mitotic genera-
tion and the specification of silent and active chromatin
domains across division cycles is essential for normal de-
velopment. In budding yeast, H2A.Z is transiently lost from
a subset of genes during telophase, as measured by chro-
matin immunoprecipitation and this displacement is re-
quired for the establishment of heterochromatin in an
inducible model (Martins-Taylor et al. 2011). In mamma-
lian cells most active transcription is repressed during mi-
tosis and must be reactivated in the next cell cycle. The +1
nucleosome containing H2A.Z is a prime candidate for
mediating this control and its translational positioning at
TSSs has been examined in G0/G1-phase, S-phase, and M-
phase cells (Kelly et al. 2010; Nekrasov et al. 2012). Indeed,
the positions of these nucleosomes were found to be shifted
during mitosis, altering the size of the nucleosome-deplet-
ed region and remodeling chromatin at the TSS. Together
these features may help establish epigenetic memory dur-
ing mitosis and rapid gene reactivation following cell divi-
sion. The pathways regulating these cell-cycle behaviors of
H2A.Z are currently unknown.

The location of a genewithin the nucleus can be impor-
tant for its expression. Positioning at the nuclear periphery
is often associatedwith gene inactivationwith the exception
of localization at nuclear pores, which is a positive factor in
expression (reviewed in Akhtar and Gasser 2007). Several
genes in budding yeast, such asGAL1 and INO1, have been
found to move to the nuclear periphery on activation and
remain there for multiple mitotic cell cycles even after re-
pression. It has been argued that this localization contrib-
utes to “transcriptional memory,” which is the observation
that recently expressed genes are more rapidly reactivated
than genes that have experienced long-term repression
(Brickner 2009). The molecular mechanisms responsible
for transcriptionalmemory are currently controversial (Za-
charioudakis et al. 2007; Halley et al. 2010; Kundu and
Peterson 2010). Nevertheless, H2A.Z appears to have a
role in maintaining the localization of recently repressed
genes at the nuclear periphery for multiple mitotic genera-
tions. In the case of INO1, this pathway requires a cis-act-
ing DNA element in the INO1 promoter and interaction
with the nuclear pore proteinNUP100 to direct the loading
of H2A.Z (Light et al. 2010). If the H2A.Z gene is deleted,
recently repressed INO1 fails to remain at the nuclear pe-
riphery and becomes nucleoplasmic (Brickner 2009).

H2A.Z is also linked to the epigenetic specification of
cell fates in mammalian stem cells (Creyghton et al. 2008;
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see Reik and Surani 2014 formore on stem cell epigenetics).
Whole genome-mapping studies inmouse embryonic stem
cells revealed that H2A.Z preferentially occupies the pro-
moters of genes that are poised to direct development and
differentiationwhen activated (Ku et al. 2012; Li et al. 2012;
Hu et al. 2013). Indeed, the distribution of H2A.Z is coin-
cident with that of Suz12, a component of the Polycomb
group complexes, which have primary roles in development
(see Grossniklaus and Paro 2014 for a detailed discussion of
Polycomb group proteins). Inhibiting H2A.Z expression
results in increased andmore stable nucleosome occupancy
at regulatory regions, decreased methylation of H3K4 and
H3K27 at promoters and enhancers, the derepression of
developmental target genes, and aberrant differentiation
of embryoid bodies. These results are consistent with a
model in which H2A.Z variant nucleosomes impart a dy-
namic instability to chromatin structure increasing access
to chromatin-modification factors such as mixed lineage
leukemia and Polycomb repressive complex 2 (PRC2), and
to lineage-specific factors such as the transcription factor
FoxA2 forendoderm/hepatic differentiation (Li et al. 2012)
or RARa for neuronal development (Hu et al. 2013).

