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Abstract

Histone chaperones are fundamental molecules that aid in the synthesis, translocation, and
exchange of histones across the barrier of cytoplasm to nucleus. Regulation in repair,
replication, and nucleosome assembly constitute the widely associated functions of histone
chaperones. Recently, they have been associated with transcriptional regulation. Different
stages of mammalian development have been correlated to the expression of histone chap-
erones. From oocyte and sperm till the formation and development of zygote, different
histone chaperones demonstrated distinct regulatory roles. Efficient models of studying
mammalian development include differentiation of embryonic stem cells (ESCs) to different
lineages. Both in vitro and in vivo differentiation of mammalian cells exhibit regulation by
different subtypes of histone chaperones. Due to the ethical issues concerning the use of
embryos for the derivation of ESCs, induced pluripotent stem cells (iPSCs) were derived
from pre-existing differentiated cells by a phenomenon called cellular reprogramming.
Cellular reprogramming is characterized by erasure of pre-existing epigenetic signature to
a new modulated epigenome. Histone chaperones serve as either facilitator or barrier to
reprogramming. Here, we will discuss how histone chaperones could regulate the gene
expression pattern by regulating epigenetic modification during the complex process of
mammalian development and reprogramming.

Keywords: histone chaperone, reprogramming, epigenetic, development, transcription
factor, histone variant

1. Introduction

Nucleosomes comprising of histones and DNA could be considered as the basic unit of

regulation of gene expression. Nucleosomes tightly regulate the transcriptional traffic while

relaxing the structure of chromatin to bind the chromatin factors across the DNA. The marked
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presence of euchromatin and heterochromatin determines the fate of gene expression as a

result of presence or absence of the regulatory complex formed at different loci [1]. Thus, the

assembly or disassembly of the nucleosome is a major contributory factor in the regulation of

gene expression in mammalian cells. Histone chaperone are proteins in nature and regulates

the nucleosomal function by the deposition or eviction of corresponding canonical histone

subunits or non-canonical histone variants. Their function is not restricted to nucleosomal

activity only. They regulate all sorts of histone metabolism throughout the life cycle of a

mammalian cell. Histone deposition by histone chaperones may or may not be coupled to

DNA replication. The entire dynamics associated with histone chaperones enable us to realize

how they could regulate DNA replication, repair, transcription and finally the genomic integ-

rity of the cells (Figure 1).

The fundamental unit of chromatin is nucleosome. Nucleosome is composed of histone

octamer with each two units of histone H2A, H2B, H3, H4 wrapped around by 147 bp of

DNA. A linker DNA, along with other histone subunit H1, connects one nucleosome to the

other and forms a beaded chain like structure in the nucleus. The degree of compactness of

these nucleosomes determines the fate of gene expression in mammalian cells. Along with the

canonical histone units of H2A, H2B, H3.1, H3.2 and H4, replacement histone variants have

evolved which are essentially regulatory in nature including H3.3, CENP-A, H2A.Z and

deposited in a replication-independent manner unlike the canonical ones which are generally

deposited in a replication-coupled fashion and are expressed in the S-phase of the cell cycle.

Replacement of canonical subunit with the histone variants contributes to the transcriptional

regulation of genes [2]. Histone chaperones are responsible for the recruitment of canonical

histones and these histone variants at different loci of the genome and further indulge in the

regulation of gene expression.

Till date different subtypes of histone chaperones have been discovered. They are generally

classified on the basis of replication-coupled or uncoupled mechanism of action. As mentioned

Figure 1. Overview of chromatin functions regulated by histone chaperones.
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earlier replication coupled are the ones associated with deposition of newly synthesized

canonical histones into the nucleosome, recycling them throughout the cell cycle and that

include Chromatin Assembly Factor 1 (CAF1), Facilitates Chromatin Transcription (FACT),

Suppressor Of Ty6 (Spt6), among others [2]. Whereas the other phenomenon of DNA repair,

centromere deposition, transcriptional regulation and maintenance of heterochromatin

dynamics are performed in a replication uncoupled fashion and that include Histone regula-

tion A (HIRA), Anti Silencing Function 1A (ASF1A), Death domain-associated protein 6

(DAXX) among others [2]. Detailed information on the same could be referred from a recent

review by Hammond et al. [2].

