






















































































































































































































































































































































































































































































































If the DNA of all the cells of a human body is joined end to end, it can cover the distance from the sun to the 
Pluto and back. It was always a matter of interest to understand how the DNA of a cell which is over a meter 
long is packaged inside the nucleus only about 10 microns in diameter. Later, it was found that basic proteins 
called “histones” play a major role in packaging of DNA, in a very orderly fashion so that it can be unwound 
quickly when required in specific foci, and then wound back without getting into a tangle. During compaction,
at first ~147 bp of DNA is wrapped around histone octamer comprising 2 each of histones H2A, H2B, H3, H4,
thus giving rise to nucleosome core particle (NCP)—a basic unit of chromatin [1]. This conformation achieved 
is also known as “beads on a string structure” or 10-nm chromatin fibre. The nucleosome assembly occurs in an 
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orderly fashion. First H3/H4 tetramers are deposited on DNA, thus marking the site for NCP formation (nucleo-
some positioning) followed by deposition of two H2A/H2B dimers [2]. Then linker histone H1 seals off the 
NCP by sitting at the entry and exit site of DNA in the octamer. This leads to further compaction giving rise to 
the 30-nm chromatin fibre [3]. This structure further folds on itself with the help of other non-histone proteins 
ultimately leading to the formation of the highly compact metaphase chromosome. The disassembly of nucleo-
some follows the same events in a reverse order.

What recruits the H3/H4 tetramer and the H2A/H2B dimer onto the DNA? How do the disassembly of NCP 
achieve? What prevents the histones? Which are highly basic in nature to form non-specific aggregates within 
themselves and with DNA? Which is negatively charged? All these functions are carried out by a class of pro-
teins designated as histone chaperones.

Quite a few histone chaperones have been characterized and the last decade has seen the discovery of many 
novel histone chaperones. Besides the discovery of new chaperones in recent years, an outburst of knowledge 
about histone chaperones in relation to gene regulation and disease has been seen. The same can be said about 
the parcel of the chaperones, the histones and their variants. This review will focus on the current knowledge we 
have about the role of histone chaperones in DNA replication, repair and transcription followed by their role in 
regulating cellular processes and their relation to disease. Further, we discuss the potential of using histone cha-
perones as a therapeutic target.

Histones being highly basic in nature are designed to bind to a variety of DNA sequences. However, it was dis-
covered that octamer has got a propensity to bind preferentially to certain DNA sequences like that to a se-
quence contained within 5S RNA gene of sea urchin [4]. This preference is also apparent in in vitro nucleosomal 
array reconstitution experiments using the salt dialysis method in which equally spaced arrays are formed only 
when positioning sequences like Widom 601 are used [5]. This preference possibly has to do with the bendabil-
ity of the DNA sequence. However, despite the presence of heterogeneous DNA sequence in living organisms 
equally spaced arrays are formed with the aid of histone chaperones and chromatin remodelling complexes. In in 
vitro systems also when a chaperone like NAP1 is added evenly spaced arrays are formed [6], demonstrating 
that the histone chaperones clearly have the ability to form nucleosomes irrespective of sequence preference.

Histone chaperones can be illustrated on the basis of their histone binding selectivity and thus deposition, us-
ing which they can be differentiated into those favorably interacting with H3-H4 from those that prefer 
H2A-H2B. Some of the very well-studied chaperones of H2A/H2B includes Nap-1 (nucleosome assembly pro-
tein-1), first identified in HeLa cell extracts as an activity that facilitates the in vitro reconstitution of nucleo-
somes using pure histones in combination with other factors. Another H2A/H2B chaperone is FACT (Facilitates 
Active Chromatin Transcription) complex composed of two subunits hSpt16 and SSRP1, identified initially as a 
factor indispensable for transcriptional elongation through chromatin [7]. Later it has been shown to form stable 
complexes with the histone H2A-H2B dimer and functions through restructuring of nucleosomes within the 
ORFs of actively transcribed genes [8]. Examples of H3/H4 chaperones are CAF-1 (Chromatin Assembly Factor) 
complex consisting of three subunits: p150, p60 and p48 [9], formerly identified by complementation as a factor 
participating in the assembly of chromatin during SV40 origin-dependent DNA replication in human cell ex-
tracts. N1/N2 is also an H3/H4 chaperone, isolated first from oocytes of X. laevis. Later on its homologs were 
discovered in budding and fission yeast [10]. Apart from the core histones, linker histone H1 also has a chape-
rone-NASP (Nuclear Autoantigenic Sperm Protein), aiding its deposition on to the DNA. 

