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Abstract More and more studies have shown chromatin
remodelers and histone modifiers play essential roles in
regulating developmental patterns by organizing specific
chromosomal architecture to establish programmed tran-
scriptional profiles, with implications that histone
chaperones execute a coordinating role in these processes.
Chromatin assembly factor-1 (CAF-1), an evolutionarily
conserved three-subunit protein complex, was identified as
a histone chaperone coupled with DNA replication and
repair in cultured mammalian cells and yeasts. Interest-
ingly, recent findings indicate CAF-1 may have important
regulatory roles during development by interacting with
specific transcription factors and epigenetic regulators. In
this review, we focus on the essential roles of CAF-1 in
regulating heterochromatin organization, asymmetric cell
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division, and specific signal transduction through epige-
netic modulations of the chromatin. In the end, we aim at
providing a current image of facets of CAF-1 as a histone
chaperone to orchestrate cell proliferation and differentia-
tion during multi-cellular organism development.
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Introduction

In multi-cellular organisms, development is a delicately
orchestrated process controlled by programmed cell pro-
liferation and differentiation. Temporally and spatially
organized epigenetic profiles play key roles in determining
cell differentiation by modulating transcriptional outputs at
the chromatin level. In the past two decades, studies have
shown epigenetic regulators, including histone modifiers
and chromatin remodelers, play essential roles in mediating
developmental programs [1]. On one hand, these epigenetic
regulators help to direct particular signal transduction by
cooperating with specific transcriptional machineries. For
example, nucleosome remodeling factor (NURF) is repor-
ted to be involved in T cell maturation in mice by
physically interacting with DNA binding factor serum
response factor (Srf) to regulate Egrl gene expression,
which is important for thymocyte development [2]. In
Drosophila, NURF was reported to regulate Wg signaling
by regulating transcriptional affinity at the target gene
enhancers [3]. On the other hand, it was also revealed
histone modifiers and chromatin remodelers help to gen-
erate global epigenetic landscapes during multi-cellular
organism development [4, 5]. Interestingly, recent findings
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Table 1 Evolutionarily conserved subunits of CAF-1 complex

Species Large subunit Middle subunit Small subunit
H. sapiens p150 p60 p48

M. musculus p150 p60 p48

D. melanogaster  p180 plos pS5

S. mediterranea  p150 p60 p48

C. elegans Chafl Chaf2 Rbal

S. cerevisiae Cacl Cac2 Cac3

A. thaliana FAS1 FAS2 MSII

indicate that during the epigenetic regulation of develop-
mental processes, histone chaperones also appear to
execute more and more important functions. For example,
histone chaperone anti-silencing function 1 (Asfl) has been
reported to interact with a repressive transcription complex
to regulate Notch target gene expression during Drosophila
development [6, 7]. Recent studies indicate that histone cell
cycle regulation defective homolog A (HIRA), the histone
H3.3 chaperone, is required for gastrulation and nuclear
transfer-induced transcriptional reprogramming in Xenopus
[8, 9]. In the same line as described above, both histone
chaperone HIRA and nucleosome assembly protein 1
(NAP-1) are found to accumulate in mouse primordial
germ cells (PGCs) during reprogramming [10]. In this
review, we will focus on the developmental roles of
another histone chaperone, chromatin assembly factor 1
(CAF-1).

Over two decades ago, CAF-1 was first purified from
human cells and shown to be capable of depositing histone
H3-H4 onto newly synthesized DNA [11]. Subsequent
studies in yeast and multi-cellular organisms further
implicated its role as an evolutionarily conserved histone
chaperone in eukaryotes (Table 1). In addition, biochemists
and cell biologists have shown CAF-1 plays pivotal roles in
controlling not only chromatin restoration after DNA
synthesis and cell cycle progression, but also the formation
and maintenance of heterochromatin [12-17]. More
recently, developmental biologists and geneticists have
more closely investigated the in vivo roles of CAF-1, and
have suggested CAF-1 is also an important regulator of
developmental pathways, a determinant of epigenetic
memories, and a key factor controlling asymmetric cell
division [18-21]. In this review, we first briefly summarize
the biochemical functions of CAF-1 that mainly based on
studies in purified in vitro systems, cell lines, and yeast
before we focus on the more intriguing functions of CAF-1
in multi-cellular organism development. Finally, we pro-
pose CAF-1 to be a protein complex that may also
orchestrate cell proliferation and differentiation during
multi-cellular organism development.
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A key player in chromatin duplication and restoration

Biologists have been studying on the biochemical and
cellular functions of CAF-1 using in vitro systems and
cultured cell lines since it was first isolated more than
20 years ago [11]. As a histone chaperone, CAF-1 acts in
the following major functions in both yeast and mamma-
lian cells: (1) a histone carrier for DNA replication-coupled
nucleosome assembly; (2) a player in heterochromatin
duplication; and (3) a chromatin restorer after DNA repair.