Replication-independent functioning of histone chaperones has a profound impact on the

chromatin structure and as well as in different cellular processes. Such is the influence in

different cellular context that many knockout phenotypes of histone chaperones demonstrated

embryonic lethality. Among these cellular process, in this chapter, we will discuss in detail

how histone chaperone influence different mammalian developmental stages and in the con-

text of cellular reprogramming.

2. Histone chaperones in mammalian development

Mammalian development initiates upon the formation of single celled zygote from the sperm

and ovum. The zygote undergoes division to form two-celled to four-celled and finally to a

stage called morula. Till this stage the embryo is termed as totipotent, that can differentiate

into any lineage. But, from the formation of blastocyst, the potency to differentiate becomes

restricted from pluripotent to multipotent to finally unipotent (Figure 2, top panel). Intricate

molecular mechanisms encompassing different transcriptional and epigenetic factors regulate

the different stages of mammalian development from the pre-implantation embryo till the

attainment of adulthood.

2.1. Pre-implantation and early embryonic development

From one-celled zygote to the formation of totipotent morula, functionally different histone

chaperones influence the developmental stages. Even before fertilization, histone chaperone

HIRA depletion lead to inhibition of male pronucleus formation due to a lack of nucleosome

assembly in the sperm genome [3]. Hira mutant oocytes in Xenopaus, lack the potential to

divide parthenogenetically [4]. Basically, HIRA-dependent H3.3 incorporation in the paternal

genome is a prerequisite for their reprogramming into the development to the mouse zygote

[5]. Progression to the two-celled stage is absolutely dependent on the histone chaperone

HIRA. Loss in maternal HIRA leads to complete inability to deposit the core histones on to

the paternal genome thus resulting in a compromised maternal genome reactivation in mice

[5]. Also, ASF1B has been found to be required for retaining the female reproductive capacity

in mouse where in loss of ASF1B could introduce change in meiotic entry thereby resulting in a

discrepancy in gonad development [6]. The development of morula to blastocyst occurs

around E3.5 and E5.5 in mouse and human respectively (Figure 2). This is the first cellular

differentiation wherein the blastocyst could be partitioned into the inner cell mass (ICM)
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comprising of epiblast and hypoblast and the outer layer of trophectoderm (TE) covering the

blastocoel (Figure 2). ICM gives rise to the embryo proper and the TE develops into the

extraembryonic tissue forming the link between the embryo and the mother. Embryonic stem

Figure 2. Histone chaperones implicated in mammalian developmental processes. (Top panel) Pre-implantation devel-

opment—singe-celled mouse embryo undergoes division to form blastocyst at embryonic day 3.5, E3.5. Inner cell mass

(ICM) and trophectoderm (TE) constitute the blastocyst surrounding the blastocoel. ICM are source of embryonic stem

cells (ESCs). Mouse ESCs when derived from ICM express core pluripotency factor OCT4 and NANOG, as visualized by

immunofluorescence microscopy. (Middle panel) The structural organization of the chromatin of sperm and oocyte are

also regulated by different set of histone chaperones. (Lower panel) Further development and differentiation to all three

lineages, after post-implantation, have been attributed to the proper functioning of histone chaperones. Histone chaper-

ones associated with the regulation of the developmental stages have been summarized in the table.
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cells (ESCs) are developed in vitro from the ICM and with time have evolved into the best tool

to understand development as well as serve as the best alternative to be exploited for the

generation of cells of different lineages due to the pluripotent nature of these cells. Pluripotent

ESCs can differentiate into any lineage except to extraembryonic lineage. Loss in CAF1 leads to

the mislocalization, loss of clustering, and decondensation of pericentric heterochromatin

domains in ESCs and an altered histone methylation mark at the level of pericentric hetero-

chromatin is formed [7]. Basically, CAF1 targeted mutation led to the developmental arrest at

the 16-cell stage due to severe alteration in the nuclear organization of constitutive heterochro-

matin. The reason was the non-maturation of the heterochromatin and the retention of the 4-

celled stage in the 16-cell stage leading to stalled development. So, CAF1p150 is needed for the

development of preimplantation embryo [7]. Conditional mutagenesis of the histone chaper-

one ATRX demonstrated a failure in the development of TE in murine embryo [8]. A defect in

methylation pattern and growth pattern lead to the embryonic lethality of mouse embryo.