Apart from showing selectivity towards different core histones, some chaperones are also known to be specif-
ic towards certain H3 and H2A isoforms/variants. These chaperones specially bind either replicative variants, 
which form the bulk of the histone pool, are expressed and deposited in a replication-coupled manner during S 
phase of cell cycle, or replacement variants, which are expressed and incorporated in a replication-independent 
fashion. The best studied examples of such specificity are chaperones CAF-1 and HIRA (Histone Regulator A) 
preferentially depositing H3.1 (replication coupled) and H3.3 (replication independent) respectively [11]. Other 
histone variant specific chaperones include Chz1 (Chaperone of H2A.Z/H2B) of yeast [12], ANP32E a specific 
H2A.Z chaperone in humans [13], DAXX and DEK for chaperoning H3.3 histones [14]. Although examples of 
preferential chaperone-histone interaction exist, one should not undermine those chaperones which bind to mul-
tiple histones in a specific manner. For example, Nap1 despite being a H2A/H2B chaperone binds to linker his-
tone in X. laevis eggs [15]. Similarly, nucleoplasmin, a H2A/H2B chaperone binds to linker histones and re-



moves them from sperm and somatic chromatin during fertilization and early development [16]. The same is al-
so observed for Nucleophosmin (NPM-1) which interacts with histones H3/H4 and H1 [17].

This raises the question of how histone chaperones interact with histones. Many chaperones like nucleoplas-
min, yeast Asf1, yeast Nap1, the Spt16 subunit of FACT and nucleolin contain long acidic amino acid stretches 
with which they interact with basic histones leading to charge neutralization [18]. However, charge neutraliza-
tion does not justify for the specificity of the histone-chaperone interaction and it cannot be the universal phe-
nomenon for all the chaperones as, mammalian Asf1 and Drosophila Nap-1 lacks an acidic tail [19]. Therefore, 
it could be that these acidic regions may assist in strengthening histone-chaperone interaction. May be due to 
this reason, Nap-1 undergoes extensive polyglutamylation [20], also Nap-1 is known to aid in nucleosome as-
sembly by eliminating the non-nucleosomal histone DNA interactions. Other chaperones like Asf-1, CAF-1 and 
HIRA are known to contain a conserved hydrophobic -structure, which facilitates interaction with H3/H4
[21]-[23]. Similar structure is also seen in H2A/H2B chaperones SET/TAF-1b and Nap-1, mutational studies 
have implicated that this conserved sheet may be the primary histone recognition motif in these chaperones
[24]. For more extensive examples of how chaperones recognize their target readers may refer to some other 
well written review [25].

Formerly chaperones were thought to be as mere “histone carriers/vehicles” but now with accumulating evi-
dence they are known to be key players at all phases of histone existence. Chaperones interact with histones 
upon their synthesis thus preventing their aggregation and interaction with other cellular moieties. Also guide 
them into the nucleus, and help in their specific association with DNA during different processes involving 
DNA-replication, repair and transcription (discussed in detail below). They bring about these varied functions 
by interacting with many cellular factors with the help of which they determine the site and position of nucleo-
some assembly/disassembly and thus affecting gene regulation. Therefore, from being just an observer to an ac-
tive participant, chaperones have evolved as the crucial component in maintaining chromatin integrity and dy-
namics. 

