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1. ABSTRACT 
 
Chromosomes undergo extensive structural 

rearrangements during the cell cycle, from the most open 
chromatin state required for DNA replication to the highest 
level of compaction and condensation essential for mitotic 
segregation of sister chromatids.  It is now widely accepted 
that chromatin is a highly dynamic structure that 
participates in all DNA-related functions, including 
transcription, DNA replication, repair, and mitosis; hence, 
histones have emerged as key players in these cellular 
processes.  We review here the studies that implicate 
histones in functions that affect the chromosome cycle, 
defined as the cellular processes involved in the 
maintenance, replication, and segregation of chromosomal 
DNA.  Disruption of the chromosome cycle affects the 
integrity of the cellular genome, leading to aneuploidy, 
polyploidy or cell death.  Histone stoichiometry, mutations 
that affect the structure of the nucleosome core particle, and 
mutations that affect the structure and/or modifications of 
the histone tails, all have a direct impact on the fidelity of 
chromosome transmission and the integrity of the genome. 

 
 
 
 
 
 
 
 
 
 
 
 
 
2. INTRODUCTION 
  

Eukaryotic chromosomal DNA is packaged in the 
cell nucleus as chromatin.  The nucleosome is the 
fundamental repeat unit of chromatin, evolutionarily 
conserved and composed of histone proteins and DNA.  
Two molecules of histones H3 and H4 form a tetramer that 
is bound by two H2A-H2B dimers to form the histone 
octamer, to which 147 bp of DNA wrap around to form the 
nucleosome core particle (1-3).  The high-resolution 
structure of the nucleosome core has provided the 
framework for additional studies on histone-histone and 
histone-DNA interactions in eukaryotes.  Histones are 
relatively small, basic proteins that consist of globular and 
tail domains. The globular domain is formed by the histone 
fold motif (helix-loop-helix-loop-helix). The four core 
histones interact with each other and DNA through the 
histone fold domains to form the nucleosome core particle 
(1). The flexible N-terminal tails protrude from the 
nucleosome and are important for inter-nucleosome 
interactions, which lead to higher order chromatin 
structure, in combination with linker histone H1 and a 
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variety of non-histone proteins (2).  The N-terminal tails 
are also subjected to various covalent post-translational 
modifications, including phosphorylation, methylation, 
acetylation, ubiquitination, ADP ribosylation, and 
sumoylation.  These modifications have been implicated in 
regulating several cellular processes such as DNA 
replication, transcription, and chromatin condensation, 
among others (4-8).   
 

Extensive research over the last two decades has 
led to a better understanding of chromatin function, and 
replaced the original notion of histones being a structural 
component, the mere nuclear scaffolding for DNA 
compaction, with histones being a dynamic and interactive 
participant of cellular functions (9).  Although numerous in 
vivo and in vitro studies have demonstrated that histones 
affect all aspects of chromosome function, including 
transcription, replication, recombination and chromosome 
segregation, the particular roles in these processes are as 
yet poorly understood.   
 

Here we provide an overview of the literature that 
implicates histone function in the maintenance of genome 
integrity.  We focus on functions that affect the 
chromosome cycle, defined as the cellular processes 
involved in the maintenance, replication, and segregation of 
chromosomal DNA.  Disruption of the chromosome cycle 
affects the integrity of the cellular genome, leading to 
aneuploidy, polyploidy, or cell death. 

 
3. HISTONE GENE DOSAGE 

 
The earliest studies that linked histones with the 

maintenance of genome integrity were done by 
investigating the effects of differing the stoichiometry of 
individual histones within the cell.  The budding yeast 
Saccharomyces cerevisiae has proven to be an ideal model 
organism for these types of studies due to its relatively 
simple genomic organization of the histone genes.  Cells 
subjected to overexpression of either the H2A/H2B or 
H3/H4 gene pairs show an increase in chromosome loss, 
which suggests that the ratio of H2A and H2B to H3 and 
H4 is important for proper chromosome segregation (10).  
It was later shown that underexpression of the histone H3-
H4 genes could also affect mitotic chromosome 
transmission (11).  Deletion of one of the gene pairs 
encoding H2A-H2B showed cell-cycle defects (12), and 
depletion of H2B and H4 by placing the genes under 
inducible promoters inhibits chromosome segregation and 
in turn causes cell cycle arrest (13, 14).  The connection 
between these genetic studies and altered chromatin 
structure was provided by micrococcal nuclease mapping 
of nucleosomes on isolated nuclei.  Specific genetic loci 
showed disrupted nucleosome arrays in yeast cells lacking 
one of the two H2A-H2B coding gene pair (15).  One of the 
disrupted loci was the centromere of chromosome III.  
Additional chromatin mapping studies in cells repressed for 
expression of either H2B or H4 corroborated the sensitivity 
of centromeric chromatin structure to histone gene 
depletion (16).  Recent work in fission yeast has shown that 
the relative levels of histone H3, H4 and the centromere-
specific histone H3 variant CENP-A influence the 

