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Abstract
Histone chaperones are proteins that shield histones from nonspecific interactions until they are
assembled into chromatin. After their synthesis in the cytoplasm, histones are bound by different
histone chaperones, subjected to a series of posttranslational modifications and imported into the
nucleus. These evolutionary conserved modifications, including acetylation and methylation, can
occur in the cytoplasm, but their role in regulating import is not well understood. As part of
histone import complexes, histone chaperones may serve to protect the histones during transport,
or they may be using histones to promote their own nuclear localization. In addition, there is
evidence that histone chaperones can play an active role in the import of histones. Histone
chaperones have also been shown to regulate the localization of important chromatin modifying
enzymes. This review is focused on the role histone chaperones play in the early biogenesis of
histones, the distinct cytoplasmic subcomplexes in which histone chaperones have been found in
both yeast and mammalian cells and the importins/karyopherins and nuclear localization signals
that mediate the nuclear import of histones. We also address the role that histone chaperone
localization plays in human disease. This article is part of a Special Issue entitled: Histone
chaperones and Chromatin assembly.
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1. Introduction
Following replication a mixture of new and old histones are deposited onto DNA to form
nucleosomes. The new histones are made in the cytoplasm during S phase and are
transported into the nucleus. The old histones are disassembled from DNA, presumably
shielded and chaperoned until they are reassembled into nucleosomes. Nucleosome
assembly and disassembly take place during the other phases of the cell cycle; nucleosomes
are dismantled to make way for the transcription and DNA repair machinery and can be
reassembled with both existing histones and new histones or variants. Histone chaperones
function both inside and outside the nucleus in these processes. This review will focus on
the histone chaperones that play important roles in the early biogenesis of histones, interact
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with histones in the cytoplasm and function in the nuclear import of histones. We will also
discuss the import machinery, such as karyopherin proteins important for histone and
histone chaperone import. While in the cytoplasm, histones are substrates for specific
reversible posttranslational modifications, some of which correlate with their import and
assembly into chromatin, and we will consider the function of these modifications. We will
highlight histone chaperones that regulate the localization of important chromatin modifying
enzymes. In addition, the correlation between mislocalization of histone chaperones and
disease will be discussed.

1.1 Histone chaperones
Histones, the major protein components of chromatin, are among the most highly conserved
proteins in eukaryotes. In addition, the structures of yeast and human nucleosomes are
similar, suggesting the mechanisms that regulate chromatin structure may be highly
conserved as well [1, 2]. To form a nucleosome, DNA is wound around a histone octamer,
which comprises an H3-H4 heterotetramer flanked on both sides by H2A-H2B
heterodimers. The nucleosome is an energetically favorable conformation due to the
negative charge of the phosphate groups on DNA and the positively charged basic amino
acids of the histone proteins, yet it does not self assemble. Combined in vitro under
physiological ionic strength, DNA and histones form disordered aggregates rather than
nucleosomes. By definition, histone chaperones are proteins that bind free histones to shield
their positive charge to prevent non-specific interactions with the DNA and to guide the
processes of chromatin assembly and disassembly. Assembly of a nucleosome is thought to
occur in a stepwise manner. An H3-H4 tetramer (or two dimers) is likely to be deposited
first because H3-H4 has a greater affinity for DNA than do the H2A-H2B dimers, followed
by deposition of the H2A-H2B dimers, which have high affinity for H3-H4 bound to DNA
[3-6]. Non-enzymatic histone chaperones, such as nucleosome assembly protein 1 (Nap1)
can assemble nucleosome arrays in vitro in the absence of ATP [7]. Then, using the energy
of ATP hydrolysis, ATP-dependent remodelers temporarily disrupt DNA-histone binding
and reposition the nucleosomes, by sliding or transferring, until they are evenly spaced [8].
In contrast to their activities as histone ‘donors’ during assembly, in chromatin disassembly
histone chaperones act as ‘acceptors’ for histones and shield them until they can be
reassembled (for reviews, see [9-12]).

Most histone chaperones have a preference for binding to either H2A-H2B, such as Nap1
and nucleoplasmin, or H3-H4, namely Asf1, N1/N2, CAF-1, HIRA, Vps75, SET, RbAp46
and RbAp48 (Table 1, reviewed in [13, 14]). The nuclear histone chaperone FACT has been
shown to act with both H2A-H2B and H3-H4, and there has been some evidence for Nap1
functioning as an H3-H4 chaperone as well [15-22]. In addition to preventing nonspecific
interactions of histones and acting as donors and acceptors during assembly and disassembly
of nucleosomes, histone chaperones are known to have a variety of other functions.
Nucleoplasmin and N1/N2 are histone chaperones that have important functions in the
storage of H2A-H2B and H3-H4, respectively, in Xenopus oocytes [23-25]. Histone
chaperones may be specialized to function in chromatin assembly or disassembly during
particular processes including transcription elongation or DNA repair [18, 26]. Some
chaperones function in histone transport or in transfer of histones to other chromatin factors;
Nap1 assists in the nuclear transport of H2A-H2B, and both Nap1 and Chz1 donate the H2A
variant-containing dimer Htz1-H2B to the SWR1 remodeling complex for incorporation into
chromatin [27-29]. Finally, Vps75, Asf1, RbAp46 and other histone chaperones are used to
regulate the posttranslational modifications of histones (for reviews, see [30-32]). As histone
chaperones modulate histone availability and localization, they can play key roles in
chromatin regulation. We will focus on histone chaperones that have a role in nuclear
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transport, shuttle between the nucleus and cytoplasm or otherwise play a role in histone
biogenesis.

1.2 Early Posttranslational modifications of histones
Chromatin structure presents a formidable barrier to DNA-templated processes such as
transcription, replication and repair, and thus assembly and disassembly are continuously
occurring within the cell. Other chromatin remodeling occurs to allow the exchange of core
histones and histone variants, such as H2A.Z and H3.3, or to allow transcription factors or
other proteins to bind DNA. Yet another dynamic aspect of chromatin structure is the pattern
of posttranslational modifications on the histones, particularly their histone amino (N)
terminal tails (reviewed in [33, 34]). Reversible covalent modifications such as acetylation,
phosphorylation, methylation (mono, di and trimethylation), sumoylation and ubiquitylation
can be rapidly added and removed during a single round of transcription, in different phases
of the cell cycle or as environmental conditions change. Alternatively, they can be longer
lasting, heritable epigenetic changes. Some of these marks have a specific biological
outcome. For example, in metazoa, trimethylation of H3 lysine 9 (K9) leads to the
recruitment of heterochromatin protein 1 (HP1) and other proteins, ultimately promoting
gene silencing [35]. There are many possible modifications that can occur on each histone in
a variety of combinations, and the functional significance of many of these modifications is
not known. In fact, even H3 K9 methylation can be found outside of heterochromatin [35].
For these reasons, it has been suggested that often it is not just an individual modification
that has an effect, but that a group of modifications can act combinatorially in a histone code
[36, 37].