Thus, ATRX serve as one of the deterministic factor for the successful differentiation of embryo

into TE and hence in the formation of extraembryonic tissues. During the early embryonic

development, histone chaperone DAXX has been associated in the suppression of apoptosis in

the embryo wherein its loss resulted in enhanced apoptosis thus resulting to embryonic

lethality [9]. In the late pre-implantation stage, the embryo is significantly hypomethylated.

Retrotransposons present in the mammalian genome stay in a silenced fashion to avoid their

activation that could result in the loss of genomic integrity. In this stage of development, CAF1

mediated deposition of histone variant H3.1/3.2 and repressive histone marks, including

H4K20me3 and H3K9me3, at retrotransposon regions repressed the activation of these ele-

ments thereby aiding in the proper development of embryo [10]. So, different histone chaper-

ones specifically regulate stages of pre-implantation development or early mammalian

development (Figure 2).

Development of the embryo to an adult further instils another set of histone chaperones in

regulatory mechanism associated with differentiation into different lineages. A classic example

is the histone chaperone HIRA. Targeted mutagenesis of HIRA demonstrated that HIRA is

indispensable during murine embryogenesis. The defects of mutation were prominently visi-

ble during gastrulation, abnormal placentation, cardiac morphogenesis and finally leading to

embryonic lethality [11]. There are different lineages, which are preferentially being targeted

by few histone chaperones, and in the next section we will discuss the relation between sub-

types of histone chaperones in development (Figure 2).

2.2. Cardiac differentiation and heart development

Mesodermal differentiation to cardiac progenitors demonstrated a substantial role of histone

chaperone HIRA. Cardiomyocyte-specific Hira conditional-knockout mice did not disturbed

the heart development, but instead resulted in cardiomyocyte hypertrophy and susceptibility

to sarcolemmal damage [12]. Cardiomyocyte degeneration led to focal replacement fibrosis

and hence resulted in the impaired cardiac function. Gene expression profile in Hira

conditional-knockout hearts indicated impairment in pathways associated with responses to

cellular stress, DNA repair and transcription and could hence implicate HIRA in maintenance

of cardiomyocyte homeostasis [12]. HIRA could also individually regulate locus-specific
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effects on cardiac-specific genes. Conditional ablation of Hira in the cardiogenic mesoderm of

mice demonstrated dysregulation of Tnni2 and Tnnt3, Troponin genes, involved in the cardiac

contractility [13]. HIRA bind to the enhancer elements of Troponin genes that are already

bound by the cardiac-specific transcription factor NKX2.5. Hence, absence of HIRA during

cardiac differentiation results in several defects including edema, which finally aggravate to

embryonic lethality [13].

2.3. Muscular differentiation

Transcription factor MyoD is essential in myoblast differentiation. Histone chaperone HIRA and

H3.3 play pivotal roles in MyoD regulation [14]. HIRA, phosphorylated by Akt kinase, thereby

modulates a switch between its phosphorylated and non-phosphorylated state and thereby

dictate the expression of myogenic genes during myogenesis [15]. Another histone chaperone

SPT6, through cooperation with RNA Pol II and histone demethylase KDM6A, orchestrates

removal of repressive H3K27me3 mark from MyoD, thereby facilitating the expression of MyoD

and thus controlling gene expression associated with development and cell differentiation [16].

Simultaneously, HIRA interact with another transcription factor MEF2C and contributes to its

activation during muscle differentiation [17]. ASF1A forms a complex with HIRA for MEF2C

dependent transcription and is indispensable for myoblast differentiation. Basically, at the chro-

matin level, HIRA mediated enrichment of active histone modification marks within the

myogenin promoter regulated myoblast differentiation [17]. Myofibers lacking HIRA suffer

oxidative stress and generate a hypertrophic response in skeletal muscle thereby exposing the

myofibers to stress-induced degeneration [18].

2.4. Endothelial/hematopoietic differentiation

Endothelial cells are differentiated from mesodermal lineage. They constitute crucial partners

in angiogenesis, the development of new blood vessels. Angiogenic factors like basic fibroblast

growth factor and epidermal growth factor could incite angiogenic response in endothelial

cells with the significant increase in expression of Vascular endothelial growth factor receptor 1

(VEGFR1) [19]. Interestingly, mechanistic analysis showed that HIRA mediated incorporation

of histone H3.3 variants upon acetylated at H3K56 induces the VEGFR1 level in mouse yolk

sac endothelial cells. Loss in expression of HIRA eventually reduced in vitro angiogenesis and

pathological angiogenesis in the choroidal neovascularization model [19].