Chromatin acts as a barrier for the DNA pol and RNA pol enzymes for replication and transcription respectively. 
Hence, for genome duplication the nucleosomes should be dissembled first and once the replication fork has 
progressed and daughter strands have been synthesized they should be assembled back. The same is consistent 
for transcription. During replication the hexameric MCM2-7 helicase unwinds double-stranded DNA to facili-
tate the progress of DNA polymerase. In doing so it disrupts existing nucleosomes, releasing histones. With the 
aid of its interaction with Mcm4, FACT chaperone complex picks up evicted H2A/H2B dimer [26]. Similarly 
Asf1 chaperone through its interaction with MCM complex takes up H3-H4 [27]. The existence of both chape-
rones at the replication fork is critical as FACT accelerates the unwinding activity of MCM and promotes for-
mation of DNA replication origins [28]. Similarly, depletion of Asf1 has been shown to impair MCM helicase 
activity [27]. Once the DNA pol has passed, chaperones transfer parental histones back on to DNA and thus as-
sembling nucleosomes. The Asf1-MCM interaction ensures accurate deposition of parental histones. Any inac-
curate deposition may lead to loss of parental histone post-translational modifications (PTMs) involved in epi-
genetic silencing of gene expression [29]. In addition to parental histone transfer, histone chaperones promptly 
deposit newly synthesized histones onto nascent DNA. While deposition, chaperones also modulate, directly or 
indirectly, histone posttranslational modifications (PTMs). For example, the association between H3-H4 and 
Asf1 is required for acetylation of H3 lysine 56 (H3K56) by the Rtt109 acetyl transferase [30]. Following acety-
lation, the H3-H4 dimers are transferred to the next set of chaperones, CAF-1 and Rtt106, which then deposit the 
histones onto nascent DNA by their interaction with PCNA (proliferating cell nuclear antigen), known to be a 
processivity factor for DNA polymerases [31]. Thus, incorporation of new histones into nucleosomes is a care-
fully designed process carried out by a chain of histone chaperones. 

There are no evidences of histone chaperones playing a dynamic role in chromatin disassembly process for 
the repair of double-strand break or a UV lesion. This is in disparity with DNA replication, where the lack of 
histone chaperones inhibits DNA replication. However, this does not exclude a role of histone chaperones as 
histone acceptors during the chromatin disassembly coupled to DNA repair. After nucleotide excision repair, the 



nucleosome reassembly near the repair site is done by the human H3/H4 histone chaperones Asf1 and CAF-1 in 
a process similar to that of DNA replication [32].

A genome-wide loss of nucleosomes in the regulatory region is seen upon transcriptional activation suggesting 
that nucleosome depletion is a key factor involved in transcription [33]. Histone chaperones like FACT, also 
known as RNA polymerase II elongation complex, are involved in the rearrangement of histones H2A/H2B 
during transcriptional activation. How this disassembly and reassembly is regulated and coordinated with poly-
merase passage is still not very well understood. It is speculated that phosphorylation of the C-terminal domain 
(CTD) of the RNA polymerase (RNAP) II and posttranslational modifications of histones play a central role
[34]. After the elongating polymerase has passed the promoter, it is phosphorylated by the Ctk1 kinase on Serine
(Ser) 2 of the CTD [35]. This phosphorylated Ser 2 recruits the Set2 methyltransferase which then methylates 
H3 K36 (H3 K36Me), leading to the recruitment of the small Rpd3 (Rpd3S), a histonedeacetylase (HDAC) 
complex [36]. Once recruited, it leads to deacetylation of H3 and H4 thereby promoting chromatin reassembly 
and compaction. Throughout this process histone chaperones Nap-1 and Vsp75 interact with Ctk-1 kinase and 
Set2 [37]. This rapid reassembly is very important because any delay may lead to transcription from cryptic in-
itiation sites present with ORFs, which may interfere with normal programming of the cell [38]. Another impor-
tant prerequisite for rapid assembly is if long stretches of naked DNA are left out they may form R-loops, in 
which RNA transcripts are hybridized back to its template DNA strand, an important source of genomic insta-
bility [39]. Cells also have evolved a backup plan to avoid such deleterious effects. Histone chaperone HIRA 
deposits specialized histone variant H3.3 in the regions which are actively transcribed [40]. This in part is facili-
tated because ASF1 travels with the transcription machinery and/or rapidly fills in the gaps left in nucleosome 
arrays following passage of RNA polymerase by donating H3.3 to HIRA [41]. Therefore, in combination with 
reassembly of parental histones, incorporation of histone variants help to cover up DNA after transcription.