DNA replication-coupled nucleosome assembly

In the process of eukaryotic DNA replication, CAF-1
functions as a histone chaperone that deposits histone H3—
H4 heterodimers onto newly synthesized DNA to facilitate
nucleosome assembly behind the replication fork [22]. On
the newly assembled chromatin, a fraction (perhaps half) of
the histones are inherited from the parental chromatin and
the rest of the histones are newly synthesized. Although the
mechanism of how parental histones are transferred to the
newly synthesized DNA for replication-coupled nucleo-
some assembly remains poorly understood, it is known that
newly synthesized histones H3 and H4 are usually acety-
lated and methylated before they are loaded into the new-
born nucleosomes [22]. The K56 residue of histone H3 is
reported to be acetylated by CBP or Gen5 in humans and
by Rtt109 in yeasts [23-26] (Fig. la). Acetylated H3K56
increases the binding affinity of CAF-1 with H3-H4 and
facilitates CAF-1-mediated nucleosome assembly in the
yeast model [23, 27]. Newly synthesized histone H4 is also
shown to be di-acetylated at the K5 and K12 residues, a
conserved feature in single cell eukaryotes (Tetrahymena),
flies and humans [28-30]. HAT1 in yeast and human cells
is reported to be responsible for the acetylation of H4K5
and H4K12 [31, 32]. However, unlike that the acetylation
of H3K56 increases CAF-1’s binding affinity to H3—-H4
in vitro [23, 27], the acetylation of H4KS5 or K12 reduces
the association of H3—H4 with CAF-1 in mammalian cells
[32]. Furthermore, studies in yeast show that mutations of
H4KS5 and K12 have no impact on nucleosome deposition
[33]. Based on these assessments, the role of acetylation on
H4K5 and K12 remains to be accurately determined.
Collectively, a possible scenario is: histone H3—H4 dimers
with acetylated H3K56 residues are first captured by his-
tone chaperone Asfl before transfer to CAF-1, a process
that is mediated by the direct interaction between Asfl and
the middle subunit of the CAF-1 complex [22, 23, 34].
Finally, CAF-1 loads the histone H3-H4 tetramers onto
naked DNA by interacting with proliferating cell nuclear
antigen (PCNA) to fulfill the chromatin assembly flux
(Fig. 1a) [22, 35, 36].
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Fig. 1 Roles of CAF-1 in DNA replication-coupled assembly of
euchromatin and heterochromatin. a During euchromatic DNA
replication, PCNA is loaded at the fork. Newly synthesized histone
H3-H4 dimers, acetylated by specific histone acetyltransferases
(HATs), are brought by Asfl to the nascent DNA site, then
transferred onto the CAF-1 complex, forming a H3-H4 tetramer.
Together with the H2A-H2B tetramer brought by Napl, these

Heterochromatin duplication

Heterochromatin is a special chromatin domain with den-
sely packed DNA, histones, and other associated proteins,
and is less accessible than euchromatin to transcription and
replication machineries. In multi-cellular organisms, a
hallmark of constitutive heterochromatin is the accumula-
tion of heterochromatic protein HP1 and repressive histone
modifications H3K9me2/3 and H4K20me3 [37], which
provide an epigenetic memory for the heterochromatic
architecture from mother cells to daughter cells, particu-
larly during heterochromatin duplication. The roles of
CAF-1 in regulating heterochromatin are highly conserved
in eukaryotes. In Saccharomyces cerevisiae, CAF-1 (Cacl,
Cac2, and Cac3 in yeasts) was found to mediate telomeric
heterochromatin silencing by contributing to the spread of
Sir proteins [38—41]. In multi-cellular organisms, CAF-1
regulates heterochromatin by interacting with HP1 to
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@@ rorental histones
“ Parental histones