RUNX1 (Runt-related transcription factor 1) has been attributed to be a pre-requisite for the

hemogenic to hematopoietic transition. This cellular transition is transient in nature, but

recently it has been shown to be the authentic source for the emergence of hematopoietic stem

cells (HSCs). Since, HIRA could influence angiogenesis related endothelial-specific genes, we

investigated the role of the histone chaperone HIRA in hemogenic to hematopoietic transition.

In mouse hemogenic endothelial cells, HIRA physically interact with RUNX1 and thus could

regulate the downstream targets of RUNX1 including Pu.1, Gfi1, and Gfi1b that are implicated

in the functioning of HSCs [20]. The Runx1 + 24 mouse conserved noncoding element, an

intronic enhancer, is essential for the expression of Runx1 during endothelial to hematopoietic

transition. The locus is active upon incorporation of histone variant H3.3 in a HIRA-dependent
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fashion. Thus, HIRA regulate RUNX1 in driving the hemogenic to hematopoietic transition.

Earlier studies in leukemia cells, demonstrated that HIRA interacting with transcription factor

EKLF could regulate the β-globin gene expression associated with adult definitive erythropoi-

esis [21]. It could also control the expression of EKLF and GATA1 by regulating the chromatin

modification at the corresponding regulatory genes during differentiation.

2.5. Neuronal differentiation

Neural progenitor cells are enriched in histone chaperone HIRA and have been associated with

neural progenitor cell proliferation, terminal mitosis and cell cycle exit. Loss of HIRA leads to

premature differentiation in neural progenitors [22]. HIRA is involved in the increased β-

catenin expression due to the enrichment of H3K4me3 mark within its promoter by inducing

the recruitment of Setd1A methyltransferase at the promoter. Thus, HIRA could regulate

neurogenesis. Interestingly, deletion of the neuronal Nap1/2 (nucleosome assembly protein 1-

like 2) gene, another histone chaperone, in mice causes neural tube defects [23]. Nap1/2

actually enhance the histone acetylation at H3K9/14 within the Cdkn1c locus, responsible for

neuronal differentiation.

3. Histone chaperones regulate reprogramming

In 2006, Takahashi and Yamanaka demonstrated how cell fates could be manipulated with the

expression of four-transcription factor Oct4, Klf4, Sox2 and c-Myc or OSKM [24, 25]. These

Yamanaka factors, when ectopically expressed in terminally differentiated fibroblasts led to

the generation of induced pluripotent stem cells (iPSCs) [24, 25]. iPSCs are similar in character

to ESCs. The major ethical concern associated with exploitation of embryo to derive ESCs

could be successfully avoided by the use of iPSCs. Till now, they have been derived from

different mammalian species, including human, utilizing varied protocols. Technically, human

iPSCs has been proven to be a very efficient tool in understanding mechanistic basis of several

diseases, for drug screening and finally to serve as the huge potential of cells needed for

replacement therapy or in regenerative medicine. Although a vivid literature is available on

the methods to generate iPSCs, nevertheless it is associated with lot of complexities including

its low turnover and the distinct set of cellular machinery that result in reversing the clock.

Even after a decade, the molecular mechanisms underlying the reprogramming process

remains unclear and hence substantial amount of information still remain elusive.

Functionality of cell depends upon how the chromatin is arranged in each cell type. So, the

parts of genome, which are essential for the function of a specialized cell, should be in

accessible state to the transcription factors and other chromatin associated proteins. Actively

differentiating cell changes its chromatin states progressively toward its mature state. The

reversible nature of epigenome to embryonic state is proved with the seminal somatic cell

nuclear experiments by the oocyte factors. Further the erasure of epigenetic modifications to

pluripotency state is attained with the ectopic expression of transcription factors. iPSCs tech-

nology revealed the importance of transcription factors in cell fate change. Different transcrip-

tion factor cocktail to induce pluripotency have been tried and still OSKM remains the
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preferred cocktail mixture to study the cell fate change. These reprogramming factors are

transcription factors, which are highly expressed, in embryonic stem cells and they maintain

the circuits in the chromatin to change a state to pluripotent, which is likely to differentiate into

different lineages including neuron, blood, etc. Thus, transcription factors and chromatin

remodeling factors are key elements in cell fate change, which can drive the cell toward other

state when maintained in a controlled environment. Thus it is essentially to identify the key

factors to reprogram the cells directly into other cell type by bypassing the pluripotent state.