assembly of centromeric chromatin and recruitment of 
kinetochore proteins, affecting the fidelity of chromosome 
segregation (17).  In support of this finding, overexpression 
of H3 in budding yeast increases the rate of chromosome 
loss with a concomitant reduction in the levels of the 
centromere-specific histone H3 variant Cse4 (18).  In 
addition, partial depletion of H4 was shown to affect 
chromatin assembly during DNA replication that resulted 
in increased levels of homologous recombination, leading 
to genetic instability (19).  These studies clearly show that 
each of the four core histones must be maintained in a 
proper stoichiometry for normal cell cycle progression and 
high-fidelity chromosome segregation.   
 
4. HISTONE MUTANTS 

 
Mutational analysis of histones has allowed 

researchers to show that not only the balance of histones is 
important, but also that the histone proteins themselves can 
lead to phenotypes associated with defects in the 
chromosome cycle.  Two independent mutants of H2A in S. 
cerevisiae cause increase in ploidy and increased frequency 
of chromosome loss.  The mutations reside in 
evolutionarily conserved residues near the N-terminus of 
the structured globular domain (S19F and G29D) that make 
contact with DNA.  These alleles show cell cycle defects, 
genetic interactions with kinetochore mutants, and altered 
centromeric chromatin structure, suggesting a role for H2A 
in microtubule attachment at the centromere-kinetochore 
(20).  Work in the fission yeast Schizosaccharomyces 
pombe has led to the finding of temperature sensitive 
mutations in the inner region of H2B that cause defects in 
centromeric chromatin and chromosome segregation (21).  
These mutations affect DNA contact (G52D) as well as 
histone-histone interactions (P102L) in the core 
nucleosome particle, stressing the importance and 
stringency of the nucleosome architecture in chromatin 
function.   

 
Early deletion studies in S. cerevisiae 

demonstrated that the highly conserved N-terminal tails of 
H3 and H4 are essential for cell cycle progression.  
Although H3 and H4 N-terminal tails can be individually 
deleted without losing cell viability, deletion of the H3 and 
H4 N-terminal tails in combination yields inviable cells 
with terminal phenotypes associated with cell division 
cycle defects (22).  In a more detailed study of H4 N-
terminal tail mutations, Megee at al. (23) reported the 
requirement of the four most N-terminal lysine residues 
(domain A, positions 5, 8, 12 and 16) for normal nuclear 
division.  The mutant cells activate the DNA damage 
checkpoint and arrest at G2/M.  Reintroduction of a lysine 
residue within domain A, without the requirement of 
polypeptide sequence specificity, restored cell-cycle 
progression, strongly supporting a role for the post-
translational modifications of N-terminal lysines in cell 
division.  In another study, a temperature-sensitive allele of 
H4, carrying two amino acid replacements (T82I and 
A89V) caused severe nuclear division and mitotic 
chromosome transmission defects (24).  The primary 
mutation at position 82 is located within one of the H4 
surfaces that interacts with DNA, and the T82I mutation is 



Histones and genome integrity 

986 

lethal but rescued by the A89V mutation.  Thus, similarly 
to the H2A mutants, H4 residues that lie in the path of 
DNA can have strong effects on cell cycle functions. 

 
Recent analysis of a histone H3 mutant (G44S) that 

causes pleiotropic phenotypes related to cell cycle progression, 
including benomyl and hydroxyurea sensitivity, led to the 
discovery of a mitotic tension-sensing function (25).  Prior to 
anaphase, the bipolar attachment of sister chromatid 
kinetochores to the spindle microtubules generates tension that 
is monitored by the spindle assembly checkpoint.  This 
tension-sensing checkpoint is essential to allow the cell to stall 
the cell cycle and correct erroneous or missing attachments that 
can result in aneuploidy.  Yeast cells carrying the H3 G44S 
mutant fail to activate the spindle assembly checkpoint during 
tension-less situations, leading to the missegregation of 
chromosomes and aneuploidy.  Interestingly, this impairment 
results from a defective interaction between H3 and Sgo1p 
(shugoshin), a protein required for tension sensing and present 
in pericentric chromatin.   
 