New histones
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? H3K9me
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acetylated H3—H4 tetramers are assembled into nucleosomes, which
consist of mixed histones, either parental or newly synthesized.
b During de novo heterochromatin formation, K9 residues on histone
H3 tails are mono-methylated by SetDB1 of the CAF-1/HP-1/SetDB1
complex. SU(VAR)3-9 is responsible for the di- and tri-methylation
of H3K9 (H3K9me?2/3) based on mono-methylated H3K9 (H3k9mel)

facilitate the establishment of epigenetic markers at the
heterochromatic regions [16, 20, 42] (Fig. 1b). During
replication-coupled heterochromatin formation in late S
phase, the K9 residue of free histone H3 is likely mono-
methylated by SetDB1, a component of the HP1-CAF-1-
SetDB1 complex [43]. The mono-methylated H3K9 is
delivered onto DNA via CAF-1 and is further methylated
to become H3K9me2/3 by SU(VAR)3-9, which then
recruits HP1 to mature the duplicated heterochromatin
(Fig. 1b). However, the precise molecular functions of
CAF-1 in this process remain obscure.

Chromatin restoration after DNA repair
Genomic stability and integrity are constantly challenged
by both environmental stimuli and metabolic products that

can induce DNA damages [44]. When DNA lesions occur,
DNA damage response (DDR) is initiated at the damaged
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DNA loci regardless of the timing of cell cycle progression.
In eukaryotic organisms, DDR is a series of coordinated
events to not only fix the DNA lesions but also to restore
the altered chromatin status [22]. A variety of epigenetic
regulators have been shown to be involved in this chro-
matin restoration process. In yeast, INO80 and HDACs are
likely responsible for the clearance of H2A-variant and
histone de-acetylations at the repaired double strand break
(DSB) sites, respectively [45, 46]. A recent discovery in
mammalian cells reveals that histone chaperone HIRA
directs H3.3-H4-mediated transcriptional recovery after
DNA repair [17]. CAF-1 has been shown to participate in
UV-induced nucleotide excision repair (NER) and is nec-
essary for repair-coupled chromatin formation in both yeast
and mammalian cells [13, 41, 47]. Moreover, CAF-1 is also
crucial for successful DSB repair [48]. CAF-1 has been
found to cooperate in different DNA repair processes with
multiple proteins, including replication clamp protein
PCNA [13, 35], DNA helicases BLM and WRN [49, 50],
and of interest, heterochromatin protein HP1 [15]. In
addition to its function in the recruitment of HP1 during
heterochromatin formation (Fig. 1b), studies in mouse cells
show CAF-1 is also required for de novo accumulation of
HP1 at both euchromatic and heterochromatic DNA dam-
age sites to promote homologous recombination (HR) at
the early stage of DDR [15], suggesting CAF-1 may
function as a general HP1 loader in different cellular
contexts. Based on findings described above, CAF-1 may
recruit a variety of repair-associated proteins at the dam-
aged chromatin regions via its role as a histone chaperone
and/or a protein platform, contributing to both DNA repair
and chromatin restoration at different stages of DDR.

A protein complex required for integrating epigenetic
information during model organism development

Epigenetic regulations play essential roles in fine-tuning
the transcriptional output coordinating multi-cellular
organism development. In addition to its activity as histone
chaperone, recent studies of CAF-1 in model organisms
have provided evidence that it may also function as a
protein platform integrating epigenetic information, either
repressive heterochromatic markers or active histone
modifications for signal transduction, both of which are
required for proper tissue development [19, 20, 42].

Roles of CAF-1 in integrating heterochromatin
information during development

Organization of heterochromatin in the nucleus is highly

dynamic, which is required for the regulation of specific
nuclear architecture and gene silencing during early
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stages of development [51]. In mouse embryos, peri-
centric heterochromatin visualized by staining of DAPI
and HP1 is progressively assembled into high-order
chromatin structures during early developmental stages,
starting from the 2-cell stage until the 32-cell stage [42].
Houlard et al. [42] first reported CAF-1-p150, the largest
subunit of CAF-1, is involved in determining hetero-
chromatin organization during early embryo development
in mice. In homozygous CAF-I-p150 mutant embryos,
DAPI and HP1 signals are not enriched to form detect-
able chromocenters, but rather display diffused patterns
in the nucleus, which is evidence of abnormal organi-
zation of heterochromatin. Furthermore, by knocking
down CAF-1-pl150 in cultured embryonic stem (ES)
cells, Houlard and colleagues also show epigenetic
markers of pericentric heterochromatin, H3K9me3 and
H4K20me3, are completely abolished.