Along with transcriptional regulation, reprogramming entails global epigenetic remodeling.

Reprogramming of somatic cells to pluripotent state is marked with change in the global

epigenome, with the erasure of donor cell epigenetic modifications. Thus, inducing a somatic

cell to reprogram into pluripotent one largely involves structural change at the chromatin in

creating a signature expression pattern of genes associated with the generation of iPSCs. The

histone code comprising of different histone modification patterns indicates the status of the

genomic loci by the presence of active or repressive marks. After the OSKM transduction,

initial days of reprogramming results in the loss of somatic cell characteristics, which are due

to binding of the OSKM factors. With the OSKM binding the regions of the condensed

chromatin leads to the genome wide chromatin changes. A plethora of histone modification

marks encompasses different stages of reprogramming including active H3K4me2,

H3K3me3 or repressive H3K27me3 [26]. The remodeling of pluripotent gene promoter initi-

ates at an early stage to facilitate the chromatin accessibility for the binding of different

remodeling factors.

Histone modifying enzymes responsible for the corresponding histone modifications interact

with the core pluripotency factors like OCT4 and promote the activation marks to facilitate

attainment of pluripotency.

Interestingly, the barrier for the reprogramming process lies in the histone marks with the

repressive function, preventing their removal and directing a shift from change the chromatin

structure from heterochromatin to euchromatin. This is an uphill task to be achieved only by

the set of transcription factor. This criterion adds up to prolonged time span required to

accomplish the process of reprogramming with the low production efficiency.

The non-canonical or replacement histone variants have been implicated in the regulation of

cellular reprogramming. Deposition of histone variants by replacing their canonical histones

along the genomic sequences changes the expression profiles thereby giving a cell a new

identity. MacroH2A histone variants have been shown to resist reprogramming [27]. On the

contrary, histone variants TH2A/TH2B, highly enriched in oocytes, typically enhance the

reprogramming process [28]. These histone variants are known to be expressed in testes,

oocytes and zygotes are associated with open chromatin [28].

But, upon looking into a close proximity, we could infer that basically, it is the tight packaging of

nucleosomes that regulates the genetic information driving the morphological change of one

phenotype of cell to the other one during reprogramming. And the players regulating the

assembly or disassembly of nucleosomes are the histone chaperones. Although, late, but the first

report on the role of histone chaperones in cellular reprogramming was established in 2014 [29].
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After that, two other reports came out in the simultaneous years proving their role as activator or

barrier to reprogramming thereby entrusting another regulatory behavior for the gene expres-

sion in mammalian cells. In the following paragraphs, we will understand what molecular

mechanism drives the regulation of iPSCs formation as a function of histone chaperone.

3.1. ASF1A: essential for induction of pluripotency

Anti Silencing Function 1 (ASF1) is the most conserved histone H3 and histone H4. It has

been implicated in almost all the functions of histone chaperone described in earlier sections.

In mammals, ASF1 has two paralogs, ASF1A and ASF1B. The human oocyte in metaphase II

is highly enriched in ASF1A and this state of oocyte has been attributed in having a greater

reprogramming potential than any cells driven to pluripotency by the addition of exogenous

factors [29]. Global transcriptomic profiling demonstrated ASF1A as the most vital oocyte-

reprogramming factor across different mammalian species [29]. In mammals, it forms com-

plex with other histone chaperones including HIRA and CAF1 and its role in cellular

reprogramming of human dermal fibroblasts was analyzed for the first time. ASF1A is

required for the generation of iPSCs from adult human dermal fibroblasts. The promoters of

NANOG, OCT4 and SOX2 are significantly enriched with the active acetylated H3K56 mark

during reprogramming. This enrichment was further enhanced upon overexpression of

ASF1A while the level was significantly reduced upon its downregulation. So, functionally,

ASF1A mediates the maintenance of H3K56ac level in reprogramming cells within the pro-

moters of core pluripotency genes and those pluripotent factors as a consequence bind

to their target genes to accomplish the process. OSKM combination is added for the induc-

tion of reprogramming, but ASF1A along with only OCT4 and GDF9 (Growth Differentia-

tion Factor 9) could contribute to the generation of authenticated iPSC colonies. GDF9

is again an oocyte specific growth factor. This study proved that ASF1A is required for

the reprogramming phenomenon in human dermal fibroblasts and how a histone chaperone

could ultimately influence and regulate the transcriptional machinery in cellular

reprogramming [29].

