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Epigenetic mechanisms including the post-translational modiﬁcations of histones, incorporation of histone
variants and DNA methylation have been suggested to play an important role in genome plasticity by allowing
the cellular environment to deﬁne gene expression and the phenotype of an organism. Studies over the past
decade have elucidated how these epigenetic mechanisms are signiﬁcant in orchestrating various biological
processes and contribute to different pathophysiological states. However, the role of histone isoforms and their
impact on different phenotypes and physiological processes associated with diseases are not fully clear. This
review is focussed on the recent advances in our understanding of the complexity of eukaryotic H2A isoforms
and their roles in deﬁning nucleosome organization. We elaborate on their potential roles in genomic complexity and regulation of gene expression, and thereby on their overall contribution towards cellular phenotype
and development of diseases.
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1. Introduction
In eukaryotes the chromosomal packaging of a nuclear
DNA initiates through the formation of histone proteins
octamer with *146 bp of DNA. The nucleosome
contains two H2A/H2B dimers ﬂanking a central H3/
H4 tetramer, to form the nucleosome core particle
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(Luger et al. 1997). Further, the interaction of linker
histones H1 associates with DNA at the entry/exit site
on the nucleosomes. The nucleosomes are believed to
be majorly folded into a higher-order organization via
solenoid or zig-zag model to orderly compact the
chromatin in higher eukaryotes (Perišić et al. 2010),
although other models for higher-order folding are
emerging. Earlier studies have shown that the functiondependent dynamic reorganization of chromatin is
attained through three main mechanisms: (i) ATP-dependent remodeling complexes, (ii) replacement of
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canonical histones, and (iii) post-translational covalent
histone modiﬁcations (Law et al. 2015). The importance of histones in a dynamic structural organization
of chromatin is also connected with diverse cellular
functions such as cell cycle, transcription, replication,
chromosome segregation, DNA repair, and other processes (Ma et al. 2015).
Histone proteins in a given organism, except for histone H4, may be classiﬁed as histone isoforms and histone variants. The histone isoforms are synthesized and
deposited during replication, whereas histone variants
are incorporated in a replication-independent fashion in
the nucleosomes. Histone isoform genes are arranged in
clusters, allelic in nature, bi-directional in gene organization, lack introns, and their mRNAs contain a conserved stem-loop in the 3’ UTR; however, histone
variants have non-allelic sequence variations, transcribed from solitary genes, contain introns and have a
poly-A tail at 30 end (Singh et al. 2018). The sequence and
structural similarity among speciﬁc core histones suggests that they share common ancestors and may have
evolved due to convergence and divergence occurring
during evolution. H2A variants show maximum evolutionary diversity with an increase in the complexity of the
organism (Templeton 1985).
Several studies have shown that lineage and functionspeciﬁc incorporation of histone variants changes the
stability of nucleosomes and associates with diverse
cellular processes such as development, chromosome
segregation, transcriptional regulation and DNA repair
(Zink and Hake 2016). The number of H2A variants in
yeast is 2 and it increases to 8 in humans (Shuaib 2012).
H2AX and H2A.Z are virtually common variants of H2A
during evolution from yeast to humans. H2AX is an
important player in maintaining genomic integrity
through phosphorylation and the recruitment of DNA
repair complexes (Podhorecka et al. 2010). H2A.Z forms
stably positioned nucleosomes with speciﬁc PTMs
required for the viability of organisms, and is also
implicated in gene regulation, chromosome segregation,

heterochromatic silencing, and cell cycle progression
(Hou et al. 2010). Other H2A variants in humans like
macroH2A that is known to be involved in transcriptional silencing, H2A.Bbd and an array of other lineagespeciﬁc variants are associated with speciﬁc cellular
functions (Corujo and Buschbeck 2018). Moreover,
sequence analysis of various histone variants revealed
that the difference in the sequence of multiple H2A
variants is up to *40%, however, H2A isoforms vary
only by *5% (Bönisch and Hake 2012). The major H2A
variants with their functions are enlisted in table 1.
The core histones H2A and H2B have multiple isoforms whereas H3 has only two isoforms and H4 has
none. Hence, it is of interest to study the association of
these histone isoforms with DNA in introducing cellular complexity in higher eukaryotic organisms. The
different cell/tissue type of multicellular organisms
mainly contains identical genome; however, have different structure and function. This variation may be
partly contributed by differential incorporation of histone isoforms in different cells/organs leading to the
diverse nucleosomal organization, and thereby regulating the transcriptional activity of different subset(s) of genes in a cell and/or organ speciﬁc manner.
With the basic overview of H2A variants, the review
focuses on H2A isoforms in eukaryotes and their recently
unveiled dynamic structural aspects at the nucleosome and
chromatin levels, with emphasis on their potential implications in chromatin-associated function and diseases.
1.1 H2A isoforms and evolutionary complexity
With the evolution of complex multicellular eukaryotes
from unicellular eukaryotes, it can be speculated that
the signiﬁcant divergence in the number of histone
H2A genes, their arrangement in clusters may have
been generated through gene duplication. The lower
eukaryotic organism yeast has only two H2A genes,
mapped on chromosomes 2 and 4 encoding two