Systematic histone substitution and deletion mutant 
collections have been created in S. cerevisiae to probe the 
contribution of each residue to chromosome function (26, 
27).  These collections of alleles have been screened for 
phenotypes associated to DNA repair and sensitivity to 
DNA damaging agents, providing new insights into the 
contribution of each residue to the DNA damage response.  
These valuable resources will undoubtedly provide novel 
information as the libraries are screened for additional 
phenotypes associated with the maintenance of genome 
integrity.   
 

In many cases, mutational analyses of individual 
amino acids in each of the histones, particularly in their 
terminal “tails”, have been carried out to study the effect of 
abolishing specific post-translational modifications.  Those 
studies that link histone modifications to the chromosome 
cycle are discussed below. 
 
5. HISTONE MODIFICATIONS 
  

Covalent modifications of the N-terminal tails of 
histones have been implicated in the regulation of various 
cellular processes. The mechanisms by which many of these 
modifications carry out their effects in the cell are still largely 
unclear. Some may work by changing the charge of the 
histone, and in turn causing the DNA to associate more tightly 
or loosely with the nucleosome.  Other modifications may 
serve as a “mark” to recruit chromatin remodeling complexes 
or other regulatory proteins.  Lastly, there is an emerging 
“histone code” in which multiple modifications act in concert 
with each other and have a so-called “crosstalk” to regulate 
cellular functions (4, 5, 28).  Importantly, covalent 
modifications have been found in all organisms analyzed; 
however, the specific amino acids that are modified, the type 
of modification, and the associated function can vary among 
species, creating an enormous challenge in the efforts to 
decode the histone language.   

 
5.1. Methylation 

Histone methylation is the result of the covalent 

attachment of methyl groups from S-adenosyl-L-
methionine onto the epsilon-amino group of lysine, 
arginine, and histidine residues catalyzed by specific 
histone methyltransferases (29, 30). The reversible nature 
of this modification became clear many years later with the 
identification of histone demethylases (31).  Three forms of 
methylated lysine –mono-, di- and tri-methylation- are 
found on histones, and each one can signal a different 
chromatin state.  Methylation of histone H3 on Lys9 
(H3K9me) has long been recognized as a determinant of 
silent chromatin and heterochromatin (32).  Fission yeast 
centromeres are marked by H3K9me heterochromatin that 
facilitates the assembly of the essential centromere-specific 
H3 variant CENP-A at the central domain (33, 34).  
Mutations in the histone methyltransferase Clr4 distort the 
pericentric heterochromatin and disrupt chromosome 
segregation (35).  Dimethylation of histone H3 Lys9 
(H3K9me2) and trimethylation of histone H3 Lys9 
(H3K9me3) are also present in pericentric heterochromatin 
in Drosophila, mouse and human cells (36).   Similarly to 
fission yeast, loss of the suv39h histone methyltransferases 
disrupts mammalian heterochromatin and affects genome 
stability (37, 38).  The regulation of pericentric 
heterochromatin is carried out by the chromodomain 
proteins Swi6/HP1, which bind H3K9me2 and are essential 
for mitotic progression (39-42).  In mammalian cells, 
H3K9me3 methylation increases in late G2 phase and 
mitosis and rapidly decreases in G1.   Loss of H3K9 
methylation in G2 leads to centromere and kinetochore 
defects and chromosome misalignment (43, 44).  Histone 
H4K20 trimethylation has been described in fission yeast, 
Drosophila and mammalian cells (36).  In human cells, 
H4K20me3 is abundant in pericentric heterochromatin and 
is cell-cycle regulated.  H4K20me3 decreases in S phase 
and increases in late G2 and mitosis (45).  Interestingly, in 
murine cells H4K20 trimethylation is catalyzed by two 
histone methyltransferases, Suv4-20h1 and Suv4-20h2, 
which interact with HP1 and function in a suv39h 
dependent manner (46).  This finding led to the proposal of 
a sequential mechanism of H3K9me3 and H4K20me3 in 
the formation of pericentric heterochromatin.  Although 
these results did not provide a direct connection between 
these histone modifications and mitosis, recent work has 
shown that the loss of methylation at H3K9 and H4K20 
leads to less compact pericentric heterochromatin and loss 
of tension at the centromere during mitosis (43).  In 
addition, the monomethyl to dimethyl transition of histone 
H4K20 has been associated with chromosome behavior 
during mitosis and cytokinesis.  Subunits of the human 
factor HCF-1 associate with chromatin and regulate the 
expression of the H4K20 methyltransferase PR-Set7.  Loss 
of HCF-1 during mitosis leads to increased PR-Set7 
expression and dimethylation of H4K20, resulting in 
defective chromosome alignment and segregation (47).   