The barcoding of genome with proper histone variants especially H3 variants safe guards the cellular memory of 
the transcriptional status of genes which can be inherited across generations [42]. In this regard, it can be consi-
dered that histone chaperones responsible for the deposition of histone variants, play an active role in the re-
modeling of the chromatin domains in accordance to cell-type specific gene expression patterns. Indeed, as ex-
pected HIRA, a histone chaperone of H3.3 along with depositing H3.3 in a replication independent manner at 
transcriptionally active loci also plays a role in cellular processes like skeletal myogenesis [43]. In response to 
differentiation signals, rapid accumulation of H3.3 is seen in enhancer regions and promotor regions of MyoD 
gene, leading to loss of H1, opening of chromatin, and eventual acceleration of transcription initiation at MyoD 
gene locus [44]. Upon their expression DNA binding transcription factors MyoD and Mef2, recruit ATP-de-
pendent chromatin-remodeling complexes and histone-modifying enzymes for the activation of muscle genes
[45]. The role of HIRA in muscle differentiation is more evident when HIRA-null mice die between embryonic 
days 10 and 11 with a wide range of phenotypes caused by defective mesendodermal tissues [46]. HIRA and 
H3.3 also play a major role in the early steps of osteoblastic differentiation [47]. Also, in response to angiogenic 
signal, levels of H3K56 acetylation is increased within endothelial cells, at the chromatin domains of Vegfr1,
Fgf1 and Pdgfa (angiogenic genes) via a HIRA-mediated histone H3 exchange [48]. Not only in myogenesis and 
angiogenesis, recent genome-wide analysis of H3.3 has shown many upstream regulatory enhancers enriched 
with H3.3, signifying the site specific and regulated deposition of H3.3 by HIRA [14]. The assembly of histone 
variant H3.3, into nucleosomes by the replication-independent pathway is mediated by multiple histone chape-
rones, including HIRA (as discussed above), DAXX (death domain-associated protein) and DEK. H3.3 chape-
rones, DEK and DAXX are involved in the deposition and exchange of H3.3 at telomeres and regulatory ele-
ments [49]. DAXX along with the chromatin-remodeling factor ATRX (alpha thalassemia/mental retardation 
syndrome X-linked) regulates H3.3 deposition at telomeric heterochromatin regions [50]. DEK plays a major a 
role in maintaining heterochromatin integrity through its interaction with HP1 [51]. These facts conclude that 
H3.3 deposition at diverse chromatin regions occurs by distinct histone chaperones. Thus chaperones play an 
important role in gene expression by altering the chromatin environment locally by depositing their respective 
histone variants.



Any mis-positioning of nucleosomes on to a stretch of DNA results in defect in gene expression and at times 
genome instability and cancer. Therefore, it is not incorrect to assume that mis-regulation of histone chaperones 
or histone-modifying enzymes regulating nucleosome assembly/disassembly may stimulate development of hu-
man disease (Figure 1). Here we discuss few reports highlighting the role of histone chaperones in disease pa-
thogenesis and their potential to be used as a therapeutic marker. Proliferation is one of the key physiological 
characters of cancer. Indeed few of histone chaperones are known to be highly expressed in proliferating cells. 
For instance-Asf1b, an isoform of Asf1 in mammalian cells, is essential for cell proliferation as seen to be down 
regulated in senescent cells. When its levels were checked in various breast cancer cell lines a correlation was 
observed with a proliferative status of cells, with more expression in highly proliferative cells. The same associ-
ation was seen with breast cancer patients and is related to increased metastasis and shorter survival of breast 
cancer patients [52]. Apart from Asf1b, CAF-1 is also known to be highly expressed in breast cancer tissues and 
in prostate cancers [53]. CAF-1 p60 levels also correlated significantly in many solid tumors with disease stage, 
especially in renal, endometrial and cervical cancer patients [54]. A splice variant of NASP, tNASP also has 
been shown to be expressed in high levels in cancer, germ, transformed, and embryonic cells. When its expres-
sion was reduced in prostate cancer cell line PC-3 and in HeLa, inhibition of proliferation, increased levels of 
p21 and apoptosis was seen [55].