Table 1. Major histone H2A variants and their functions
Protein

Length

Function

References

macroH2A1
macroH2A2
H2A.J
H2A.V
H2A.X
H2A.Z
H2A-BbD type1
H2A-BbD type2/3

372aa
372aa
128aa
127aa
142aa
127aa
115a
115a

Transcriptional repression
Transcriptional repression
Transcriptional regulation
Heterochromatin organization
DNA repair
Transcriptional repression
Transcriptional activation
Transcriptional activation

Angelov et al. (2003)
Zhang et al. (2005)
Contrepois et al. (2017)
Khuong et al. (2017)
Rogakou et al. (1998)
Farris et al. (2005)
Doyen et al. (2006)
Gonzalez-Romero et al. (2008)
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proteins (ﬁgure 1A and B). In Saccharomyces cerevisiae the H2A isoform H2AX is majorly present and is
phosphorylated at S129 (c-H2AX) in response to DNA
damage to maintain genomic stability (Lee et al. 2014).
Like other eukaryotic histone isoform genes, Saccharomyces cerevisiae H2A genes are not interrupted by
intervening sequences. The thirteen H2A isoform genes
coding for 9 proteins in Rattus norvegicus are distributed in three clusters, HIST1, HIST2 and HIST3 on
chromosome 17, 2 and 10 respectively (ﬁgure 1A and
B). Mus musculus genome also has three clusters, HIST
1-3, located on chromosomes 13, 3 and 11, harbouring
13, 4 and 1 genes, respectively. These 18 genes code
for 10 proteins. Three clusters of 17 H2A genes in
Homo sapiens are mapped on chromosome 6 (cluster
1) and chromosome 1 (cluster 2 and 3). These 17 genes
are distributed as 12, 4 and 1 genes on clusters 1, 2 and
3, respectively, which code for 11 different proteins
(ﬁgure 1A and B). The isoforms coded by different
genes in different eukaryotes are not identical and only
differ by 1 to 3 amino acid residues (Singh et al. 2018).
The nomenclature of histone isoforms is also complex
like their arrangements and structure; therefore, it is
important to understand the systematic nomenclature
pattern for replication-dependent histones. These histone genes are named based on their identity and
location in the genome. For example, in HIST1H2AC,
HIST1 means histone gene is located in cluster 1;
‘H2A’ is the histone type; and ‘C’ denotes an alphabetical order of location away from the centromere
(Marzluff et al. 2002). The unusual multiplicity and
functional heterogeneity in the replication-dependent
H2A isoform family observed during eukaryotic evolution may be associated with diverse cellular functions
and different pathophysiological states.
Unlike higher eukaryotes, the histone H2A genes of
Saccharomyces cerevisiae have dual characteristics:
(i) typical of histone variants, a poly-A tail at the 3’
UTR and present as solitary genes on chromosomes,
and (ii) a few characteristics of histone isoforms such
as absence of introns. Histone H2A genes of yeast
share similarity in structure and function with histone
variant, H2AX of mammals. Both are phosphorylated
at serine residue in their C-terminal tails in response to
DNA damage (Moore et al. 2007). The predominant
resemblance of Saccharomyces cerevisiae H2A with a
replication-independent mammalian H2AX histone
variant suggests that replication-dependent histone
isoforms in higher eukaryotes may have differentiated
early during eukaryotic evolution (ﬁgure 1C). Several
studies have shown that post-translational modiﬁcations play an important role in gene regulation,
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however, the importance of incorporation of histone