3.2. CAF1: restrict induction of pluripotency

Chromatin assembly factor 1 (CAF1) associate with the deposition of newly synthesized

histone H3/H4 on DNA. Chaf1a and Chaf1b, two subunits of CAF1, have been recently

associated with reprogramming [30]. Downregulation of CAF1 induced the generation of iPSC

clones within 5 days of OSKM addition in human dermal fibroblasts. Even the efficiency in

formation of iPSCs enhanced from 0.1% in control fibroblasts to 1–5% in Caf1-shRNA cells.

But, this increase in number does not reflect an accelerated proliferative capacity of cells upon

downregulation of CAF1. However, CAF1 presence was needed during the initial period of

reprogramming and hence an optimal dosage of CAF1 determines the effect on the

reprogramming process. SON-seq and ATAC-seq data revealed that CAF1 downregulation

result in the enrichment of accessible ES-cell specific super enhancer elements. This implied

that CAF1 regulate the local chromatin structure of the ES-cell specific enhancer elements.

Thus, CAF1 regulate the gene expression thereby modulating the chromatin for accessibility

of transcription factors. Pluripotency-associated transcription factor, SOX2 binding increased
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across the lineage-specific super enhancer elements in CAF1-downregulated cells. Also, CAF1

downregulation resulted in an upregulation of OCT4 independent of OSKM-induced cell-fate

changes. CAF1 deprivation resulted in a local depletion of the repressive histone modification

mark, H3K9me3 at a subset of somatic heterochromatin areas termed ‘reprogramming-

resistant regions’, linked to those sites that associated with low efficiency in somatic cell

nuclear transfer. So, CAF-1 inhibition primed the change in chromatin to a more accessible

form being further efficient in transcriptional activation.

3.3. APLF: a barrier of reprogramming

Aprataxin-PNK like Factor was first discovered as a DNA repair factor associated with the

Non-homologous End Joining (NHEJ) repair process [31, 32]. Upon DNA damage, APLF

aids in the recruitment of Ku, XRCC4 and Lig4 at the damaged site and accelerates the

repairing process [31, 32]. On exposure to ionizing radiation, myeloid neoplasms were

impeded in APLF-deprived mice, with a minute effect in DNA repair capacity [33]. So, APLF

although a part of NHEJ complex, is dispensable and its dosage if modulated could be used

in the advantage of diseased state of cancer. In 2011, APLF was demonstrated to possess

histone chaperone activity. It could bind to histone H3/H4 and as well as the repressive

MacroH2A variants [34]. We observed that the level of APLF was almost undetectable in

mouse ESCs whereas, a significant expression was evident in the mouse embryonic fibro-

blasts (MEFs) [35]. On downregulation of APLF, the efficiency of reprogramming of MEFs to

iPSCs was significantly enhanced to ~10 times. The average time for the generation of iPSC

clones from APLF-depleted MEFs reduced to half the time required for the control cells to

achieve the same. Mechanistically, it influenced mesenchymal-to-epithelial transition (MET)

during the process of forming iPSCs from MEFs. Fibroblasts are typically mesenchymal in

nature whereas the ESC-like iPSC clones demonstrate epithelial characteristics [36]. So,

generation of iPSCs from MEFs involve this cellular transition and is one of the earliest event

in the phases of reprogramming. E-Cadherin or CDH1 is the major player for the cells to

demonstrate epithelial morphology whereas a group of other transcription factors SNAI1/