 
Methylation of H3K79 and H4K20 are the main 

modifications involved in DNA repair, hence, essential to 
the integrity of the cell’s genome.  Although methylated 
H3K79 and H4K20 are present throughout the genome, 
they become evident at DNA repair foci after DNA damage 
(48).  Dimethylated H4K20 at these foci is specifically 
recognized and bound by the checkpoint protein 
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Crb2/53BP1, which triggers a G2/M arrest to allow DNA 
repair to take place (49, 50).  Consistent with these data, 
depletion of the methyltransferases Suv4-20h1 and Suv4-
20h2 decreases the number of DNA repair foci containing 
53BP1 (51).  Surprisingly, Crb2/53BP1 only recognizes 
H4K20me and H4K20me2, but not H4K20me3 (50, 52); 
therefore, it appears that different functions are associated 
with different proteins that recognize distinct levels of 
methylation at the same histone residue.  Methylation of 
H3K79 is the main signal for DNA repair in budding yeast.  
Dot1 is the evolutionarily conserved methyltransferase 
capable of adding mono-, di-, and trimethyl groups to 
H3K79.  Originally identified by mutations that disrupted 
telomeric silencing, cells lacking Dot1 are also defective in 
the checkpoint response to DNA damage and DNA repair 
pathways (53, 54).  Supporting the critical function of 
H3K79 methylation in the chromosome cycle, mouse ES 
cells lacking Dot1L, the murine Dot1 homologue, show 
reduced levels of the heterochromatic marks H3K9me2 and 
H4K20me3 at centromeres and telomeres, along with the 
general depletion of H3K79me.  These histone changes are 
likely the cause of the aneuploidy and telomere elongation 
defects observed in these cells (55). 

 
Histone methylation can also influence cell cycle 

progression in a more indirect fashion.  H3K4 methylation 
has been shown to increase in mitosis and is thought to be a 
mark for the activation of certain mitotic-specific genes, 
such as cyclin B1 (56).  This finding provides a connection 
between the transcriptional regulation of factors driving the 
cell cycle and histone methyltransferases. 

 
5.2. Acetylation 
 Histones are reversibly acetylated on lysine 
residues primarily in the N-terminal tails.  The transfer of 
the acetyl group from acetyl-coenzyme A is catalyzed by 
histone acetyltransferases (HATs).  Histone acetylation has 
been mainly implicated in transcriptional regulation, with 
histones in transcriptionally active regions being acetylated.  
The reversal of acetylation has been associated with 
transcriptional repression and chromatin compaction (57, 
58).  Underacetylated histones H3 and H4 are abundant in 
centromeric heterochromatin of metaphase chromosomes 
(59), and an overall reduction of histone H3 and H4 
acetylation occurs in the transition from interphase to 
mitosis (60).  However, histones H3 and H4 remain 
acetylated in loci that are still transcriptionally active 
during mitosis or need to be reactivated quickly following 
mitosis (56).  Deletion of the H3 acetyltransferases SAS3 
and GCN5 in S. cerevisiae leads to G2/M mitotic arrest 
(61), perhaps as a result of transcriptional defects.   

 
Histone deacetylase activity is essential for 

mitotic progression.  Inhibition of deacetylation has been 
associated with delayed G2/M transition (62) and mitotic 
arrest (63).  Treatment of cells with histone deacetylase 
inhibitors affects the formation of pericentric 
heterochromatin, resulting in kinetochore assembly defects 
(64), chromosomal instability and defective checkpoint 
activation (65).  Depletion of the mammalian histone 
deacetylase HDAC3 also affects chromosome 

condensation, sister chromatid cohesion, and kinetochore-
microtubule attachment, leading to defective chromosome 
segregation (66-68).  Depletion of the human histone 
deacetylase HDAC3 causes premature dissociation of sister 
chromatids and acetylation of centromeric H3K4, which 
correlates with the loss of dimethylation at the same 
position, illustrating the complexity of the “histone code” 
in the regulation of mitotic events (67).  It has also been 
suggested that deacetylation of H4K16 by the SirT2 
deacetylase during the G2/M transition is required for 
chromatin condensation (69).   