Histones H3 and H4 can be acetylated soon after translation, primarily on the N terminal
tails, which also contain the nuclear localization signal (NLS). These marks are observed on
newly synthesized histones prior to their assembly into chromatin [12, 38, 39]. Of these
early marks, acetylation of H4 K5 and K12 and H3 K56 are evolutionarily conserved,
raising the possibility that they play a role in the import or assembly processes [40-42]. In
yeast, acetylation of K56 was demonstrated to promote H3 association with histone
chaperones/chromatin assembly factors [43]. The majority of cytoplasmic H4 in human cells
is thought to be diacetylated at K5 and K12 by the HAT-B enzyme complex [42, 44]. Early
modifications observed on H3 are heterogeneous and the primary sites of acetylation on
newly synthesized H3 vary between species [42]. In budding yeast, the primary sites of
acetylation on H3 are K9, K14, K27 and K56 [45, 46]. In human cells, H3 can be acetylated
on K14, K18 and K56 [44, 47]. H3 K56 acetylation (Ac) appears to be a rare event in human
cells but is almost ubiquitous in newly synthesized H3 in yeast [44, 46]. This modification is
catalyzed by the HAT Rtt109 in yeast and by its structural homolog, p300, in human cells
[48-51]. In human cells one of the earliest marks seen on a proportion (∼30%) of soluble H3
is K9 monomethylation, suggesting that these histones may be marked for subsequent H3
K9 trimethylation and assembly into heterochromatin [52]. The methyltransferase
implicated in this methylation is SETDB1, which has a significant cytoplasmic pool [52].
Interestingly, a recent paper has also identified poly ADP ribosylation of human H3 and H4
in the cytoplasm, but the significance of this modification is not known [53]. As we discuss
below, it is unclear whether these modifications play a role in nuclear transport or signal
different maturation steps, allowing interaction with subsequent proteins along the assembly
pathway. There is also some debate as to whether these modifications occur on cytoplasmic
histones before import, rather than a soluble nuclear pre-deposition fraction, because most of
the modifying enzymes are found in both the nucleus and the cytoplasm [54].
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1.3 Nuclear transport in eukaryotes
Histones and other proteins destined for the nucleus must pass through the nuclear pore
complex (NPC). Unlike small molecules and ions, most macromolecules, including proteins
and RNA, cannot diffuse through the NPC but must be actively transported by karyopherins
(also called Kaps) (Table 1). These are members of the karyopherin β family of evolutionary
conserved soluble transport factors that number ∼20 in humans and 14 in budding yeast
(reviewed in [55, 56]). Most karyopherins are specialized for import (importins) or export
(exportins), although karyopherins that act in both import and export have been identified
[57, 58]. Karyopherin β family members are large (95-145 kDa) proteins composed of
HEAT repeats [59]. Each karyopherin has many cargoes; Karyopherins have been shown to
bind cargo over extended surfaces of the protein and to contain multiple binding sites for
different cargoes [55]. Whether karyopherins transport multiple proteins at once and the
conformation of these multimeric karyopherin-cargo complexes are not well understood;
however, as large ribosomal subunits can transit the NPC, it is certainly conceivable that a
single karyopherin could transport large multimeric complexes. In the cytoplasm, importins
recognize and bind their cargoes via a nuclear localization signal (NLS). Classical NLSs can
be monopartite or bipartite and are defined by loose consensus sequences: K-(K/R)-X-(K/R)
for monopartite classical NLSs, where X is any amino acid, or two regions of basic residues
separated by a 10 or more amino acid linker for bipartite [60-62]. Importin β (Kap95 in
yeast) uses Importin α (Kap60), an adaptor protein, to bind cargo with a classical NLS. Non-
classical nuclear localization signals tend to share less sequence conservation, can be much
larger and are bound directly by other importin β family members [55]. Importins often have
redundant functions and a single cargo can be transported by several importins, but whether
these recognize discreet or shared NLSs is not known. Importins in complex with their
cargoes translocate through the nuclear pore complex via transient interactions with
nucleoporins. Once inside the nucleus, interaction with RanGTP causes dissociation of the
import complex, resulting in release of the cargo. In some cases additional factors are
required to stimulate this release [63, 64]. The importin is recycled to the cytoplasm for
further rounds of import. Ran is a Ras-like guanosine triphosphatase (GTPase) that is
primarily in the GTP bound form in the nucleus as a result of the chromatin bound RanGEF
(guanine nucleotide exchange factor) [59]. Export of cargo containing a nuclear export
signal (NES) occurs in manner complimentary to import. The most well defined NES is the
leucine-rich NES recognized by the exportin Crm1 [65]. In the nucleus, the exportin binds
NES-containing cargo and RanGTP to form an export complex [66]. Nuclear transport can
be potentially regulated by different mechanisms, the best understood of which are
reversible posttranslational modifications of the cargo NLS and mechanisms by which NLSs
are reversibly masked or cargoes are tethered in a particular compartment. Other potential
mechanisms may include availability of importins due to cargo competition, additional
regulation of cargo dissociation and importin recycling.

2. H3 and H4 cytosolic histone chaperones
Histones undergo a series of modifications and interactions with different factors before
their import into the nucleus and subsequent assembly into nucleosomes. Several studies
carried out in both yeast and human tissue culture cells have identified cytoplasmic histone
H3-H4 containing complexes [44, 52, 53, 67-71] (FIG 1). We initially identified the
abundant H4 cytosolic interacting factors as H3, Hat1, Hat2, Kap123 and Kap121 [71]. In a
later study we determined that this fraction also contained the histone chaperones Hif1 and
Asf1 [69]. Hat1, Hat2, and Hif1 form the HAT-B holoenzyme (see section 2.1 below and
Table 1), which is found in both the cytoplasm and nucleus and is responsible for the early
acetylation of H4 K5 and K12 [54, 72-74]. Using recombinant proteins, we showed that
Hat1 and Kap123, as well as Asf1 and Kap123, form complexes that are dependent on the
presence of histones [69]. A subsequent paper indicated that Asf1 and the HAT-B proteins
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could be immunoprecipitated in the same complex [75]. These data suggest that Hat1 and
Asf1 do not directly interact with Kap123 but interact via the histones. Interaction of HAT-B
and Asf1 with H3-H4 is necessary for H4 and H3 acetylation, respectively, but the
formation of stable complexes with histones and importins is likely not required for
acetylation. It may be that these histone chaperones remain bound to histones in the import
complexes to protect the histones from spurious interactions. In addition, they may play a
more active role in histone import, similar to that of Nap1 [29]. Consistent with this model, a
recent study in the slime mold Physarum polycephalum showed that H3-H4-Hat1 binding
was necessary for the accumulation of H3 and H4 in the nucleus [76]. Alternatively the
HAT-B complex and Asf1 are predominantly nuclear, and a stable complex with histones
and importins would also promote their entry into the nucleus, although the HAT-B complex
and Asf1 likely have other independent routes of nuclear import [77, 78].

Several groups have reported the identification of mammalian H3 complexes. Human cells
contain several isoforms of H3, the major ones being H3.1 and H3.3. H3.1 is expressed in S
phase and is assembled into nucleosomes during replication, while H3.3 is expressed
throughout the cell cycle and is incorporated into chromatin independently of replication
[79]. H3.3 is believed to play an important role in transcriptional regulation. Although H3.1
and H3.3 are very similar (>90% identity), they localize to different domains of the genome
[80]. Several studies have identified the proteins bound to the soluble forms of these
histones that may be responsible for their specific modification and targeting. The earlier
studies compared the interacting proteins of the H3.1 and H3.3 isoforms isolated from nuclei
and found that both isoforms were bound to H4, Asf1a and Asf1b, tNASP and sNASP,
Imp4, Hat1 and the CAF1 subunit p48 (also called RbAp48) (Table 1) [81]. H3.1, but not
H3.3, interacted with the other CAF1 subunits, p150 and p60, while only H3.3 interacted
with the nuclear chaperone Histone regulation A (HIRA). When H3.1 and H3.3 were
affinity purified from cytosol, many of the abundant interacting proteins were the same as
those found in the nucleus (see section 2.4 below) whereas the nuclear chaperones HIRA
and CAF1 were absent [81].