FACT complex (H2A/H2B chaperone) is expressed at higher levels in tumor cell lines than in normal cells in 
vitro and its knockdown lead to reduced growth and survival of tumor cells [56]. In addition, FACT expression 
was found to be elevated during the development of mammary carcinomas in transgenic mice expressing the 
Her2/neu protooncogene [57]. Genome-wide analysis for FACT distribution in tumor cells has identified a sub-
set of genes that have activities associated with malignancy and stem-like properties of tumor cells and cellular 
stress responses. Also FACT expression is seen to be elevated upon in vitro transformation of fibroblasts and 
epithelial cells by various agents indicating its requirement for transformation, but its overexpression cannot 
substitute for the requirement of H-RasV12. Therefore FACT cannot act as an oncogene but can still accelerate 
malignancy by providing certain chromatin changes which still needs to be elucidated. Moreover its expression 
can be significantly correlated with aggressiveness of cancers as elevated expression is seen during metastasis of

Figure 1. Chaperone and disease. Histone chaperones bind to their respective 
histone molecules and deposit them on to DNA template, leading to formation of 
nucleosome, repeating units of which join together to form a 10 nm chromatin 
fibre and upon H1 deposition a 30 nm chromatim structure is formed thus lead-
ing to compaction of DNA. By playing a major role in chromatin assembly, cha-
perones act as a central to DNA replication, repair and transcription. Thus, any 
misregulation in the levels of these proteins or any mutation in them leads to 
disease.                                                           



breast, renal, and prostate cancer [58]. Mutations in another H2A/H2B chaperone Nap-1 have also been asso-
ciated with many human cancers. NPM1 (chaperone for H3/H4 and H1) play a role in ribosome assembly, inhi-
bition of pro-apoptotic pathways, maintenance of genomic stability. It has also been known to interact with the 
tumor suppressor protein p53, Rb, and ARF and also many other viral proteins [59]. Also is significantly abun-
dant in tumor and growing cells compared to normal cells, hence used as a tumor marker and also known to be a 
putative proto-oncogene [60]. NPM1 mutations are common in acute myeloid leukemia (AML) which is cha-
racterized by abnormal NPM1 accumulation in the cytoplasm [61]. Survival of NPM-negative colorectal cancer 
patients be likely to be better than those for patients with NPM-positive lesions [62]. 

Overexpression of the DEK, a histone chaperone for H3.3 has been reported in a number of cancers like 
glioblastoma, melanoma, colorectal and bladder carcinoma and is known to play major role in promoting epi-
thelial transformation. DEK inhibits senescence and apoptosis via the destabilization of p53, hinting its role in 
carcinogenesis. In human promyelocytic HL-60 cells differentiation led to DEK down regulation [63]. Con-
versely, upon overexpression of the DEK, differentiation programs can be neutralized, favoring oncogenic 
transformation [63]. A direct proof of DEK as “oncogene” has developed when it was seen that papilloma for-
mation was significantly decreased in DEK knockout mice compared to wild type animals and heterozygote 
controls [64]. It also forms a fusion protein with calcium-dependent phosphatase calcineurin (CAN) owing to 
chromosomal translocation which has been detected in acute myeloid leukemia (AML) [65]. This fusion results 
in reduced interactions of DEK with H3.3 aiding in the recruitment of HP1 and thus promoting leukemia pro-
gression through misregulation of transcriptional repression [51]. Amplifications and copy number increase of 
the DEK gene were also found in a variety of malignancies, particularly in bladder cancer, melanoma and reti-
noblastoma [66].