 
Additionally, deletion of a histone deacetylase 

complex (Hda1) in S. cerevisiae suppresses a histone H2A 
mutant that causes increase in ploidy and increased 
frequency of chromosome loss, providing a genetic link 
between histone deacetylation and mitotic function (70).  
These histone H2A mutants alter the nucleosome 
architecture and pericentric chromatin structure in a 
significant way, leading to the hypothesis that pericentric 
chromatin contributes to kinetochore formation and 
microtubule attachment in budding yeast (20).  The 
increased acetylation observed in the suppressors may 
compensate directly for a defective histone post-
translational modification in the H2A mutant-containing 
nucleosomes, restoring an epigenetic mark specific for 
pericentric chromatin.  Alternatively, indirect suppression 
may occur by bypassing the chromatin structural defect, 
creating an epigenetic environment favorable for the 
formation of a functional centromere-kinetochore complex 
and microtubule attachment.  Further studies will be 
necessary to decipher the factors that interact with 
pericentric chromatin and contribute to the bipolar 
kinetochore-microtubule attachment and proper 
chromosome segregation in S. cerevisiae. 
 
 Acetylation of H3K56 deviates from the well-
characterized modifications of the histone tails, but this 
modification has been shown to play an important role in 
DNA replication and repair.  Lysine 56 resides in the H3 
core and is acetylated in yeast cells by the Rtt109 
acetyltransferase as a mark of newly synthesized chromatin 
during S phase.  Although this modification was originally 
described in yeast, it has recently been identified in 
mammalian cells (71).  In the absence of DNA damage 
H3K56 acetylation is removed during the G2/M phase of 
the cell cycle.  In contrast, cells with DNA lesions maintain 
high levels of acetylated H3K56, modification that is 
crucial for the DNA damage response (72, 73).  
Consistently, rtt109 mutants display hypersensitivity to 
DNA damaging agents and elevated levels of spontaneous 
chromosome breaks (74, 75).  Moreover, H3K56R mutants 
are also sensitive to DNA-damaging agents and unable to 
reassemble chromatin after DNA repair (76, 77). 
 
5.3. Phosphorylation 

Phosphorylation of histones, mainly at serine 
residues, has long been recognized as an important 
modification involved in chromosome dynamics during 
mitosis and DNA repair processes.  Phosphorylation of 
histone H3 at serine10 (H3S10pho) has been found in all 
organisms analyzed so far, and shown to be required for 



Histones and genome integrity 

988 

chromatin compaction and condensation in mammals and 
most eukaryotes (78, 79).  During mitosis, levels of 
H3S10pho are high through the activity of the 
evolutionarily conserved Aurora B kinase (80).  Mutants of 
H3S10 in Tetrahymena that are unable to be 
phosphorylated display problems in chromosome segregation 
caused by lack of chromosome condensation (81). In a 
converse study, increased mitotic levels of H3S10pho induced 
by overexpression of the mammalian AIM-1 (Aurora B) 
kinase led to lagging chromosomes and aneuploidy (82).  
Thus, regulated levels of H3S10pho are required for proper 
mitotic progression.  One of the proposed mechanisms by 
which H3S10pho may function is a binary switch responsible 
for the association /dissociation of the chromodomain protein 
HP1 from mitotic chromosomes.  Phosphorylation of H3S10 
in mitosis induces the dissociation of HP1 bound to H3K9me, 
the latter required for heterochromatin maintenance, while the 
levels of H3K9me remain unchanged (83, 84).  Another study 
has suggested that phospho-acetylation of H3 (SP10-K14Ac) 
is required for eviction of HP1 from chromatin (85).  Recent 
work has shown that H3S10pho also regulates the binding of 
two human SR protein splicing factors, SRp20 and ASF/SF2, 
with chromatin.  These SR proteins associate with interphase 
and late post-mitotic chromatin, but are dissociated from 
mitotic chromatin following H3S10 phosphorylation.  They 
also interact with HP1, which fails to dissociate from 
chromatin when the SR proteins are absent (86).  Much like 
H3S10, H3S28 is also phosphorylated and is closely correlated 
with chromatin condensation (87).  An additional 
phosphorylation event at threonine 3 (H3T3), catalyzed by the 
Haspin kinase, has been shown to be required for metaphase 
chromosome alignment (88).  The functional connection 
between the H3T3 and H3S10 phosphorylation events remains 
unknown.  Phosphorylation of H3 at Thr 45 has been recently 
reported in budding yeast and linked to DNA replication (89).  
Although the specific functions of H3 phosphorylation remain 
to be elucidated, the emerging information points to a dynamic 
interaction between H3 kinases, phosphatases, and chromatin 
associated factors required for the formation of the proper 
chromatin conformation of the mitotic chromosome. 
 