2.1 HAT-B complex
The HAT-B complex protein, Hat1, can acetylate soluble histones and was originally
thought to be cytoplasmic (reviewed in this issue [74]). In fact, further analysis indicated
that Hat1 is predominantly nuclear but also present in the cytoplasm. Hat1 is conserved from
yeast to humans and can acetylate H4 K5 and K12. Hat1 is part of a holoenzyme that
includes the histone chaperone-like accessory factor Hat2 (RpAp46 in human cells) and the
histone chaperone Hif1. Hat2 is necessary for the integrity of the complex as it bridges the
Hat1-Hif1 interaction, and it may also be important for the localization of Hat1 to the
nucleus [54, 82]. Human RbAp46 and its yeast homolog, Hat2, bind to and enhance the
acetylation activity of Hat1 [78]. Hif1 can interact with H3 and H4 and has chromatin
assembly activity in vitro, suggesting it is a histone chaperone [54, 82]. Some studies have
detected Hif1 only in the nucleoplasmic fraction while others have observed it in both
compartments; in addition Hif1 may have Hat1 independent functions in the nucleus [54, 69,
72, 83]. Hif1 has recently been shown to have modest homology with the abundant human
histone chaperone sNASP [13, 72, 84].

The human protein RbAp48, which is 90% identical to RpAp46, is a component of the
nuclear chromatin assembly/histone chaperone complex CAF1. Whereas both RpAp46 and
RbAp48 participate in other chromatin modifying complexes, this exclusive partitioning
between the HAT-B complex and the CAF1 complex is conserved from yeast to humans
(reviewed in this issue [12]).

Keck and Pemberton Page 5

Biochim Biophys Acta. Author manuscript; available in PMC 2013 March 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



2.2 NASP
The mammalian gene NASP (nuclear autoantigenic sperm protein) encodes two variants, the
full length tNASP that is highly expressed in testes and a shorter splice variant, somatic or
sNASP [85-87]. Experiments have suggested that NASP can dimerize and form a complex
with two H3-H4 dimers [68]. NASP shares homology with the N1/N2 family of chaperones
[85]. Although NASP can be knocked down in tissue culture cells, the knockout in mice
causes embryonic lethality [88]. NASP was originally identified as a chaperone for the
linker histone H1; other H1 chaperones include nucleoplasmin and Nap1 [85, 86, 89-91]. In
mouse spermatogenic cells, a cytosolic H1-NASP-Hsp90 complex was identified and
proposed to be a pre-import complex. In a HeLa permeabilized cell assay, H1 import was
promoted by NASP, but surprisingly no other cytosolic factors were required (FIG 1) [92].
NASP proteins have also been shown to interact with H3-H4 [87]. Studies by Campos et al.
suggest that while tNASP may bind to H3-H4 immediately after biogenesis, the more
abundant sNASP is likely one of the major histone chaperones for cytoplasmic H3 and H4,
although this is likely cell type specific as tNASP is more abundant in some cell types [68].
Consistent with its homology to yeast Hif1, sNASP can be identified in a histone complex
that includes Hat1 and RpAp46 [68]. sNASP does not seem to interact directly with Hat1
and RpAp46 as recruitment to the complex was dependent on the presence of histones.
Knockdown of NASP led to a reduction in cytosolic histones, consistent with its role as a
histone chaperone [68]. This finding is similar to that reported for Nap1 and Htz1-H2B (see
section 5 below) [28].

2.3 Asf1
Asf1 is thought to assemble nucleosomes in a replication-independent manner with HIRA
and in a replication-coupled manner through interactions with CAF1 [12, 81]. Asf1 was
demonstrated to have an important role in buffering excess histones through studies of cells
treated with hydroxyurea (HU), which halts the assembly of new nucleosomes during
replication [93]. These cells accumulated Asf1 and newly synthesized histones (H3-H4) in
the cytoplasm. Other histone chaperones such as RbAp46 and NASP were also found
associated with these cytoplasmic Asf1-H3-H4 complexes [44]. It was not clear from these
experiments whether the cytosolic Asf1 represented a dedicated cytoplasmic pool or whether
Asf1, like Nap1, is a nucleocytoplasmic shuttling protein [93]. In a recent report by
Jasenkova et al., Asf1 was isolated from cytosol and shown to be associated with Importin 4,
NASP, RbAp46, RbAp48 and Hat1 [44]. In their analysis of posttranslational modifications,
the authors observed that most new H4 bound to Asf1 was acetylated on K5 and K12, but
only 20-30% of H3 was acetylated on K14 and K18. In addition, H3 K9 monomethylation
was detected and the abundance of this mark was also increased after perturbation of
replication, further suggesting that this increased cytoplasmic pool is composed of new
histones. Lastly, they determined that only about 1% of the new/cytoplasmic H3 was
acetylated on K56, in contrast to the ubiquitous K56 acetylation found on new H3 in yeast
[14, 44].

Yeast Asf1 has two human homologs, ASF1a and ASF1b. ASF1a and ASF1b are highly
conserved in their N terminal and core domains but more divergent in their carboxyl (C)
termini [94]. While both proteins can interact with the p60 subunit of CAF1, only Asf1a
appears to interact with HIRA. CAF1 p60 (Cac2) shares a conserved domain with HIRA or
the homologous yeast protein, Hir1 [94, 95]. The crystal structure indicates that this domain
mediates binding of both proteins to Asf1 and most likely explains why binding of CAF1
and HIRA to Asf1 is mutually exclusive [94] (for a review on HIRA, see [96] in this issue).

Asf1 preferentially associates with histones that have H4 K5 and K12 acetylation (in HeLa
cytosol 70% of total H4 is diacetylated, whereas 95% of the H4 attached to Asf1 is
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diacetylated) [97]. However as the crystal structure of Asf1 revealed that Asf1 did not
interact with the N terminal tails, it seemed unlikely that acetylation regulated the Asf1-
histone interaction [98]. It has been shown that chromatin can be assembled in vitro with
histones lacking N terminal tails, which raises the question of what function these early
acetylation marks serve. Although CAF1 and Asf1 interact with diacetylated H4, these
marks may not be important for their interaction. Instead, they may specify that the histone
dimer has achieved a particular maturation step or regulate interaction with another partner
[44, 99]. The studies described above did not elucidate whether the HAT-B complex and
Asf1 bound H3 and H4 simultaneously. Structural studies indicate that the HAT-B
component RbAp46 binds to helix 1 of H4 in the histone fold domain [100]. This interaction
changes the conformation of the histone, such that helix 1 is released from the histone fold,
likely making the N terminal tail more accessible to enzymes such as accompanying HATs
or chromatin-remodeling complexes. Due to its high similarity to RbAp46, RbAp48
probably binds H4 in a similar manner [100]. In contrast, Asf1 interacts primarily with the C
terminal helix of H3 but also makes some contacts with H4 [98, 101]. These findings
suggest that both chaperones, Asf1 and the RpAp46 subunit of the HAT-B complex, could
potentially interact with the same H3-H4 dimer.

2.4 H3 and H4 associate with several cytoplasmic chaperone complexes
Two recent studies have attempted to delineate the step-by-step regulation of newly
synthesized histones through identification of cytoplasmic histone complexes (FIG 1) [53,
68]. Both groups purified H3.1 from HeLa cytosol and used immunoprecipitation and
chromatography to define the different complexes that histones can form in the cytoplasm
[53, 68]. These subcomplexes are likely to be relevant to our understanding of the
mechanism by which histones are modified, imported and assembled into chromatin.
Campos et al. isolated H3.1, the replication dependent H3 variant, from cytosol, then
fractionated coeluting proteins by ion exchange chromatography and identified them [68].
The subcomplexes were subsequently analyzed by gel filtration. The resulting data
suggested the existence of four cytoplasmic subcomplexes containing distinct histone
modifications. Based on their components and histone posttranslational modifications, the
authors have speculated on the order of formation of these complexes: (I) Hsc70 and H3,
which is monomethylated on K9, (II) Hsp90, tNASP and H3-H4, in which H3 is
monomethylated on K9 and H4 K12 acetylation is low, (III) sNASP, Hat1, RbAp46 and H3-
H4, in which H4 K12 acetylation is high and H3 K9 monomethylation is low, and (IV)
Imp4, Asf1b and H4. It is interesting that the authors identify particular heat shock proteins.
While the specific role of heat shock proteins in these complexes is unknown, heat shock
proteins have a general role in assisting protein folding and preventing aggregation, which
could be important before stable histone dimers are formed and before more specialized
histone chaperones are bound. Historically both Hsp70 and Hsp90 have been implicated in
transport. Hsp70 overexpression has been shown to increase the rate of transport in yeast,
and Hsp90 has been shown to be important for the recycling of exportins [102, 103]. Both
Hsc70 and Hsp90 play important roles in the nucleocytoplasmic trafficking of steroid
receptors [104].