isoforms and its association with gene regulation
remains poorly understood. Although isoforms are
highly conserved in their sequences, a difference of
even a few amino acids contributes to their non-redundant functions. Therefore, histone isoforms could
be considered as the key players in governing the
dynamic characteristics of the nucleosomes and subsequently functions of chromatin in regulating DNAmediated biological processes.
1.2 H2A isoforms and epigenome plasticity
The core histones contain structurally conserved motif,
histone-fold domain (HFD) and the dynamic histonefold terminals, named histone tails, which regulate the
nucleosome organization, stability, and help in deﬁning
the higher-order chromatin structures (Mariño-Ramı́rez
et al. 2005)(Ramaswamy and Ioshikhes 2013). The
sequence homology analysis of the H2A proteins of
Saccharomyces cerevisiae, Rattus norvegicus, Mus
musculus, and Homo sapiens has shown that both the
loops of HFD are highly conserved among higher
eukaryotes. However, a1, a2, and a3 helices of HFD
are conserved for more than 95% across organisms
during evolution (ﬁgure 2A and B). The main difference arises between different organisms is due to differences in disordered N- and C-terminals of H2A
isoforms.
The eleven H2A isoforms in humans differ among
themselves by only 1-3 amino acids at positions 16, 51
and 99 and the size remains the same i.e. 130 amino
acids. The position 16 is in N-terminal, 51 in a2-helix
and 99 is located at the boundary of a3-helix and
C-terminal tail (ﬁgure 2A). These minor differences
may alter the nucleosomal organization and availability
of the DNA for transcription leading to change in
global gene expression. This can have considerable
alterations in cellular functions and phenotype. Previous studies from our laboratory using rat as a model
organism have shown that these differences in H2A.1
and H2A.2 isoforms have an impact on nucleosomal
stability, in-vitro and in-cellulo. The above studies have
shown a signiﬁcant difference in terms of interaction
with the H4 tails in the nucleosome core particle,
changes in the number of H-bonds and the stability of
the H2A–H2B dimer. These minor but signiﬁcant
changes in the nucleosome dynamics could alter the
binding afﬁnity of proteins to the nucleosomal surface.
This suggests that the differential incorporation of H2A
isoforms is functionally non-redundant (Bhattacharya
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1. Complexity of H2A isoforms. (A) The linear
relationship between the complexity of an organism and the
number of H2A isoforms among eukaryotes. Detailed
information of four different species (S. cerevisiae,
R. norvegicus, M. musculus, and H. sapiens) from lower
to higher eukaryotes shows the direct relationship between
H2A isoforms number and the complexity of an organism.
The number of histone H2A isoforms proteins, genes and
clusters are tabulated for individual organisms. (B) The
presence of H2A genes on different clusters along with their
bi-directional (positive or negative strand) location on
respective chromosome is depicted. (C) Evolutionary conservation of H2A proteins and phosphorylation site of yeast
and human: The histone isoforms, HTA1 and HTA2 in yeast
conserved by [95% in histone fold domain and function
with human H2AX histone variant. The asterix denotes the
site of phosphorylation (HTA1 and HTA2 Serine129 and
H2AXSerine139) in response to DNA damage in both the
organisms.