Two other phosphorylations, H2A-S1 and H4S1, 
are also associated with mitotic chromatin condensation 
(90). While most histone modifications are at the N-
terminal tails, they can be modified elsewhere as well.  
Phosphorylation of H2A-T119 takes place at the C-
terminus and happens specifically during mitosis (91), 
where it is enriched at centromere regions in Drosophila 
(92).  Recent work has provided a functional link to this 
modification.   In fission yeast, H2A-S121 (equivalent to 
Drosophila H2A-T119) is phosphorylated by the mitotic 
kinase Bub1 and recruits shugoshin/Sgo1 to centromeres, 
which secures proper chromosome partitioning (93).  These 
data establish an essential function for H2A 
phosphorylation in maintaining mitotic chromosome 
stability.  

 
5.4. Ubiquitination 

Ubiquitination is the covalent conjugation of 
ubiquitin to lysine residues.  Histones are usually 
momoubiquitinated, a modification that does not lead to 
protein degradation. Monoubiquitination of H2BK123 in S. 

cerevisiae is mediated by the Rad6/Ubc2 ubiquitin conjugating 
enzyme and the Bre1 ubiquitin ligase.  Mutants that are unable 
to be ubiquitinated at H2BK123 show mitotic and meiotic 
defects (94).  Recently, it has also been shown that 
ubiquitination of H2BK123 is required for trimethylation of 
H3K4 and H3K79 (95), a cross talk that has been mainly 
implicated in the regulation of gene expression.  Histone 
ubiquitination has also been linked to DNA repair.  DNA 
lesions caused by UV-irradiation induce monoubiquitination of 
histone H2A by the Ring2 ubiquitin ligase (96), as well as 
ubiquitination of H3 and H4 by the CUL4-DDB-Roc1 
ubiquitin ligase complex (97).  It is likely that these 
modifications alter the chromatin structure and facilitate the 
recruitment of repair proteins to the damage loci.   
 

In mammalian cells, deubiquitination of H2A is 
required for normal mitosis and cell cycle progression.  It is 
also apparent that deubiquitination of H2A is required for 
H3S10 phosphorylation (98).  Thus, histone ubiquitination 
has emerged as an important signal for various cellular 
processes.  Further research is needed to determine the 
specific involvement of this modification in cell cycle 
progression. 

 
6. HISTONE VARIANTS 
  

Histone variants are specialized histones that 
replace core histones in a DNA-replication independent 
manner, generating an altered chromatin structure with 
distinct cellular functions (99). 

 
6.1. CenH3 

All eukaryotes, from yeast to humans, have a 
histone H3 variant (called CenH3, in general) that takes the 
place of the canonical H3 in centromeric nucleosomes.  
CenH3 is called Cse4 in S. cerevisiae, Cnp1 in S. pombe, 
CID in Drosophila, and CENP-A in mammals. CenH3 is 
only 50% identical to the canonical H3, compared with 
most other histone variants that are more conserved with 
respect to the canonical histone.  CenH3 in Saccharomyces 
cerevisiae, called Cse4, occurs only in one nucleosome per 
chromosome directly at the centromere because the 
budding yeast centromeres are only 125bp long (100).  On 
the other hand, higher eukaryotes have regional 
centromeres that can be up to 1 megabase long; blocks of 
CenH3-containing nucleosomes are interspersed with 
blocks of H3-containing nucleosomes (101).  