In theory, stem cells are at a higher risk of mutation
because of their continued proliferation during the life of
the organism. Cairns first proposed that stem cells might
protect against this risk by ensuring the inheritance of the
“oldest” DNA strands exclusively to the stem cell daughter
as opposed to the differentiating daughter cell (Cairns
1975). There is experimental support for this “immortal-
strandmodel” in a numberof systems inwhich asymmetric
self-renewal can be experimentally manipulated. Interest-
ingly, histone H2A.Z expression is a biomarker for this
immortal-strand inheritance (Huh and Sherley 2011).
First, H2A.Z mRNA is down-regulated in the differentiat-
ing sister cell during asymmetric cell division. This obser-
vation is consistent with the fact that the H2A.Z gene is a
target of Oct4 regulation and is down-regulated following
differentiation of both mouse and human stem cell popu-
lations (Du et al. 2001; Shaw et al. 2009; Huh and Sherley
2011). More striking, however, is the apparent asymmetric
distribution of H2A.Z entirely to the immortal DNA
strands segregating to the stem cell sister, as detected by
immunofluorescence (Huh and Sherley 2011). This turns
out to be because of the “cloaking” of the H2A.Z histones
on the mortal-strand chromatids inherited by the differen-
tiating sister cell. That is, H2A.Z is actually present on both
sets of chromosomes, but it is only accessible to detection
by the anti-H2A.Z antibody on the set segregating to the
stem cell sister. Interestingly, mild acid treatment before
immunostaining removes whatever is blocking detection
and reveals H2A.Z on both sets of chromosomes. The na-
ture of the cloaking mechanism is currently unknown, but

these observations place H2A.Z quite proximal to the
mechanism of immortal-strand inheritance.

13 OTHER H2AVARIANTS DIFFERENTIATE
CHROMATIN, BUT THEIR FUNCTIONS ARE
AS YET UNKNOWN

Further diversification of H2A has occurred in vertebrates.
In mammals, macroH2A and H2A.B represent unique
lineages that appear to play roles in the epigenetic phenom-
enon of dosage compensation (discussed in detail in Brock-
dorff and Turner 2014). macroH2A is so-called because,
in addition to the histone-fold domain and amino- and
carboxy-terminal tails, it contains amore than 200-amino-
acid carboxy-terminal globular domain (Ladurner 2003).
macroH2Ais enriched indiscrete regionsof the facultatively
inactive X chromosome of human females that alternate
with regions of constitutive heterochromatin (Fig. 11A)
(Chadwick andWillard 2004). However, the role of macro-
H2Amust bemore diverse, insofar as macroH2Aorthologs
are present in many nonmammalian clades, and appear to
be ancestral in the animal kingdom (Talbert and Henikoff
2010). In vitro, macroH2A reduces transcription factor ac-
cess and excludes histone H1. The macro domain itself
binds to the enzyme PolyADP ribose polymerase 1 and
inhibits its activity in vitro (Nusinow et al. 2007), although
exactly what is occurring in vivo tomediate gene repression
is unclear.

In contrast to macroH2A, H2A.B seems to be undetect-
able on the Barr body, but otherwise ubiquitous through-
out the nucleus (Fig. 11B) (Chadwick and Willard 2001).

A B C

Figure 11. H2A variants and the inactive X chromosome of human
females. (A) macroH2A (red) stains discrete regions of the inactive X
chromosome that alternate with a marker for heterochromatin (his-
tone H3K9me3). (B) H2A.B (green) is excluded from the inactive X
chromosome (red dot with arrowhead pointing to it). (C) Same
nucleus as in B, but stained with DAPI to show chromatin. (A, Re-
printed, with permission, from Chadwick and Willard 2004,# Na-
tional Academy of Sciences; B,C, reprinted, with permission, from
Chadwick and Willard 2001, # 2001 The Rockefeller University
Press. Originally published in Journal of Cell Biology 152: 375–384.
doi: 10.1083/jcb.152.2.375.)
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The short wrap of DNA around H2A.B nucleosomes (Bao
et al. 2004) and its enrichment at TSSs (Soboleva et al.
2012) is consistent with it playing a role in facilitating tran-
scription. H2A.B and its closest relative, H2A.L (Govin
et al. 2007), are rapidly evolving relative to other H2Avar-
iant classes, perhaps related to the fact that they are both
testes-specific variants (Talbert and Henikoff 2010). The
roles that H2A.B and H2A.L play in mammalian male
germ cell development remain to be elucidated.