These elegant fractionation experiments allow a glimpse of the pathway from H3-H4
synthesis to nuclear import. However, in vivo experiments will be necessary to confirm
these results and determine whether the cofractionating proteins are truly in a complex.
Surprisingly, the authors conclude that Imp4 is present only in the last complex (IV) with
H3-H4 and Asf1, which would appear to contradict earlier studies where it is an abundant
component of Hat1 containing complexes [44, 81]. Some Imp4 is evident in their other
complexes, even after two purification steps, which leaves open the possibility that H3-H4,
Asf1, HAT-B and Imp4/Kap123 could form a large cytoplasmic complex both in yeast and
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human cells; further experiments are needed to test this directly (FIG 1). Their temporal
order is also dependent on histone modifications as they place the Hat1 complex, which is
responsible for H4 K5 and K12 Ac, upstream of the Asf1 and importin complex; however,
as indicated above these modifications are unlikely to be necessary for binding suggesting
that Asf1 and importins could bind before HAT-B. In addition, as HAT-B is also present in
the nucleus, some studies have suggested that their acetylation is a later event in the
predeposition pathway [54]. Interestingly, they do not identify any cytoplasmic
methyltransferase or H3 HATs in their complexes [44, 53, 68]. This may suggest that these
interactions are quite transient and again raises the question as to why the cytoplasmic H3-
H4-Hat1 complex interaction is so stable. Previous studies have identified a complex of
SETDB1, CAF1 and HP1alpha and have shown that this complex monomethylates H3 K9
[52]. The presence of CAF1 suggests subsequent assembly of the monomethylated H3 into
heterochromatin, however the presence of CAF1 also suggests this complex is nuclear,
which is inconsistent with H3 being monomethylated in the cytoplasm. In a second paper,
Alvarez et al. analyze H3.1 and H3.3 cytosolic complexes and observe similar results to
those described above [53]. They do observe slight differences in the pattern of H3
cytoplasmic modifications, but the significance of this is not understood. As shown
previously, modifications on cytoplasmic histones are heterogeneous, and only a proportion
of the histones in cytosol are modified at each site. Whether there is a histone code of
different modifications that specify where specific pools of histones will be targeted, e.g. to
heterochromatin, or whether modifications are more random and are determined by time
spent in the cytoplasm and relative access to modifying enzymes is not known.

3. Nuclear import of histones
The majority of histone import is presumed to take place during S phase, when the cell
needs to double its histone content to package DNA after replication. Histones are well
below the diffusion limit of the NPC (estimated to be ∼40 kDa) but are actively imported
into the nucleus from the cytoplasm [56, 105]. As described above, histones are components
of large cytoplasmic complexes, and active transport is likely required to ensure their rapid
and efficient concentration in the nucleus during S phase.

The discovery of early modifications (H4 K5 and K12 Ac and H3 K9, K14 and K56 Ac) on
histone tails led to much speculation as to their function. It was originally hypothesized that
cytoplasmic acetylation may act to promote nuclear import [71]. To address this question,
we and others analyzed the nuclear import pathways of histones [29, 69-71, 106-109].
Histones H2A and H2B are imported as dimers, and recent work suggests that H3 and H4
are also imported as dimers, although they can form tetramers. Evidence for the existence of
H3-H4 dimers includes the demonstration that endogenous histone H3 does not copurify
with epitope-tagged histone H3 from soluble extracts [81]. Furthermore, structural studies of
the chaperone Asf1 bound to newly synthesized histones H3-H4 indicate that Asf1 occludes
the surface of H3 that is necessary for tetramer formation and therefore can bind only H3-H4
dimers [98, 101].

Each histone amino terminal tail contains an NLS, and it has been demonstrated that the tails
in each heterodimer or heterotetramer are redundant [110, 111]. Therefore, deletion of the
NLS-containing tail of any single core histone does not prevent its import [69]. In S.
cerevisiae we mapped the NLSs to the following residues: H2A 1-46, H2B 21-33, H3 1-28
and H4 1-34 [70, 71]. Other published data suggest that histones may also contain additional
targeting sequences in their core domains, and studies in Physarum polycephalum indicate
that the H4 tail NLS contains the critical domain responsible for targeting the H3-H4 dimer
[76, 112]. The fact that the NLSs are redundant makes analysis of the contribution of
individual histone NLSs complicated, necessitating the use of NLS-GFP fusions and mutant
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strains lacking the N terminus of one of the histones in the pair. Immunoprecipitation
experiments with yeast histones purified from cytosolic extracts and in vitro binding assays
with recombinant histones indicated that these histones could access several importin-
mediated pathways [28, 69-71, 107]. This is borne out by the fact that individual importin
deletions often do not result in strong histone localization defects. However biochemical
experiments determined that much of the cytosolic H2A-H2B dimer was complexed with
Kap114, suggesting it is the major import factor [70]. Kap121, Kap123, Kap95 and Kap104
were also shown to interact with H2A-H2B [70, 107]. Mislocalization of H2A and H2B
NLS-GFP reporters was observed in strains with mutations in KAP114, KAP121, KAP123
and KAP95 [70, 107]. The in vitro binding of Kap114, Kap121 and Kap95 to H2A and H2B
N terminal tails was abolished in the presence of RanGTP, further suggesting they are the
cognate importins [70]. Similar experiments determined that the major import pathways for
H3-H4 dimers are mediated by Kap123 and Kap121 [71, 106, 107]. There is genetic
evidence that Kap123 is more important for the import of H3 than of H4, and this suggests
that although the NLSs in the dimer are redundant they are not necessarily bound to the
same repertoire of importins [69].

Studies in human cells have also identified multiple importins that likely mediate histone
import. In vitro binding experiments and in vitro assays using permeabilized HeLa cells
have identified Impβ, transportin, Imp5, Imp7, and Imp9 as importins for all four core
histones [108, 109]. It is worth noting that there is some conservation of the major pathways
between yeast and humans; Imp9, the Kap114 homolog, has been shown to play an
important role in H2A-H2B import and Imp4, the Kap123 homolog, and Imp5, the Kap121
homolog, have been consistently identified in immunoprecipitation experiments using H3
and H4 [44, 53, 68, 108]. It is interesting that although Kap123 is the most abundant
karyopherin and plays a major role in the import of histones and ribosomal proteins, deletion
of this protein does not result in a significant growth defect, highlighting the redundancy of
import pathways [113].

3.1 Role of posttranslational modifications in histone-importin interactions
Elucidation of histone transport pathways allowed investigation of the importin-histone
interaction with regard to the role of posttranslational modifications. We showed that
Kap123 directly interacts with H3 and H4 in yeast and that a proportion of the interacting
histones were acetylated on H3 K9 and/or K14 and H4 K5 and K12 [71]. This suggested that
acetylated histones can be imported into the nucleus. Surprisingly, further studies using
acetylation site mutants, lysine to glutamine (Q) to mimic acetylation or to arginine to
prevent acetylation, implied that acetylation had a negative effect on import [69].
Acetylation or substitution of the acetylation mimic leads to loss of the positive charge in the
NLS. Histone-NLS GFP reporters with K to Q mutations at the relevant amino acids led to
cytoplasmic localization of the GFP reporter and decreased interaction with importins as
assessed by in vitro binding assays [69]. These data are in agreement with another published
report that shows that strains with H4 K5, K8, K12 and K16 mutated to alanine had a lower
concentration of H3 and H4 in the nucleus [106]. In a separate study, binding of
recombinant importin α–importin β to acetylated and non-acetylated peptides was compared,
revealing that importins bound with higher affinity to non-acetylated histone tail peptides
than acetylated peptides [114]. Overall, these findings would suggest that acetylation is
inhibitory to importin binding, which is inconsistent with the fact that acetylated histones are
found in cytosolic importin-histone complexes. However these findings are consistent with
the fact that many NLSs contain basic amino acids and are positively charged.