 
The composition of the centromeric nucleosome 

in S. cerevisiae has been a topic of recent debate.  It was 
reported that a nonhistone protein, Scm3, could assemble 
with Cse4 and histone H4 to form a centromeric 
nucleosome hexamer that lacked H2A-H2B (102).  A later 
study showed that Cse4 forms an octameric nucleosome 
with H2A, H2B, and H4 (103).  The latter study suggests 
that Scm3 is perhaps intimately associated with Cse4-H4 
tetramers as an intermediate complex before nucleosome 
formation, but is not included in the resultant histone 
octamer. 

 
CenH3-containing nucleosomes are assembled 

into centromeric chromatin, which becomes the scaffolding 
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on which the kinetochore is formed during mitosis.  CenH3 
is essential for the formation of a stable kinetochore.  
Mutational analysis in S. cerevisiae has demonstrated that 
loss of CenH3 leads to mitotic arrest and missegregation of 
chromosomes (104). Lastly, CenH3 is an important 
epigenetic mark in organisms with regional centromeres, as 
the highly variable centromeric DNA of higher eukaryotes 
is not sufficient for kinetochore formation.  Specification of 
kinetochore location is directed by the epigenetic mark of 
CenH3 dilution to daughter DNA strands following S 
phase, allowing the centromeric chromatin to be heritable 
(105). 

 
6.2. H3.3 and H3.1 
 In addition to CenH3, there are two other histone 
H3 variants in higher eukaryotes called H3.1 and H3.3.  
While not as well characterized as the other histone 
variants with respect to genome integrity, they do appear to 
play significant roles in the chromosome cycle.  In 
metazoans, H3.3 is a replication-independent H3 variant 
that has mainly been implicated as an epigenetic mark for 
active chromatin (106).  Interestingly, Drosophila mutants 
which are deficient for H3.3 display widespread 
transcriptional defects, sterility, and semi-lethality (107).  
H3.1 and H3.3 have nearly identical sequences to the 
canonical H3, with only a stretch of 4 amino acids 
contributing to the difference in function and selective 
deposition at specific genetic loci (108).  H3.1 is a 
replication-dependent H3 variant found in mammals, the 
function of which remains unknown.  

6.3. H2A.Z 
 Another histone variant that has been implicated 
in genome integrity is the H2A variant H2A.Z.  Studies in 
D. melanogaster have shown that the loss of H2A.Z leads 
to depletion of HP1alpha from chromosome arms, thus 
affecting the integrity of heterochromatin.  This defect in 
forming higher order chromatin structures is likely the 
cause of the chromosome segregation errors (109).  H2A.Z 
has also been shown to affect chromosome segregation and 
centromere silencing in the fission yeast S. pombe.  It was 
determined that H2A.Z is required for the expression of 
Cnp3, the S. pombe homolog of CENP-C, which is a 
centromere protein that is essential for maintenance of 
centromere silencing (110).  H2A.Z is not an essential 
protein in the budding yeast S. cerevisiae, but phenotypic 
and genetic studies have implicated it in genome stability 
(111).  Unlike CenH3, which has a direct effect on 
chromosome segregation at centromeric regions, H2A.Z 
has a more indirect effect on genome integrity by affecting 
heterochromatin at chromosome arms as well as 
transcription of certain centromeric proteins. 
 
6.4. H2AX 

Histone modifications provide a critical signal 
during the DNA damage response, by marking the sites of 
DNA lesions and making them accessible to the repair 
machinery (48).  In mammalian cells, the histone variant 
H2AX becomes rapidly phosphorylated in response to 
double-strand breaks (DSB) (112). The 
phosphatidylinositol-3-OH kinase-like family of protein 
kinases, which include ataxia telangiectasia mutated 

(ATM), ataxia telangiectasia-related (Rad-3 related or 
ATR) and DNA-dependent protein kinase (DNA-PK), 
catalyzes the phosphorylation of Ser 139 in the highly 
conserved carboxy terminal Ser-Gln-Glu (SQE) motif, 
generating gamma-H2AX (113, 114).  In S. cerevisiae and 
D. melanogaster, which lack H2AX, a conserved SQ motif 
is found at the C-terminus of the canonical H2A and the 
H2Av variant, respectively.  Phosphorylation of Ser 129 of 
H2A in yeast signals DSB repair via non-homologous end-
joining (115). The presence of gamma-H2AX on the 
chromatin surrounding the DNA lesion triggers a signal 
cascade for the recruitment and retention of the DNA repair 
proteins to the damaged site, along with chromatin 
remodeling complexes and mitotic checkpoint factors 
(116).  Recent work has provided evidence that additional 
post-translational modifications, including acetylation and 
ubiquitination of gamma-H2AX and other chromatin 
components, are necessary for the repair process, either 
through the non-homologous end-joining or homologous 
recombination pathways (116, 117).   