14 MANY HISTONES HAVE EVOLVED TO MORE
TIGHTLY PACKAGE DNA

When it is no longer necessary to gain access to DNA for
replication and transcription, chromatin typically becomes
further condensed, and this often involves replacement of
canonical histones. This is obviously the case for sperm,
and in some lineages, histone paralogs have evolved spe-
cialized packaging roles. For example, sea urchin sperm
contains H1 and H2B variants with repeated tail motifs
that bind to theminor grooves of DNA (Talbert andHenik-
off 2010), presumably an adaptation to tightly package
chromosomes for inclusion into sperm heads. A similar
adaptation is found in pollen-specificH2Avariants in flow-
ering plants. In vertebrates, a sperm-specific H2B spe-
cialized histone variant is found in mammalian testes,
including an H2B paralog (subH2Bv) that localizes to the
acrosome and a testes-specificH3 variant (Witt et al. 1996).

The replacement of histones during sperm maturation
by protamines and other proteins provides a potential
means of erasing epigenetic information in the male germ-
line. However, evidence for transgenerational inheritance
(Rakyan and Whitelaw 2003; discussed in more detail in
Blewitt andWhitelaw 2013), especially in animals that lack
DNA methylation, raises the possibility that a subset of
nucleosomal histones survive this transition and transmit
epigenetic information. As already pointed out, this is just
what occurs for CENP-A at centromeres (Palmer et al.
1990), and it is possible that a small fraction of other var-
iants, such as H3.3, remain with sperm for epigenetic in-
heritance of gene-expression information. Although our
understanding of the process that replaces histones during
sperm development is rudimentary, we expect that much
more can be learned by understanding how CENP-A sur-
vives this transition.

Increased compaction also occurs in somatic cells that
havefinisheddividing andundergodifferentiation. In some
cases, compaction involves quantitative and qualitative
changes in linker histones. The stoichiometry of histone
H1 relative to nucleosomes determines the average spacing
within nucleosome arrays in vivo (Fan et al. 2003). In addi-
tion, the presence of H1 in chromatin promotes higher-

order chromatin structure that generally inhibits transcrip-
tion (Wolffe 1992). Linker histones are much more mobile
than core histones in vivo. Residence times for H2A and
H2B are hours in length, and cannot even be measured
for H3 and H4, whereas the residence time of H1 is a few
minutes (Phair et al. 2004). As a result, the incorporation of
variant linker histones is unlikely to differentiate chromatin
in a heritable manner. Rather, the role of H1 variants is
thought to change the bulk properties of chromatin that
can affect overall compaction (Wolffe 1992).

H1 variants share with core histones a distinction be-
tween RC and RI forms (Marzluff et al. 2002). RC variant
forms of H1 appear to be interchangeable with one anoth-
er, based on the fact that knockout mice lacking one or two
of the five RC H1 variants are phenotypically normal (Fan
et al. 2003). The functional interchangeability of histone
variants is implicit in the “star” phylogenyof theH1 family,
in which there is little if any evidence for evolutionary
conservation of H1 branches in the tree (Fig. 6C). Rather,
the greater divergence ofH1 relative to core histone variants
is likely to reflect weaker structural constraints, and the
existence of multiple H1 genes in many lineages might
represent an adaptation for regulating levels of linker his-
tone. For example, in birds, the H1.0 linker histone variant
(previously referred to as H5) is deposited during erythro-
cyte maturation, which accompanies extreme compaction
of the nucleus. The mammalian H1.0 ortholog (previously
referred to as H1˚) is deposited at high levels in nondivid-
ing cells. Overexpression of H1.0 renders chromatin less
accessible to nucleases than similar overexpression of a ca-
nonical form. The natural accumulation of H1.0 in nondi-
viding cells might be a general mechanism for chromatin
compaction as cells become quiescent.