To investigate these findings in vivo, we generated strains in which the relevant acetylation
sites were mutated in a background where the other redundant histone tail/NLS was deleted,
e.g. H3-NLS mutant with H4ΔNLS [69]. These studies indicated that, as expected, each tail
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could act as an NLS. In the absence of the H4 tail, mutation of individual H3 acetylation
sites (K9, K14 and K18) led to inviability. In the absence of the H3 tail, mutation of H4 K5,
K8 and K12 together led to inviability [69, 115]. The requirement for these lysines could
reflect a role in transport or a more general function in chromatin. Surprisingly, yeast cells in
which H3 K9, K14 and K18 and H4 K5, K8 and K12 were simultaneously mutated to
prevent acetylation were viable but slow growing [69]. This suggests that acetylation at
these sites is not required for nuclear import, although it is possible that acetylation at
additional sites may play a role. Overall there is not much evidence for acetylation
promoting nuclear import in yeast, and these findings do not explain why histones are
acetylated in the cytoplasm. In contrast to these findings in yeast, studies in Physarum using
cellular fractionation showed that H3-H4 with acetylation mimic mutations (H4 K5Q,
K12Q) accumulated in the nucleus to a greater degree than wild type H3-H4, whereas
proteins with mutations that blocked acetylation at those sites were not observed in the
nucleus or cytoplasm, suggesting they were degraded. These findings are consistent with
acetylation promoting import, and further studies using approaches such as live cell imaging
will clarify this [76]. A recent study using human proteins also indicated that acetylated
histone H4 peptides (H42-20 K5, K8, K12, K16 Ac) competed for Imp4 binding better than
unacetylated peptide [53]. This report also showed that recombinant H4-NLS-YFP fusion
was imported less efficiently in a permeabilized cell assay than a similar fusion with
acetylation mimic (K to Q) mutations. In vivo experiments are needed to confirm these
findings and determine whether this evolutionary conserved pattern of acetylation plays
different roles in yeast and higher eukaryotes. While it makes sense that acetylation may
promote import because it is an early histone mark, acetylation would also change the
overall charge of the NLS, which could be inhibitory for importin binding. The
modifications may be important for promoting complex formation with chaperones and/or
assembly factors in the deposition pathway or could confer specificity for different
importins. In the nucleus, they may even stimulate dissociation of the histone from the
transport receptor. Another possibility is that if some histones are modified and some are
not, the modifications may prevent binding of multiple importins to each histone dimer or
tetramer. Lastly, although H2A and H2B are modified, further studies are required to
determine whether any of the modifications are added to soluble H2A-H2B and whether
they affect the transport process.

4. The histone chaperone Nap1 promotes import of H2A-H2B by Kap114
In addition to Kap114, abundant Nap1 copurified with H2A or H2B isolated from yeast
cytosol [70]. Further study of these interactions revealed simultaneous binding of both
Kap114 and Nap1 to the NLS containing N terminal tails of H2A and H2B [29]. Nap1 and
Kap114 also specifically interact, indicating the three components, Kap114, Nap1 and the
H2A-H2B dimer, could form a complex in which each component can bind the other two.
Nap1 increases the affinity of Kap114 for histones H2A and H2B and actually promotes
histone import into the nucleus (FIG 2). Neither Kap114 nor Nap1 is essential for H2A-H2B
nuclear localization, but there was a decrease in the ratio of nuclear to cytoplasmic H2A and
H2B reporters in nap1Δ yeast [29]. While the presence of a histone chaperone in a histone
import complex could simply result from the need for histones to be chaperoned at all times,
in this case, Nap1 is also acting as an import cofactor. Some histone chaperones may exist in
the cytoplasm only when newly synthesized and go through the import cycle once. Any
effect these chaperones might have on histone import would likely be minimal due to the
high ratio of histone synthesis to histone chaperone synthesis, particularly during S phase. A
yeast cell has an estimated 1 million molecules of H4, whereas histone chaperones, which
are produced throughout the cell cycle, number in the thousands [116]. In contrast, Nap1 and
many of its homologs in metazoa are nucleocytoplasmic shuttling proteins, and as a result
each molecule of Nap1 could assist in the import of many histone dimers [29, 117-119].
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Therefore, it is understandable why the loss of the import cofactor Nap1 would significantly
decrease import of H2A-H2B.

The co-import of H2A-H2B with their chaperone, Nap1, has other effects. In the presence of
Nap1, H2A-H2B preferentially associates with Kap114 rather than the other importins
capable of binding them [29]. Intriguingly, whereas the interaction of the H2A-H2B NLSs
with Kap114 is Ran-GTP sensitive, the interaction of Nap1 with Kap114 is resistant to Ran-
GTP [29]. Because Nap1 can link Kap114 to H2A-H2B, the import complex with Nap1 is
also Ran-GTP insensitive, meaning the histones and Kap114 do not dissociate in the
presence of Ran-GTP. The exact conformation of the Nap1-histone-Kap114 complex is not
known, however mutants of Kap114 that cannot bind Nap1 can still join a histone-Nap1
complex via histone interaction and in this conformation the complex is sensitive to
RanGTP. In this way, the addition of the histone chaperone Nap1 to the Kap114-histone
complex completely changes its character. It is currently unknown how this Kap114-H2A-
H2B-Nap1 complex dissociates once inside the nucleus but most likely other factors are
required. In addition, H2A-H2B can be imported by several importins including Kap123.
Surprisingly when Kap123 associates with H2A and H2B, the complex lacks Nap1 and is
RanGTP sensitive [29]. Nap1 could compete with Kap123 for H2A and H2B, which points
to separate histone-import complexes.

Dynamic localization of Nap1 and Nap1-like proteins throughout the cell cycle has been
demonstrated in a variety of metazoa. For example, in Drosophila embryos Nap1 is nuclear
during S phase but otherwise cytoplasmic, consistent with its role as a histone import
cofactor [7]. Similarly, human Nap1L4 is apparent in the nucleus only during S phase [117,
120]. In yeast, however, Nap1 appears to be predominantly cytoplasmic throughout all
phases of the cell cycle [121]. Through mutational studies, we determined that yeast Nap1
shuttles via a leucine rich NES and its Kap114 binding domain [29]. The Kap114 binding
domain includes a beta hairpin that points out of the protein and has been referred to as the
Nap1 NLS, although NLS activity of the isolated domain has never been experimentally
demonstrated [29, 122, 123]. The dynamic localization of Nap1 and some of the Nap1-like
proteins in higher eukaryotes may be regulated by posttranslational modifications. In some
metazoa, Casein kinase 2 (CK2) phosphorylation has been implicated in the dramatic
relocalization of Nap1 or Nap1-like proteins into the nucleus in S phase [120, 124]. TSPY,
which is a mammalian Nap1 family member less closely related to yeast Nap1, also shuttles
into the nucleus in a manner dependent on phosphorylation of a CK2 target site [118]. In
yeast, Nap1 phosphorylation by CK2 likely promotes its nuclear import, which was
demonstrated through mutation of CK2 target sites in the context of an export deficient
mutant of Nap1 [121]. It is possible phosphorylation changes the conformation of Nap1 and
affects karyopherin binding to the NLS in some way.