b Figure

et al. 2017). In continuation, in silico molecular simulation for ﬁve human H2A isoforms H2A type 1,
H2A1B/E, H2A1D, H2A1C and H2A2C, that differ at
either of the three positions namely, 16, 51 and 99
among themselves are remodelled using the human
nucleosome core particle (PDB ID: 2CV5) as template
(ﬁgure 2C). Such analysis revealed that the isoform
H2A-1D has the lowest binding energy followed by
H2A-2C, H2A-1BE, H2A-1C, and H2A-1. In the
nucleosome, the 16th amino acid of H2A isoforms is at
the edge of the octamer and interacts with the DNA. In
all the isoforms, 16th serine or threonine possesses
polar and neutral side-chains and forms the hydrogen
bond with Ser19 of H2A, but differs in interaction with
the DNA. Serine forms hydrophobic interaction with
DNA base 30 and threonine forms hydrophobic interaction with 30, 29 and 267 DNA bases. This is because
threonine has higher hydropathy index (Kyte and
Doolittle 1982). The 51st amino acid is at the interface
of H2A-H2B dimer. The non-polar and neutral 51st
leucine and methionine forms a common hydrogen
bond with Ala47. However, the hydropathy index of
leucine is double than methionine, it prefers forming
bond with Leu55, while methionine forms with Val54.
Further, the 99th amino acid of H2A isoforms contains
arginine or lysine and is located at the core of the
nucleosome. The polar and positive charge arginine
forms salt-bridge interactions with negative charge
residues Glu105 and Asp106. Interestingly, these isoforms possessed different energy levels suggesting that
difference of a few amino acids at the critical locations
in the nucleosome results in a signiﬁcant impact on the
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nucleosomal stability (ﬁgure 3). It is already established that differential nucleosomal stability gives rise
to differential gene expression (Weber and Henikoff
2014). Thus, the observed differential nucleosomal
stability due to the incorporation of various H2A isoforms might be responsible for the differential gene
expression resulting in determination of cell fate. Further, an increase in the number of isoforms during
evolution suggests that it may be directly correlated
with the complexity of an organism and their alteration
may therefore inﬂuence the physiology of a cell.
1.3 Histone H2A isoforms in different
pathophysiological states
Earlier studies on different pathophysiological states
including cancer, diabetes have shown alterations in
various chromatin related features such as chromatin
organization, nucleosome pattern, covalent histone
modiﬁcations, histone variants, miRNA and DNA
methylation (Martı́n-Subero and Esteller 2011). However, the literature regarding the H2A isoforms at the
protein level is very much limited compared to H2A
variants because of the various technical limitations
like *98% sequence similarity with similar size. The
presence of unique 50 and 30 UTRs in different H2A
isoform mRNA makes their in-depth studies possible at
the RNA level. The Cancer Genome Atlas (TCGA)
data analysis for multiple H2A isoforms (H2A type 1,
H2A1B/E, H2A1D, H2A1C, and H2A2C) in different
normal tissue samples has shown differential expression in different tissues (ﬁgure 4A). HIST1H2AG and
HIST1H2AE are predominantly expressed in the colon,
HIST1H2AC is predominantly expressed in the liver,
and HIST1H2AD and HIST2H2AC are more expressed in head and neck and cervix respectively. This
suggests that different organs exhibit a predominant
expression pattern of various histone isoforms. Their
differential stability as per the simulation data (ﬁgure 3) and differential expression (ﬁgure 4) might be
responsible for the non-identical transcriptome of different cell/tissue-type which may partly contribute
towards determination of the cell fate. Moreover, earlier studies have shown that the continuous modulation
of gene expression due to extrinsic and intrinsic factors
(i.e., nutrition, xenobiotics, physical activity, stress,
metabolism, hormones, etc.) play a key role in deﬁning
cell differentiation during early life and across the life
span (Jasiulionis 2018) in cell/tissue-speciﬁc manner.
These ﬁndings together implicate the importance of
histone
isoforms
in
nucleosomal
changes,
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2. Sequence Alignment and conservation in H2A
isoforms: (A) Multiple sequence alignment of H2A isoforms
of different organisms was carried out using clustal omega.
Histone fold domain was found to be highly conserved
across organisms. a1, a2, and a3 helices and L1, L2 loops of
H2A isoforms are conserved for [95% across different
organisms. The H2A structure PDB:2CV5 is used in
deﬁning a different domain in H2A isoforms. However, Nand C-terminal regions of H2A isoforms display variation
across organisms. (B) Pairwise sequence identity was
performed using sequence demarcation tool version 1.2
(SDTv1.2) for all H2A isoforms. Pairwise identity was
displayed from 100% to 20% in the range of red to green
color respectively. SC-Saccharomyces cerevisiae, RN-Rattus
norvegicus, MM-Mus musculus, and HS-Homo sapiens.

b Figure

reprogramming of epigenome, in part contributing to
the attainment and/or persistence of a cellular state and
phenotype.
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In cancer, studies have reported the downregulation
of HIST1H2AC in patients’ sufferings from chronic
lymphocytic leukemia (CLL) and gall bladder cancer,
though conﬂicting reports of upregulation are also
reported in CLL and breast cancer (Singh et al. 2013;
2015). The non-redundant role of the highly conserved
H2A isoforms was reported in gall bladder cancer cell
lines. The knockdown of HIST1H2AC resulted in
decreased cell proliferation and fewer colonies in soft
agar assay, whereas, in cells of breast origin it was
found to promote cancerous properties. In continuation,
the same group reported that H2A1C isoform regulates
estrogen receptor target genes by mediating enhancerpromoter-30 -UTR interactions in breast cancer (Singh
et al. 2013). Additionally, a decrease in HIST1H2AC
levels has been reported on the treatment of HCT116
cells with Nutlin-3a, which increases the levels of the
p53, indicating an inverse correlation of H2A1C