15 HISTONE VARIANTS AND HUMAN DISEASE

The diverse roles of histone variants in basic epigenetic
processes leads to the expectation that their loss or misex-
pression can result in disease, and indeed some examples of
this have recently come to light. For example, ATRX, which
is the DNA translocase component of the ATRX-Daxx-
H3.3 pathway (Fig. 8), was originally identified as causing
a-thalassemia mental retardation on the X (ATRX) syn-
drome. In this syndrome, loss of ATRX results in defects
at the CpG island of the a-globin gene promoter, and can
now be understood as resulting from frequent nucleosome
loss at CpG islands (Law et al. 2010). Importantly, muta-
tions causing the ATRX syndrome are most frequently
found within the ADD histone tail-binding domain (Eu-
stermann et al. 2011), strongly implicating H3/H3.3 tail
interactions as being key causal factors in the syndrome.
The study of ATRX syndrome has also led to the realization
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that another histone variant, macroH2A, is also depleted
from specific sites, including thea-globinCpG island (Rat-
nakumar et al. 2012).

A remarkable relationship has recently emerged be-
tween the ATRX-Daxx-H3.3 nucleosome assembly process
and cancer that provides important insights into both the
process itself and oncogenesis. Genomic sequencing of
human pancreatic neuroendocrine tumors (PanNETs) re-
vealed that ≏40% harbored likely loss-of-function muta-
tions in either Daxx or ATRX (Jiao et al. 2011). Notably, all
such tumors displayed a distinct phenotype called “ALT”
(alternative lengthening of telomeres) in which telomeres
showmassive lengthening without induction of telomerase
(see Fig. 1 of Liu et al. 2014; Heaphy et al. 2011a). Based
on examination of more than 6000 human tumors, 3.73%
showed ALT occurring in cancers of all different types
(Heaphy et al. 2011b). ATRX or Daxx are mutated in the
vast majority of cases of ALTexamined by sequencing. Al-
though the precise molecular basis for telomere lengthen-
ing in ALT is not well understood, lengthening is likely
initiated by recombinational strand invasion between telo-
meres, which suggests that failure to replace a nucleosome
at a simple sequence array can result in DNA breakage and
strand invasion. In the case of PanNETs, ALT predicts a
more favorable outcome than telomerase induction, as if
the ALT pathway is less efficient than the telomerase path-
way in preventing the senescence that occurs when telo-
meres erode (Jiao et al. 2011).

Sequencing of tumors has also revealed the very sur-
prising presence of specific mutations in H3.3 itself in a
large fraction of pediatric glioblastomas (the topic of Liu
et al. 2014; also Schwartzentruber et al. 2012; Wu et al.
2012). One of the two H3.3 genes in these tumors is found
to encode either K27M or G34R/V, and is most likely to be
a gain-of-functionmutation that drives accelerated tumor-
igenesis (see Fig. 1 of Liu et al. 2014). G34R/V is associated
with ATRX loss and probably enhances ALT, whereas K27M
can occur on an H3 as well, so would appear to be inde-
pendent of the ATRX-Daxx-H3.3 pathway. Rather, K27 is a
key substrate for methylation and acetylation involved in
Polycomb silencing, and the presence of a nonmodifiable
residue at position 27 of the H3/H3.3 tail causes gain-of-
function inhibition of methylation by the EZH2 subunit
of PRC2 (Lewis et al. 2013). It would then appear that the
resulting global reduction in H3K27 trimethylation con-
tributes to this aggressive pediatric tumor.