5. Nap1, but not the Htz1-specific chaperone Chz1, promotes the nuclear
import of the H2A variant Htz1

The H2A variant H2A.Z (Htz1 in yeast) is highly conserved throughout eukaryotes and
functions in transcription regulation and silencing of heterochromatin [125]. In S. cerevisiae,
Htz1 is commonly incorporated in one or two promoter nucleosomes just upstream of a
gene's transcription start site. The SWR1 remodeling complex utilizes ATP to exchange
H2A-H2B for Htz1-H2B heterodimers within chromatin [126, 127]. In vivo, unincorporated
Htz1-H2B dimers are bound to Nap1 or Chz1, and either of these histone chaperones can
deliver Htz1-H2B dimers to the SWR1 complex in vitro [27, 127] (FIG 2). Whereas Nap1
binds both H2A-H2B and Htz1-H2B dimers, Chz1 prefers binding Htz1-H2B and
recognizes a domain unique to Htz1 [27, 29, 128]. Chz1 is unlike other histone chaperones
because it appears to be unfolded until bound to a histone dimer, at which point it forms an
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extended, irregular fold that is unlike that of the other histone chaperones [10, 27, 129]. At
only 17.5 kDa, Chz1 is slightly larger than histones and much smaller than most chaperones.
There is no clear Chz1 homolog in higher eukaryotes, although the protein HIRIP3, which
interacts with histones and the chaperone HIRA, and other metazoan proteins contain a
region homologous to the histone binding domain of Chz1 [27, 81, 130].

When purified from yeast cytosol to identify possible Htz1 nuclear import factors, Htz1 was
bound to Nap1 and to four importins, Kap114, Kap123, Kap95 and Kap108, but not to
Chz1, suggesting that Nap1 is the predominant Htz1 chaperone in cytosol [28]. The NLS of
Htz1 is located in its N terminus, similar to that of canonical H2A, and can bind directly to
the importins Kap114, Kap123 and Kap95 in vitro [28]. The major import pathways of Htz1
are analogous to those of the canonical H2A-H2B: Htz1-H2B, Kap114 and Nap1 form a
RanGTP insensitive import complex, whereas the Kap123-Htz1-H2B complex is
independent of Nap1 and sensitive to RanGTP [28, 29]. Htz1 is also acetylated in the N
terminus, but as with H3 and H4, acetylation at these sites is not required for import [28].
Surprisingly, in vitro binding assays indicated that Kap123, but not Kap114, bound
preferentially to recombinant Htz1 NLS protein containing acetylation mimic (K to Q)
mutations. Thus, Htz1 is imported by at least two pathways: One mediated by Kap114 and
assisted by the histone chaperone Nap1 and the other mediated by Kap123 and likely
regulated by acetylation. Experiments have shown that Nap1 is also necessary for
maintaining a soluble pool of H2A.Z-H2B, and while this may seem counterintuitive, most
studies of H2A.Z function suggest that in the nucleus it is constantly being exchanged with
chromatin [28, 125]. It is likely that Nap1 is important for maintaining a soluble pool of
H2A.Z available for exchange into chromatin, and as Nap1 is constantly shuttling it raises
the possibility that it shuttles in and out of the nucleus with H2A.Z-H2B. It is interesting to
note that H2A.Z is synthesized throughout the cell cycle and H2B is made predominantly in
S phase [125]. As the cytoplasmic pool of H2B is likely small outside S phase, how newly
synthesized H2A.Z finds free H2B with which to dimerize is not known.

In support of Chz1 import being independent of Htz1 import, Chz1 was found to contain a
classical NLS, residues 36KPKR39, which was verified by mutational analysis [28, 62].
Chz1 is likely imported both by Kap60-Kap95 via this NLS, and also by other redundant
importins. This data suggests that the histone chaperone Chz1 is not involved in Htz1
nuclear import and is independently transported into the nucleus.

6. Vps75 import by the classical import pathway promotes nuclear
localization of the H3 HAT Rtt109

As Nap1 plays an important role in histone import, it seemed conceivable that the only
paralog of Nap1 in budding yeast, Vps75, would also play a role in import. Vps75 is a
histone H3-H4 chaperone whose domain and overall structures share more similarity with
the human H3-H4 chaperone SET, a member of the human family of Nap1 like proteins,
than with yeast Nap1 [131]. Vps75 associates with active genes, mediates histone exchange
during transcription and may inhibit H3 replacement at nucleosomes that tend to be rapidly
turned over [132, 133]. In vivo, Vps75 binds Rtt109, the sole histone acetyltransferase for
H3 lysine 56, which is on the globular domain at the base of the H3 tail [49-51, 134, 135].
Rtt109 and H3 K56 acetylation are critical for robust growth in the presence of DNA
damaging agents [134]. Acetylation of lysines 9 and 27 on the H3 tail is mediated by Gcn5
or Rtt109-Vps75 [75, 136-138]. Their acetylation is associated with actively transcribed
genes, particularly the 5′ ends [139-141]. Vps75 binds to and stabilizes Rtt109, maintaining
a higher concentration of Rtt109 in cells than is found in vps75Δ yeast [75]. Binding to
Vps75 is required for Rtt109-mediated acetylation of H3 K9 and K27 but not of H3 K56
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[142]. This requirement for Vps75 in acetylation of the H3 tail is likely due to the interaction
of Vps75 with histone H3.

Vps75 nuclear import is mediated by Kap60-Kap95, as evidenced by significant
mislocalization of Vps75-GFP reporters in a Kap60 mutant strain but not in other importin
mutant yeast [142]. The classical NLS of Vps75 (256PSSKKRKV264) was demonstrated to
be necessary and sufficient for nuclear localization of Vps75 and an unrelated protein, GFP
[142]. Whereas there was no evidence for a significant role of Vps75 in H3 import, it was
revealed that Vps75 nuclear localization promotes nuclear localization of the H3 HAT,
Rtt109, presumably through nuclear retention facilitated by Vps75 binding or through
Vps75 directly assisting in Rtt109 import [142]. If the latter were true, Vps75 and Nap1
would have similar roles as nonessential but nonetheless significant import cofactors for
Rtt109 and H2A/H2A.Z-H2B, respectively. It will be interesting to determine if other
histone chaperones promote nuclear import of their non-histone associated proteins.
Consistent with this idea, Hat1 is in a complex with the accessory protein Hat2 and the
chaperone Hif1, both of which are essential for its full function [54, 72].

7. Vertebrate histone chaperones and their association with disease
Considering the critical function of chromatin structure in regulation of gene expression and
genome stability, it is not surprising that mounting evidence highlights the connection
between cancer or other diseases and proteins that modify, remodel or otherwise regulate
chromatin. In fact, the number of chromatin regulators that have been identified as
diagnostic or therapeutic targets is continuously growing. Histone deacetylase (HDAC)
inhibitors have become increasingly popular targets for cancer treatment (reviewed in
[143]). Upregulation of key chromatin proteins has been associated with disease. Striking
examples include: the link between a high level of H2A.Z expression, breast cancer
progression and low survival (for review, see [144]); upregulation of the chromatin
remodeler CAF1 and the histone chaperone Asf1b in breast cancer [145, 146]; and the
upregulation of the Nap1 homolog TSPY in various germ cell tumors, which may be useful
in diagnosis [147]. We are particularly interested in the correlation between cancer, notably
leukemias, and histone chaperones that are mislocalized or overexpressed in one cellular
compartment, altering the overall distribution of the protein. We present examples of such
histone chaperones below. It has been proposed that it is the role of these histone chaperones
in regulating the localization of other proteins that is relevant to disease.