After the first 13 rapid cycles of nuclear division, Dro-
sophila early embryos transit to the 14th cycle, initiating
the early events of morphogenesis, a process called mid-
blastula transition (MBT), which is associated with sig-
nificant prolongation of the S phase and late replication of
the heterochromatic regions [52]. During this process,
progressive accumulation of HP1 occurs following the late
replication events [52]; thus both HP1 and H3K9me2/3 are
detectable at cycle 14 of Drosophila embryogenesis [20].
Consistent with the results observed in early mouse
embryos, Huang and colleagues reported a reduction of
HP1 and H3K9me?2/3 signals at cycle 14 after depletion of
dCAF-1-p180 [20]. Together, these reports indicate a
conserved role for CAF-1 in recruiting epigenetic signals
for the establishment of heterochromatin during early
development in model organisms (Fig. 1b).

Early embryo development is a particular stage for de
novo establishment of pericentric heterochromatin [42, 52].
It would be interesting to know whether CAF-1 regulates
heterochromatin formation and/or maintenance in more
cellular contexts than just ES or early embryonic cells.
Studies in Drosophila provide evidence that depletion of
dCAF-1-p180 suppresses gene silencing as assessed by a
variety of PEV models [20], indicating the role of CAF-1 in
regulating heterochromatin is not restricted in early-stage
animal development. Drosophila polytene chromosomes
are a wonderful system to study heterochromatin formation
and maintenance and endo-replication [53-55]. Knock-
down of dCAF-1-p180 does not apparently affect endo-
replication or the overall development of salivary glands
[20, 56], while HP1 accumulation and repressive histone
modifications, namely H3K9me2/3 and H4K20me3, are
significantly reduced at the chromocenter [20], indicating
CAF-1 functions as well in salivary gland cells to regulate
heterochromatin formation and/or maintenance. Further-
more, the physical interaction between CAF-1 and HP1
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Fig. 2 Possible roles of CAF-1 in signal transduction governing
multi-cellular organism development, a hypothetic model. During
development, specific signals, such as the Notch ligand, initiate a
signaling cascade from outside of the cell, generating signals that
enter the nucleus, e.g., N'“P, to interact with specific transcription
factors (TF), such as Su(H), recruiting CAF-1 to a specific chromatin
region. In this context, CAF-1 regulates the local histone

detected in both cultured cells [15, 43] and developmental
processes [20] supports a general role for CAF-1 in regu-
lating heterochromatin organization. The telomere is
another well-studied heterochromatic domain in various
model systems. Dysfunction of telomere maintenance is a
major cause of many severe diseases and aging [57]. In
yeast, it was reported that CAF-1 mutants display telomere
shortening and reduced telomeric gene silencing, likely
resultant from a failure of Sir spreading [38, 40]. In
Arabidopsis, disruption of CAF-1 function also results in
telomere shortening [58], the mechanism of which remains
to be elucidated. Collectively, these studies suggest
essential roles for CAF-1 in both establishing and main-
taining pericentric and telomeric heterochromatin during
development.

modifications (such as acetylation level) likely by interacting with
specific histone modifiers such as a histone acetyltransferase (HAT)
or a histone deacetylase (HDAC), which consequently result in either
turning-on or shutting-down specific target genes, depending on the
newly modified histone marks (active or repressive). However, it is
unknown whether in this process CAF-1’s function is dependent on its
histone chaperone activity

Roles of CAF-1 in integrating epigenetic information
required for signal transduction during development

Signal transduction plays a key role in orchestrating tissue
development by translating environmental and intrinsic
signals into transcriptional outputs. During this process,
epigenetic regulation at the chromatin level controls the
accessibility of the transcriptional machinery. Chromatin
remodelers and histone modifiers have been observed to be
involved in this epigenetic regulatory process during model
organism development through organizing different kinds
of epigenetic information. In Drosophila for example,
chromatin remodeling complex NURF was shown to reg-
ulate the Wg pathway by directly interacting with the
transcription factor Armadillo [3]. Other studies report
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Trithorax-related (Trr), a histone H3K4 methyltransferase,
interacts with Ecdysone receptor (EcR) to modulate its
target’s expression [59]. In addition, histone chaperones
Asfl and Napl have been observed to specifically mediate
Notch target gene repression in association with LAF (LID-
associated factor) and RLAF (RPD3-LID-associated fac-
tor) complexes [6]. Of interest, our recent studies indicate
the CAF-1 complex functions specifically to activate Notch
target genes’ expression through a different epigenetic
mechanism. Knocking down each CAF-1 subunit in
developing wing imaginal discs reduces the expression of
Notch targets cut and wingless, resulting in a notched wing
phenotype. CAF-1 was found to physically interact with
Su(H) (Suppressor of Hairless) in vivo, regulating the
enrichment of active epigenetic modifications, such as
histone H4 acetylation (H4ac) [19]. It remains an open
question as to why and how different histone chaperones
are involved in mediating different histone modifications,
leading to different transcriptional outputs of either gene
repression or gene activation in one specific signal trans-
duction pathway (Fig. 2).