SNAI2/ZEB along with N-cadherin or CDH2 drives the reverse phenomenon of epithelial-to-

mesenchymal transition (EMT). Downregulation of APLF induced the expression of CDH1

while the same resulted in reduced expression of the other transcription factors associated

with EMT. The enhanced expression of CDH1 resulted from the loss in recruitment of

repressive MacroH2A.1 variant within the Cdh1 promoter. Histone variant macroH2A.1

drives the compaction of chromatin thereby resulting in a repressed locus. APLF-

downregulated cells demonstrated increased level of pluripotency genes, Nanog and Klf4, in

comparison to the control cells. Histone modification H3K4me2 level was significantly

enriched within these promoters of core pluripotency genes; one of the earliest histone marks

in reprogramming that facilitates the cellular transition of fibroblasts to iPSCs [37]. So,

histone chaperone APLF proved to be a barrier in reprogramming and its downregulation

did not interfere with the DNA repair capacity whereas induced proliferation, kinetics and

efficiency of reprogramming (Table 1).
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4. Conclusion

Basic fundamental molecule histone chaperones constitutes one of the epigenetic modulator

responsible for different extent of epigenetic modifications [1, 2, 38]. They work in conjunction

with histone modifying enzymes, histone modification and in few instances with transcription

factors to induce the change occurring within the chromatin. Regulatory roles of histone

chaperones are recently being highlighted and if exploited to their full potential, could serve

as target molecules to be modulated in diseases as well. Again on that front also, a limited

number of studies were performed. Being a component that take care of the entire histone

metabolism and which in turn drives the major chunk of epigenetic status of a cell demands a

better viewing and hence we initiated this approach for this chapter on gene expression in

mammalian cells. We could only cover the development part as this field represents the most

dynamicity in present day and the days to come. But, their role in replication, repair and

heterochromatin is far from fully exploited. More studies are required to understand the

importance of histone chaperones in mammalian system. Histone chaperones have the tre-

mendous potential to modulate epigenetic changes and understanding their functions would

give insights into how a cell converts its epigenome into another and can further unravel the

secrets of developmental processes.
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Histone

chaperone

Histone/

histone

variants

Reprogramming process Transcription

target/signaling

target

Role Chromatin status Histone

modification

ASF1A

[29]

— Human fibroblasts GDF9/K56ac

increased at

Nanog/Sox2/

Oct4 regulatory

regions

Enhancing Open H3K56ac

CAF1A

[30]

— Mouse fibroblasts, direct

conversion of B cells into

macrophages and

fibroblasts into neurons

Increased

binding of Sox2

to pluripotency

targets

Inhibitory Heterochromatin

inducer

H3K9me3

APLF [35] MacroH2A.1 Mouse fibroblasts MET targets, core

pluripotency

factors

Inhibitory Heterochromatin

inducer

H3K4me2

Table 1. Histone chaperones in reprogramming.
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Abbreviations

ESCs embryonic stem cells

iPSCs induced pluripotent stem cells

CENP-A centromere protein A

CAF1 chromatin assembly factor

Spt6 Suppressor of Ty’s

FACT facilitates chromatin transcription

HIRA histone cell cycle regulator A

DAXX death associated protein 6

ASF1 antisilencing factor

ICM inner cell mass

TE trophectoderm

ATRX alpha thalassemia/mental retardation syndrome X-linked

NKX2.5 NK2 transcription factor related, locus 5

KDM lysine (K)-specific demethylase

MEF2C myocyte-specific enhancer factor 2C

VEGFR1 vascular endothelial growth factor receptor

RUNX1 Runt-related transcription factor

Gfi1 growth factor independent protein 1

EKLF erythroid Krüppel-like factor

GATA1 GATA-binding factor 1

NAP1/2 nucleosome assembly protein 1;2

CDKN1C cyclin-dependent kinase inhibitor 1C

OSKM Oct4-Sox2-Klf4-cMyc

OCT4 octamer 4

TH2A/TH2B testis-specific counterparts for canonical H2A and H2B

SOX2 sex determining region Y-box 2

GDF9 growth differentiation factor

ATAC-seq assay for transposase accessible chromatin with high-throughput sequencing
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XRCC4 X-ray repair cross-complementing protein 4

LIG4 DNA ligase 4

NHEJ non homologous end joining

MEF mouse embryonic fibroblast

CDH1 Cadherin-1

CDH2 N-Cadherin

SNAI1/2 snail family transcriptional repressor 1/2

ZEB zinc finger E-box-binding homeobox

EMT epithelial-mesenchymal transition

APLF aprataxin-PNK-like factor

PNK polynucleotide kinase
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