7.1 Nucleophosmin and nucleoplasmin
The first histone chaperone to be discovered was nucleoplasmin [23, 148]. The
nucleoplasmin family contains the histone chaperones NPM1 (also referred to as
nucleophosmin, B23, numatrin or NO38) and NPM2 (nucleoplasmin) as well as other non-
histone chaperone proteins (reviewed in [149]). The nucleocytoplasmic shuttling protein
NPM1 binds rRNA in the nucleolus and exports ribosomal proteins to the cytoplasm to
facilitate ribosome biogenesis [150]. As a histone chaperone, NPM1 can bind all four
canonical histones but prefers to bind H3-H4. In addition to depositing the core histones for
chromatin assembly in vitro, it can also deposit the linker histone H1, which was found to
associate with NPM1 in vivo. Other histone chaperone functions of NPM1 include
regulation of transcription by RNA Polymerases I and II and of chromatin structure within
the nucleolus (for review, see [151])

NPM2/nucleoplasmin is a highly specialized histone chaperone present in the nuclei of eggs
and oocytes of amphibians and mammals. In Xenopus laevis oocytes, H2A-H2B is bound by
nucleoplasmin whereas H3-H4 is bound by another histone chaperone, N1/N2. The histone
chaperones nucleoplasmin and N1/N2 are two of the most abundant proteins in Xenopus
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oocytes. They act as ‘histone sinks’ to maintain a high concentration of histones and
cooperate to assemble chromatin during the rapid rounds of division that occur after
fertilization. Hyperphosphorylated nucleoplasmin decondenses the sperm chromatin by
removing protamines and subsequently inserting maternal H2A-H2B dimers to create the
paternal pronucleus (for reviews, see [13, 152]). During cloning, somatic cell nuclei are
injected into eggs and undergo a process called reprogramming. This process requires
nucleoplasmin, which removes linker histone H1 and can regulate transcription [149].

Nucleoplasmin and NPM1 core subunits are eight-stranded beta barrels that form
homopentamers and homodecamers that are capable of binding five separate histone
complexes [153, 154]. Nucleoplasmin has a classical bipartite nuclear localization signal
(KRX10KKK, where X represents any amino acid) that was among the first such NLSs
experimentally verified to promote import via Importins α and β [155-157]. A pentamer of
nucleoplasmin has five redundant NLSs and, based on structural studies, it can
simultaneously bind five importin α-importin β complexes [158]. In vitro studies suggested
that while one NLS is sufficient for nucleoplasmin nuclear accumulation, multiple NLSs
increase the rate of nuclear import [159]. NPM1 has two leucine-rich, Crm1-dependent
nuclear export sequences (NES), and its C terminal tail contains a nucleolar localization
signal (NoLS) and a nucleic acid binding region [160, 161]. Strikingly, upregulation,
mutation or translocation of NPM1 is observed in a wide variety of cancers. This may be
due to the role of NPM1 in regulation of the tumor suppressors ARF and p53 (reviewed in
[162, 163]). NPM1 is primarily localized in the nucleolus because the NLS is stronger than
the NESs, but a mutation in NPM1 that creates a new, stronger NES is found in roughly one
third of acute myeloid leukemia (AML) patients [164, 165]. This mutation causes aberrant
cytoplasmic accumulation of NPM1 in the tumor cells and likely also mislocalization of
NPM1 binding partners, which has been proposed to contribute to disease [165, 166]. Both
nucleoplasmin and NPM1 are subject to posttranslational modifications that may regulate
their localization and function. In the case of nucleoplasmin, which may have as many as 20
phosphate groups on each subunit, phosphorylation by Casein Kinase II likely regulates its
nucleocytoplasmic distribution [167]. Phosphorylation of NPM1 targets it to nuclear
speckles, affects its movement between the nucleolus and nucleoplasm and may also
regulate its nuclear export [151]. In addition, NPM1 acetylation by p300 promotes its
localization in the nucleoplasm, its binding of histones and its activation of transcription by
RNA Polymerase II [168].

7.2 Nucleolin
Nucleolin, one of the most abundant proteins in the nucleolus, was first described in 1973
and recently characterized as a histone chaperone [169, 170]. Like NPM1, in addition to its
nucleolar localization, it can shuttle between the nucleus and cytoplasm. Its functions
include ribosome biogenesis, H2A-H2B turnover, and regulation of RNA Polymerase I
transcription. Phosphorylation of nucleolin by casein kinase 2 promotes its transcriptional
regulation function, whereas phosphorylation and dephosphorylation of p34cdc2 target sites
promotes cytoplasmic and nuclear localization, respectively. High expression of nucleolin is
associated with high rates of RNA Polymerase I transcription and cellular proliferation.
Because it is expressed on the surface of cells and then internalized, nucleolin may promote
infection through its interaction with pathogens or cellular transformation by binding to
growth factors. Tumor cells or other rapidly dividing cells express the most surface
nucleolin, and thus it can be utilized to deliver cargo into tumor cells. Studies have shown
that nucleolin is overexpressed in the cytoplasm and on the cell surface of AML blasts. A
nucleolin-specific aptamer was found to decrease expression of the anti-apoptotic Bcl2 and
is being tested in phase II clinical trials for acute myeloid leukemia treatment.
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7.3 DAXX
The interaction of the histone chaperone HIRA with H3.3 and of CAF1 with H3.1, is a
relatively late pre-deposition event, as these proteins are not evident in cytosolic extracts
suggesting they only associate with H3 in the nucleus. In a new study two additional
proteins, DAXX and ATRX, were shown to bind to H3.3 independently of HIRA [80, 171,
172]. DAXX was previously identified as playing a role in apoptosis, while ATRX is a
member of the Swi2/Snf2 family of ATP-dependent chromatin remodelers; mutations in
ATRX are associated with alpha-thalassemia mental retardation X-linked syndrome [173].
DAXX is found only in higher eukaryotes but shares some homology with the yeast histone
chaperone Rtt106 [171]. It appears that while HIRA plays an important role in the
deposition of H3.3 at protein encoding genes, DAXX is likely important for deposition at
promoters and intergenic regions [80, 171]. ATRX plays a role in targeting DAXX and
H3.3. In embryonic stem cells ATRX appears to aid DAXX in the deposition of H3.3 at
telomeres, ribosomal DNA and pericentric heterochromatin [80, 171]. A recent screen for
mutations that are associated with pancreatic neuroendocrine tumors identified loss of
function mutations in both ATRX and DAXX, suggesting that these proteins are tumor
suppressors [174].

Although the interaction between DAXX and H3.3 is presumed to be nuclear and quite late
in the assembly pathway, it is possible that the histone chaperone DAXX could play a more
general role in histone localization. Surprisingly, DAXX has been shown to be a
nucleocytoplasmic shuttling protein containing a Crm1-dependent NES sequence [175].
Future studies will determine whether this is related to its function in apoptosis or a role in
shuttling histones.

7.4 DEK and SET
Another protein that was recently discovered in Drosophila to be an H3 histone chaperone is
the DEK protein [176]. This is the homolog of the human DEK oncogene that is upregulated
in several human cancers (for review, see [177]). In Drosophila, Dek associates with
chromatin and acts as a transcriptional co-activator in Drosophila cells and also can
assemble chromatin in vitro. Dek exists in a complex with histones, and with casein kinase
2, the kinase that also phosphorylates several other histone chaperones, including SET and
Nap1. Dek bound to H3.3 with higher affinity than to H3.1, and its genome-wide
localization overlapped with H3.3, consistent with a role for Dek in transcription rather than
replication. Human DEK is also a histone chaperone and a DEK-CAN (Nup214) fusion is
associated with onset of acute myeloid leukemia in patients [178]. This fusion leads to loss
of casein kinase 2 binding and histone chaperone activity by the fused DEK. It is interesting
that a similar translocation, SET-CAN, which results in the fusion of a histone chaperone
(SET, the Vps75/Nap1 homolog) and CAN, the nucleoporin, results in acute
undifferentiated leukemia [179]. The SET-CAN fusion protein is expressed under the SET
promoter and contains all of the SET coding region, except the last 6 amino acids, fused to
the C terminal two thirds of the Can/Nup214 protein [180]. The protein has a function
distinct from that of either protein and is mislocalized to the NPC, suggesting that the SET
function in particular is compromised [180]. It is interesting that two histone chaperone-
nucleoporin translocations would give rise to cancer and argues that histone chaperones play
important roles in the cell for which they must be correctly localized.