Misregulation of histone variant expression has also
been implicated in cancer. In malignant melanoma cells,
macroH2A levels are sharply reduced and restoration of
macroH2A levels suppresses metastasis (Kapoor et al.
2010). Reduced levels of macroH2A result in up-regulation
of many genes, including the CDK8 oncogene. macroH2A

is also reduced in more rapidly proliferating lung cancers,
and is elevated in cells undergoing senescence, which sug-
gests that reduced senescence of tumor cells is amechanism
whereby loss of macroH2A contributes to oncogenesis
(Sporn et al. 2009). It is possible that other defects in the
expression of histone variants and in pathways that deposit
them can contribute to cancer and other human diseases,
but there is as yet insufficient evidence of causality as op-
posed to mere correlation. For example, excessively high
levels of H2A.Z are found to correlate with poor out-
comes in estrogen-positive breast cancer (Hua et al. 2008).
In addition, CENP-A is found to be overexpressed and ec-
topically localized in a variety of cancers, suggesting that
transient or permanent neocentromere formation might
result in some of the aneuploidies that are hallmarks of
cancer cells (Dalal 2009). We anticipate that as genome-
wide technologies improve, other possible roles of histone
variants incorporation pathways in human diseases will be
uncovered.

16 CONCLUSIONS AND FUTURE RESEARCH

Histone variants provide the most fundamental level of
differentiation of chromatin, and alternative mechanisms
for depositing different variants can potentially establish
and maintain epigenetic states. Histones H2A, H2B, H3,
and H4 occupy distinct positions in the core particle as a
result of an evolutionary process that began before the last
common ancestor of eukaryotes. Key evolutionary innova-
tions remain uncertain, including the emergence of an oc-
tamer from an ancestral tetramer, and we look forward
to the sequencing of more archaeal and primitive eukary-
otic genomes that might providemissing links. Subsequent
elaborations of the four core histones into distinct variants
have provided the basis for epigenetic processes, including
development and chromosome segregation. For a full un-
derstanding of epigenetic inheritance, we need a better
understanding of the processes that incorporate variants
by replacing canonical histones. An important recent de-
velopment is the initial characterization of RI assembly
pathways dedicated to particular variants.

Centromeres are the most conspicuous examples of
profoundly different chromatin that is attributable to spe-
cial properties of a histone variant. Although it is clear that
cenH3-containing nucleosomes form the foundation of
the centromere, just how they are deposited in the same
place every cell generation without any hint of sequence
specificity is a major challenge for future research.

It is becoming evident that histone variants are also
involved in epigenetic properties of active genes. Both
H3.3 and H2A.Z are enriched at transcriptionally active
loci, and understanding the assembly processes that are
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responsible for their enrichment is an exciting area of cur-
rent research. The dynamic behavior of chromatin leads to
the realization that transcription, chromatin remodeling,
and histone modification might be coupled to nucleosome
assembly and disassembly. The study of dynamic processes
coupled to histone turnover is only at an early stage, and we
look forward to technological advances in molecular biol-
ogy, cytogenetics, biochemistry, and structural biology that
can be harnessed to better understand the dynamic nature
of chromatin.

In addition to these universal processes, histone vari-
ants are also involved in particular epigenetic phenomena.
In the case of the mammalian X chromosome, three dif-
ferent H2A variants, phospho-H2A.X, macroH2A, and
H2A.B have been recruited to participate in silencing or
activation of genes for purposes of germline inactivation or
dosage compensation. Understanding the function of these
variants in epigenetic processes remains a major challenge
for the future.

The availability of the first high-resolution structure of
the nucleosome core particle (Luger et al. 1997) was a semi-
nal advance in elucidating the properties of chromatin. By
elaborating this basic structure in a way that has biological
consequences, histone variants provide an opportunity to
deepen our understanding of how these fascinating archi-
tectural proteins have evolved to play diverse roles in epi-
genetic processes.
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