Roles of CAF-1 in maintaining genome stability
during development

Extensive studies demonstrate CAF-1 is critical both for
single-strand damage repair through the NER or base
excision repair (BER) pathways and for DSB repair
through the non-homologous end joining (NHEJ) path-
way in in vitro assays and cultured cells [13, 41, 48-50,
60]. Work in plants and mouse cells also shows CAF-1
mediates homologous recombination (HR)-mediated
DNA repair [15, 61, 62]. Using an in vivo model, Song
and colleagues reported that reduction of dCAF-1-p180
activity directly compromises the efficiency of HR-med-
iated gap repair during Drosophila development [63],
suggesting that during development, CAF-1 may act as a
guardian of genome stability to ensure the correct pas-
sage of an integrate genome. In Arabidopsis, HR is a
process that is used for precise DNA repair in somatic
cells and redistribution of genetic information during
meiosis [64]. T-DNA integration, a widely used tool for
genetic engineering and mutagenesis, is thought to use
the NHEJ mechanism [65]. Interestingly, depletion of
CAF-1 strongly increases the frequency of somatic HR
and T-DNA integration, which is likely due to the
increased presence of DNA DSBs [62]. Mutations in
yeast linker histone HHOI result in an increased HR
frequency, as is the case for the depletion of histone H4
[66, 67]. As CAF-1 is required for histone H3-H4
assembly during DNA replication processes, it is possible
that CAF-1 and H3-H4 promote HR via one pathway.
However, considering that CAF-1 is also required for the
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recruitment of DNA repair proteins during different
stages of DDR in cultured mammalian cells [13, 15, 17,
22], suggesting that CAF-1 also functions in another
pathway that involves its interaction with DDR proteins
rather than histones. The question arises how the two
pathways may integrate and/or cross talk with each other.
The answer to this question will help us to understand
better molecular functions of CAF-1 in maintaining
genome stability.

A histone chaperone orchestrating both cell
proliferation and differentiation during development

Cell proliferation and differentiation are two fundamental
events determining multi-cellular organism development,
leading to tissue/organ growth and specification. However,
how the two processes are coordinated in different devel-
opmental contexts is still poorly understood. Previous
studies in cultured cells have long suggested the major
function of CAF-1 is to facilitate cell cycle progression by
regulating S-phase specific chromatin duplication [22].
More recent studies, however, challenge and modify our
previous idea of CAF-1 as just one of the DNA replication
regulators needed for cell proliferation, suggesting that
CAF-1 may also play essential roles in cell differentiation
during multi-cellular organism development.

CAF-1 is essential for viability only in multi-cellular
organisms

Studies have shown that CAF-1 is essential for higher
eukaryotic animal development [19, 42, 56, 63, 68, 69].
Absence of CAF-1-p150, the largest subunit of CAF-1, in
mice causes development to cease at the early embryonic
stage [42]. In Drosophila, knocking out any of the CAF-1
subunits, namely dCAF-1-p180, dCAF-1-p105, or dCAF-1-
pSS5, results in a similar lethal larval phenotype, indicating
the CAF-1 complex is indispensable for Drosophila
development [19, 56, 63, 69]. However, in uni-cellular
budding yeast, cells in which each of the CAF-1 subunits
are depleted are viable and do not show apparent growth
defects under normal growth conditions [41]. Two possi-
bilities may explain this viability difference between yeast
cells and multi-cellular animals following CAF-1 deple-
tion: (1) existence of redundant factor(s) in yeast cells, but
not in multi-cellular organisms, which can help the cells
overcome the replicative defects caused by depletion of
CAF-1; or (2) the lethality in multi-cellular organisms upon
the depletion of CAF-1 is not due to the defective function
of CAF-1 in DNA replication-related cell proliferation, but
the defective function of CAF-1 in cell differentiation
during multi-cellular development.
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Roles of CAF-1 in cell proliferation