8. Discussion and perspectives
In conclusion, cytoplasmic pools of histone chaperones, including Nap1, Asf1 and NASP,
interact with newly synthesized histones and play important roles in predeposition
complexes. Most of these histone chaperones can be identified in large cytoplasmic
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complexes with histones, HATs and importins, however new experiments point to the
existence of distinct subcomplexes. Histone chaperones may have one or more functions
within these histone import complexes. As histones must be protected from nonspecific
interactions at all times, it is plausible that some of these histone chaperones associate with
newly synthesized histones in the cytoplasm, are coimported as part of their chaperone
function and remain bound until the histone is transferred to another assembly factor in the
nucleus. Most histone chaperones are predominantly nuclear and, like Asf1, have nuclear
import pathways independent of histones. However, these chaperones may also “hitch a
ride” into the nucleus by association with histones and importins. Furthermore, histone
chaperones can play an active role in histone import by promoting the formation of the
histone-importin complex, conferring importin binding specificity and/or altering
dissociation requirements in the nucleus, as has been shown for Nap1. Nucleocytoplasmic
shuttling has only been demonstrated for NPM1, NASP and Nap1, but it will be interesting
to determine whether this is a common feature of all histone chaperones that can function in
the nucleus and in the cytoplasm. Although it is an assembly factor, Nap1 is important in the
maintenance of a soluble pool of histones and plays a role in preventing the
misincorporation of H2A–H2B into chromatin, and whether this is a common function of
other chaperones remains to be seen [181]. The roles of Vps75 and the chaperone-like
protein Hat2 in nuclear localization of Rtt109 and Hat1, respectively, suggests that histone
chaperones can also function in the import of HATs. The possibility that histone chaperones
could simultaneously promote import of histones and histone modifying enzymes is
particularly intriguing due to the role of early posttranslational modifications of histones.

The precise role of predeposition posttranslational modifications is still unclear. There is
evidence to suggest that these early modifications occur in the cytoplasm, but a clear
function in the regulation of import has not been shown. Modification of H4 K5 and K12 Ac
and H3 K9 monomethylation may be an ongoing process that occurs on soluble histones in
both the cytoplasm and nucleus, which would point to a role in dictating the formation of
subsequent assembly complexes. In addition, it is possible that these modifications modulate
histone binding with specific importins or trigger dissociation of histones from importins
once inside the nucleus. The evolutionarily conserved acetylation of H4 at K5 and K12 is
currently attributed to Hat1, but it is interesting to note that yeast Hat1 is not essential for
viability or for H4 K5 and K12 acetylation, highlighting the redundancy of histone
modifying enzymes.

It has been suggested that importins themselves can act as chaperones [182]. Although
importins are generally redundant and several have been implicated in importing histones,
some have a more significant, evolutionarily conserved role in histone import. The clearest
example is Kap123/Imp4, which is important for the import of all histones, particularly H3-
H4. In yeast, Kap123 is not essential but is the most abundant of the importins, and therefore
it may be uniquely suited to accommodate the wave of histone synthesis in S phase. The
recently described complexes of importins, histone dimers, histone chaperones and HATs
have the potential to be very large, and each component may have its own NLS and binding
sites for multiple proteins. Future studies will reveal the conformation of these complexes
andb whether transport of large, multimeric cargoes through the NPC is more or less
efficient than that of smaller ones. In vitro assays have shown that the transport of a
nucleoplasmin pentamer was more efficient when its multiple NLSs were intact [159]. It
may be that despite the disadvantage of larger size, multiple importins contribute to efficient
import by outcompeting single importin complexes for NPC binding. Strikingly, at least one
histone chaperone confers Ran-GTP insensitivity on a histone-importin complex, suggesting
additional factors are required for cargo dissociation. In this way it appears that both
acetylation of the NLS and histone chaperone binding could have a direct effect on the
ability of the import machinery to function efficiently and so introduce another layer of
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regulation to histone import. For example, acetylation of the NLS could prevent too many
importins binding to a single complex, and the presence of Nap1 could negatively regulate
dissociation until specific factors that can stimulate this process were encountered. Future
studies will dissect the spatial and temporal regulation of soluble cytoplasmic and nuclear
subcomplexes of histone chaperones and histones and determine the function of
posttranslational modifications in import. We expect that these studies will further indicate
the intimate association between histone chaperones and the transport machinery. These
studies are made challenging by the imperfect nature of biochemical fractionation and by the
steady state localization of many of these factors, which often does not reveal the dynamic
and shuttling pools. In addition, the functional redundancy of these factors hinders genetic
analysis. Determining the function and localization of histone chaperones will greatly
contribute to our understanding of chromatin biology and also the human diseases associated
with mislocalized histone chaperones.
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Highlights

• Evolutionarily conserved karyopherins/importins function in the nuclear import
of histones and histone chaperones

• Cytoplasmic histones are acetylated and monomethylated on their amino
terminal tails, which may be relevant for nuclear import or chromatin assembly

• Newly synthesized histones form multimeric complexes with different histone
chaperones, chromatin modifying enzymes and karyopherins in the cytoplasm

• Histone chaperones can function in the nuclear import of histones and chromatin
modifying enzymes

• Misregulation or mislocalization of human histone chaperones is associated with
cancer
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Figure 1.
Cytoplasmic complexes of H1 and H3-H4 and their import pathways. Histones, importins
and interacting proteins are labeled. The star represents Ran-GTP which promotes
dissociation of the import complexes. The rings represent nuclear pore complexes in the
nuclear membrane, separating the cytoplasm (upper) from the nucleus (lower). NASP refers
to both sNASP and tNASP. A. H1 was found in a complex with NASP and a heat shock
protein in the cytoplasm of murine cells. NASP promotes import of H1. Question mark
denotes unknown import pathway. B. H3.1 containing subcomplexes detected in human
cytosol. The proposed order of complex formation is indicated with dashed arrows based on
references (45) and (73). Once inside the nucleus, ASF1B can donate H3.1-H4 for
chromatin assembly by the CAF1 complex or other assembly proteins. C. Data from yeast
and human cells indicates that H3 interacts with the proteins shown, suggesting the
possibility of one large import complex. (Question mark indicates that heat shock proteins
were found in human cells but not in yeast).
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Figure 2.
Import of H2A-H2B, Htz1-H2B, Chz1 and Nap1. The exportin Crm1 and the remodeling
complex SWR1 are labeled, and the import Kaps are labeled by their numbers (Kap114,
Kap123, Kap95 and Kap60) in the model. The histones and chaperones are labeled in the
legend (top). The star represents Ran-GTP which either promotes association of the export
complex, Crm1-Nap1, or the dissociation of the import complexes, Kap95-Kap60-Chz1 and
Kap123-Htz1-H2B. The question marks represent dissociation of Kap114-Nap1-H2A-H2B
or Kap114-Nap1-Htz1-H2B complexes, which is facilitated by additional factors. The rings
represent nuclear pore complexes in the nuclear membrane, separating the cytoplasm
(upper) from the nucleus (lower). A, B. Once inside the nucleus, the chaperones Chz1 or
Nap1 can donate Htz1-H2B to the SWR1 complex which incorporates it into chromatin
through exchange with H2A-H2B. C. After import, Nap1 is thought to be capable of
depositing H2A-H2B dimers in chromatin. Nap1 export is mediated by Crm1, promoting
cycles of histone import by Nap1.
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