Figure 3. Nucleosomal stability of human H2A isoforms: In silico molecular simulation for ﬁve human H2A isoforms,
H2A type 1, H2A1B/E, H2A1D, H2A1C and H2A2C, that differ at either of the three positions, 16, 51 and 99 among
themselves are remodelled using human nucleosome core particle (PDB ID: 2CV5) as template for 100 ns using Gromacs
2018.1 software. The minimum potential energy structures from MD trajectories were used to plot intermolecular interaction
in terms of H-bond and hydrophobic interaction for positions 16, 51 and 99. Binding energy at the nucleosomal level for
isoforms was calculated by MM-GBSA and represented in the table along with highlighted differences at positions 16, 51 and
99. The incorporation of H2A isoforms in the nucleosomes results in differential stability of simulated nucleosomes with
difference in H-bond and hydrophobic interactions. The nucleosomal image represented in the ﬁgure is created by
visualization of PDB 2CV5 in discovery studio visualizer.
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4. Differential expression of human histone isoforms: (A) TCGA data analysis shows differential expression of HIST1H2AG, HIST1H2AE, HIST1H2AC,
HIST1H2AD and HIST2H2AC across various normal
tissues. Log2 (x?1) normalized counts were taken from
UCSC Xena browser and boxplot for the same was plotted
using R 3.3. The data was taken from cut margin samples for
breast invasive carcinoma, brain GBM, head and neck
squamous cell carcinoma, cervix, kidney clear cell carcinoma, bladder, colon adenocarcinoma, liver hepatocellular
carcinoma, lung adenocarcinoma, pancreatic adenocarcinoma, rectum adenocarcinoma and stomach adenocarcinoma. HIST1H2AG and HIST1H2AE are predominantly
expressed in colon, HIST1H2AC is predominantly
expressed in liver, and HIST1H2AD and HIST2H2AC are
more expressed in head and neck and cervix respectively.
(B) The list of replication-dependent H2A histone isoforms
and their related changes in different pathophysiological
states are summarized.

b Figure

isoform with cellular proliferation (Pirngruber and
Johnsen 2010). Consistently, the levels of HIST1H2AC
have been shown to decline following a cell cycle
arrest. The levels of HIST1H2AC have been reported
to change speciﬁcally in other diseases including
human papillomaviruses hyperplasias, AIDS and multiple sclerosis (Olivares et al. 2009; Singh et al. 2007).
Additionally, H2A1C expression shows an increase
with the acquirement of chemo-resistance by pancreatic
cancer cell lines (Xin 2010). An uncharacteristic polyA tail at the 30 UTR in place of the well-conserved
stem-loop structure has been reported under stress
conditions such as arsenic exposure in HIST2H2AA3
(Brocato et al. 2015). The list of replication-dependent
H2A histone isoforms and their related changes in
different pathophysiological states are summarized in
ﬁgure 4B. These observations suggest that histone
isoforms might have context-dependent functions, and
further studies are required to understand the mechanistic details of histone isoforms in pathophysiological
states and their possible relevance in clinical settings.
2. Technical challenges and future prospective
Multiple studies have provided novel insights towards
roles of histone isoforms, like histone variants a decade ago, in providing the structural and functional
divergence of chromatin organization in a contextdependent manner and under different pathophysiological states. However, the major limitation of proﬁling H2A isoforms at protein level is the sequence
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identity and similar size. The molecular weight ranges
from *13.8 to *14.1 kDa which makes it virtually
impossible to resolve them with conﬁdence using
different gel electrophoresis systems on the basis of
molecular weight, hydrophobicity and charge. Further,
high afﬁnity and high speciﬁcity antibodies are difﬁcult to generate because of non-overlapping positional
mismatches of one to three amino acids resulting in
high cross-speciﬁcity of antibody against different
H2A isoforms. The minor difference in hydrophobicity index nevertheless makes it feasible to separate
them on a reverse phase high-performance liquid
chromatography. Furthermore, the isoforms need to be
validated using state-of-art mass spectrometry based
proteomics technology and bioinformatics tools.
However, the major limitation remains the availability
of the large quantity of human tissue samples for
histone preparation. Along with the high conservation
in protein sequence, these H2A isoforms also exhibit
high conservation in the coding region of their genes.
However, the presence of unique UTRs in the mRNAs
of various H2A isoforms makes their in-depth studies
possible at the RNA level with less difﬁculty and
more reliability.
The important question that remains is that what
governs the distribution of the different isoforms in
the genome and whether the isoforms do localize to
distinct genomic regions in a context-dependent phenomenon or under different pathophysiological states?
Further, mutations associated with alteration of histone isoform gene expression needs detailed investigation in cancer. Further insights into the functional
importance of the histone isoforms have eluded us for
so many years because of the challenges in carrying
out various assays as mentioned above. Future studies
overcoming these challenges will provide an exciting
prospect to deﬁne the histone isoform variations
contributing to cell fate decisions, complex diseases
and address queries concerning the involvement of
histone isoforms to various phenotypic traits. Additionally, these studies will also enable us to investigate whether increasing incidences of altered
pathophysiological states are due to increasing environmental changes resulting in the alteration of histone isoforms expression and their incorporation in
the genome.
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González-Romero R, Méndez J, Ausió J and Eirı́n-López JM
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