It is known that, in cultured cells, CAF-1 functions as a
histone chaperone during replication-coupled chromatin
assembly to facilitate S-phase progression. The depletion
of CAF-1 results in Chk1 activation and S-phase arrest [14,
70]. During animal development, CAF-1 is also required
for rapid cell divisions in the early stages of Xenopus laevis
development [71] and for S-phase progression during
Danio rerio retinal development [68], which supports the
in vivo roles of CAF-1 in DNA replication. However,
studies in mouse ES cells show that when CAF-1-p150 is
depleted by RNAi, DNA replication is still active as
revealed by incorporation of bromodeoxyuridine (BrdU)
and distribution of PCNA at the replication foci [42]. This
observation of unaffected cell cycle upon depletion of
CAF-1 seems to be consistent with the observation that
yeast cells mutant for CAF-1 grow well under normal
culture conditions [41] and with the observation that during
Arabidopsis development, FASI and FAS2 (the two large
subunits of CAF-1 in plants) mutants are viable although
they display developmental defects [72]. Interestingly,
genetic analyses in yeasts reveal that CAF-1 and Asfl are
partially redundant during cell cycle progression [73], Asf]
mutation partially rescues the synthetic lethality of cacl
and Hir double mutants [74], and triple mutant analyses
show that Swi/Snf family protein Rad54 compensates for
the functions of CAF-1 and Asfl [74]. Collectively, the
above observations in both uni-cellular and multi-cellular
organisms suggest CAF-1 has a function in controlling cell
proliferation, which is more likely the case in differentiated
cells than undifferentiated cells. It will be intriguing to
examine whether the counterparts of yeast Asfl or Rad54
in higher organisms can compensate for the roles of CAF-1
in cell proliferation during multi-cellular organism
development.

Roles of CAF-1 in transcriptional regulation
during development

Cell differentiation is a process of cell type specification,
which is controlled by the regulation of specific gene
expression during development. Signaling cascades play
pivotal roles in transducing extrinsic/environmental infor-
mation to the nucleus, initiating specific transcription
program(s) that control cell size, shape and/or metabolic
activity, etc. [75]. It is known that histone modifications
and chromatin remodeling control the accessibility of
transcriptional apparatus and help to implant specific epi-
genetic “memories”; however, whether replication-
coupled chromatin assembly factors are involved in this
process is largely unknown. Genome-wide transcriptional
analyses in Arabidopsis first show that all the subunits of

CAF-1 regulate gene expression during development and
are particularly involved in genes that are important for
chromatin dynamics and cellular organization, as judged by
the significant upregulation of these genes in mutants of
different CAF-1 subunits [76]. Moreover, studies in
Arabidopsis embryogenesis indicate that disruption of
FAS2 and MSII located on the chromosomes of maternal
origin affects the transcription of genes that are on the
chromosomes of paternal origin [77], supporting a regula-
tory role of CAF-1 in transcriptional regulation. The
influence of CAF-1 on the genome-wide profile of tran-
scription during plant development may be specific
because only a fraction of genes encoded by the entire
genome are affected in the plants mutant for CAF-1.
However, the molecular basis for how CAF-1 specifically
regulates gene expression has been poorly understood.
Our recent study in Drosophila has started to provide
insights into the mechanisms of how CAF-1 specifically
regulates gene expression through epigenetic modifications
of local chromatin during development [19]. For the first
time, a connection between CAF-1 and Notch signaling has
been established. Yu et al. show CAF-1 physically interacts
with the Notch pathway regulator, Notch intra cellular
domain (N'P), and the transcriptional activator Su(H),
altering the epigenetic status of the local chromatin in the
promoter regions of Notch pathway target genes. Since
CAF-1 has been shown to regulate S-phase progression in
several cellular contexts as discussed above, it would be
interesting to assess whether the regulation of CAF-1 in
Notch signaling is dependent on its function in replication-
coupled nucleosome assembly. Studies both in mammalian
cell lines and Drosophila have revealed Notch pathway is
highly sensitive to chromatin regulators [6, 78, 79],
including proteins that function in DNA replication, such
as TOP2B, RFC1 and some of the MCM (mini-chromo-
some maintenance) components [78]. Hence, it is tempting
for us to propose that transcriptional regulation mediated
by CAF-1 is coordinated with DNA replication during
development, but direct evidence needs to be displayed.