 
6.5. MacroH2A 
 This is the most atypical histone variant.  
MacroH2A (mH2A) is a vertebrate specific variant, 
consisting of an N-terminal domain homologous to the 
canonical H2A and a large C-terminal region referred to as 
the macro domain, connected by a basic hinge region (118).  
This non-histone like region accounts for two thirds of the 
molecular mass of mH2A.  There are two closely related 
variants, macroH2A1 and macroH2A2, which 
preferentially associate with the inactive X chromosome 
(Xi), suggesting a role in transcriptionally repressed 
chromatin.  However, they are also found in autosomes, 
where they appear to exert a function in gene repression 
and heterochromatization (119).  In vitro studies have 
shown that nucleosomes containing mH2A1 can interfere 
with chromatin remodeling and transcription initiation 
(120, 121).  Interestingly, the macro domain can bind and 
maintain in an inactive form poly(ADP-ribose) polymerase 
1 (PARP-1), contributing to X chromosome inactivation 
and gene silencing.  Release of mH2A from promoters 
activates PARP-1, which in turn activates transcription 
through ADP ribosylation (122).  Recently, extensive 
analysis of hundreds of mH2A targets reveled that they are 
enriched in genes controlling developmental processes and 
cell fate decisions (123). 
 

Like other histones, mH2A variants are also 
subjected to post-translational modifications (124).  
Phosphorylation of S137 in mH2A1, which resides in the 
hinge region of mH2A, was shown to be present in male 
and female cells during mitosis, but excluded from the X 
chromosome (125).  This finding suggests a role for mH2A 
in chromatin function throughout the cell cycle, outside Xi, 
and regulated by its own post-translational modifications.  
 
7. CONCLUSIONS 
 

In order to maintain the integrity of the genome 
the cell requires precise temporal and spatial chromatin 
dynamics during the chromosome cycle.  Ample evidence 
indicates that the proper balance of histones is essential for 
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maintaining nucleosome assembly and chromatin structure.  
The centromeric and pericentric regions of the chromosome 
are particularly sensitive to histone balance, since the 
incorporation of the cenH3 variant to centromeric regions 
and the structure of pericentric chromatin are perturbed 
when histone stoichiometry is altered.  Aneuploidy is a 
common consequence of altered histone balance, likely the 
result of defective centromere-kinetochore structures, 
although not necessarily the only cause of it.  More studies 
are needed to understand genomic instabilities associated 
with defective chromatin assembly during DNA replication 
as a consequence of histone imbalance. 
 
   Histone mutations can be generally divided into 
two groups, those that affect the globular domain of 
histones in the core nucleosome particle, and those that 
affect the flexible histone tails.  The first group of 
mutations usually leads to distortions in the nucleosome 
architecture, which correlate with phenotypes that can be 
associated with specific cellular functions.  It is becoming 
apparent that there are domains within the nucleosome 
particle that may be recognized by specific proteins 
devoted to distinct cellular functions.  This possibility 
raises questions of specificity, recognition, and targeting 
that will require extensive research to be elucidated.  Most 
mutations within the histone tails have been induced to 
study the effect of their post-translational modifications.  It 
is clear that all four histones undergo modifications that are 
crucial for the chromosome cycle; what is not so clear yet 
is the specific role of each modification, although some 
correlations are evident.  Examples of such associations are 
the methylation of H3 lysines and heterochromatin 
formation, histone deacetylation and mitotic progression, 
and H3 phosphorylation with chromosome condensation.  
Most of what we have learned so far comes from studies 
that abolish individual modifications, either by mutations in 
the modified amino acid, or by mutations in the modifier 
enzyme (methyltransferase, acetyltransferase, etc.).  The 
use of modification-specific antibodies has provided major 
advances in connecting specific histone modifications to 
cellular functions. Undoubtedly, histones provide key 
signals in the dynamic behavior of chromatin throughout 
the chromosome cycle.  The difficult task ahead lies in the 
identification of the proteins that recognize and bind 
nucleosomal histones in their specific modified state, and to 
link them to their respective cellular pathway. 
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