Apart from overexpression, certain mutations within chaperones and their associated proteins have also been 
related to cancer. Mutations in Daxx-ATRX–H3.3 pathway have been observed in pancreatic neuroendocrine 
tumors [67]. Such mutations have also been identified in pediatric glioblastoma tumor samples. Because of their 
high incidence these mutations are now called as the “driver mutations” for promoting cancers [68]. In addition 
to cancer, misregulation of histone chaperones has also been reported in other diseases. In DiGeorge syndrome 
(DGS), small region of six HIRA genes located on Chromosome 22 is frequently deleted resulting in reduced 
levels of HIRA production [69]. It has been reported that reduction of HIRA in animal model systems leads to 
persistent truncusarteriosus, a phenotypic change associated with DGS [70], suggesting that HIRA haploinsuffi-
ciency contributes to the development of DGS.

Histone chaperones play a central role in governing many of the cellular functions and hence disease (specific 
chaperones are exemplified in Table 1). In this era of modern medicine where targeted therapies are being 
looked upon as the new ray of hope to win long fought battles against diseases like cancer, targeting histone

Table 1. Histone chaperones, functions and their implications in disease.                                           

Histone 
chaperone

Functions Implication in disease
Reference 
number

Asf1
Histone import, histone transfer to CAF-1 and 

HIRA, regulation of H3K56ac
Increased in breast cancer 28, 31, 44, 58

CAF-1
H3.1-H4 deposition,

heterochromatin formation, repair
Increased in renal, endometrial and 

cervical cancer
12, 33, 46, 59

DAXX H3.3-H4 deposition at telomeric heterochromatin
Mutated in pancreatic neuroendocrine and 

glioblastoma
55, 56, 68

DEK
H3.3-H4 deposition, maintenance of 

heterochromatin
DEK-CAN fusion due to chromosomal 

translocation in AML
55, 57, 66, 67

NASP H1 and H3/H4 supply and turnover Increased in prostate cancer 11, 60

NPM
H1 and H3/H4 deposition, ribosome assembly, 

genomic stability
Mutated in AML patients 18, 64, 65

FACT H2A/H2B deposition, Transcription
Increased during metastasis of breast, 

renal, and prostate cancer
7, 61, 62, 63



chaperones may be a new weapon in the armory. Histone chaperones Asf1b, CAF-1p60 and tNASP are highly 
correlated with proliferating cells and with many cancers. Therefore these can be used as new proliferation 
markers of interest for early detection of a wide range of cancers, and can also be used as a powerful prognostic 
marker for occurrence of metastasis. Knockdown of tNASP resulted in inhibition of proliferation and apoptosis
[55], leading us to consider them not only as prognostic markers, but also as a target of diagnostic importance.
Another histone chaperone which has been in the limelight in recent years for its correlation with cancer is the 
FACT complex. Levels of FACT complex increase in certain cancers, based on which they can be divided into 
FACT positive and negative cancers. Survival of patients with FACT-positive tumors was significantly less than 
that of patients with FACT-negative tumors. Also, within these FACT-positive cancers, the levels of expression 
are very different; the more the expression of FACT, the more aggressive is the cancer. Link between FACT ex-
pression and metastasis is corroborated by the reports of levels of FACT to be significantly correlated with me-
tastasis of breast, renal, and prostate cancer [58]. Hence it can act as a promising marker and target for those 
cancers characterized by high aggressiveness and poor prognosis. As FACT expression is absent/less in most 
normal cells/tissues, pharmacological inhibition of FACT could be a safe and operative strategy to treat those 
types of cancer for which there are very few treatment modalities.

Not only can the levels of chaperones, but also mutations in these proteins contribute towards disease pro-
gression. Using deep sequencing technology, mutations have been found in the H3.3/ATRX-DAXX pathway in 
pediatric glioblastoma tissue samples. As these mutations are very specific to cancer, drugs can be developed for 
targeting specifically such cancers. Even though many intricate details of how these mutations in chaperones 
and related proteins lead to human diseases are still in the dark, but with the advent of recent technologies it is 
hopefully just a matter of time for these to be revealed and targeted. However, before using them as therapeutic 
targets, further understanding is needed to determine whether the altered abundance of histone chaperones ob-
served in human cancers is the consequence or the cause of tumorigenesis. Nonetheless, it leads us to hypothes-
ize for the role of histone chaperones as a promising molecular target for therapies aiming to reverse epigenetic 
alterations in various diseases.
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