Roles of CAF-1 in cell differentiation

It has long been proposed that cell differentiation and
chromatin duplication are coupled processes [80]. This idea
is supported by emerging evidence from studies carried out
using cellular reprogramming and the developing nema-
tode nervous system [18, 81]. Embryonic stem cell (ESC)
reprogramming is a robust system for investigating the
roles of DNA replication-associated cell differentiation
[82]. Relevant studies in ESCs reveal that successful
reprogramming is associated with nucleotide incorporation
during S phase, and the pluripotent conversion is blocked
by DNA polymerase inhibitor [81], supporting the idea that
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DNA synthesis is essential for cell fusion-mediated
reprogramming.

Planarians can regenerate any of the missing parts of
their body from a population of pluripotent adult stem cells
(ASCs) called neoblasts [83, 84]. Upon injury, neoblasts
undergo extensive cell division to form the regenerating
blastoma that differentiates into specific cell types [85, 86].
However, the genes involved in this regeneration process
and how these genes are coordinated are not fully under-
stood. By a systematic RNAi screen on epigenetic
regulators, Zeng and colleagues found that replication-
related chromatin regulators, such as the CAF-1 complex
(p150, p60, and p48) and MCM 2-7, are required for the
regeneration of the missing body parts, providing evidence
that replication-coupled nucleosome assembly may facili-
tate differentiation of neoblasts [21].

In addition, it was shown by Nakano et al. [18] that in C.
elegans, bilateral asymmetric cell division in the nervous
system is dependent on nucleosome assembly mediated by
CAF-1 and PCNA. Histone H3 carrying a small deletion
(H3AQI25-AI35)  affects CAF-1-mediated nucleosome
assembly and asymmetric cell division because the deletion
disrupts H3 dimerization and subsequent H3—-H4 tetramer
formation. Moreover, whereas the core components of
replication-coupled nucleosome assembly such as CAF-1
and PCNA are found to be required for this nervous cell-
specific asymmetric division, Asfl is found to be dis-
pensable. Therefore, it requires further investigations to
discover the underlying mechanism(s) how CAF-1 specif-
ically regulates cell differentiation.

A histone chaperone versus a “protein platform”
during development

Extensive in vitro studies have highlighted the idea that the
chaperone activity of CAF-1 during chromatin assembly is
responsible for depositing histone H3-H4 onto replicated
DNA [35, 47, 87-89]. Other experiments also suggest
CAF-1 is involved in new histone incorporation without
immediate interruption of nascent DNA synthesis at the
damaged loci [13, 17], indicating a consistent role for
CAF-1 in histone deposition in vivo. Combining in vitro
nucleosome assembly assay with functional genetic ana-
lysis, Nakano and colleagues showed for the first time that
the chaperone activity of CAF-1 is critical for neuronal
asymmetric cell fate determination [18]. To this end, it
would be reasonable to hypothesize that the chaperone
activity of CAF-1 is essential for all its functions involved
in multi-cellular organism development.

However, as discussed in the previous sections of this
review: in addition to functions that definitely require its
chaperone activity, such as DNA synthesis-coupled
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processes, CAF-1 has also been shown to interact with
epigenetic regulators and transcriptional factors in the
processes of heterochromatin formation and signaling
transduction [12, 19, 20, 23, 43]. In mouse ES cells,
depletion of CAF-1-p150 results in severe alterations of
constitutive heterochromatin hallmarks including HP1 and
H3K9me3, but does not apparently affect global DNA
replication and nuclear architecture, as revealed by proper
BrdU incorporation and PML (promyelocytic leukemia)
protein distribution [42]. Although the requirement of
chaperone activity for CAF-1’s involvement in hetero-
chromatin formation remains to be verified, an alternative
mechanism is that CAF-1 functions as a protein “plat-
form”, interacting with HP1 to facilitate the
heterochromatin formation [12, 20, 42]. Recently, our lab
has observed that CAF-1, as a protein complex, is required
for Notch signal transduction via interaction with the Notch
pathway core transcriptional factor Su(H), specifying wing
margins during Drosophila development [19]. In this case,
it is also unknown whether the chaperone activity of CAF-
1 is required or it simply provides a “platform” to interact
with specific transcription factors and epigenetic modifiers,
organizing local chromatin structure so that specific cell
differentiation genes can be transcribed. To distinguish
these possibilities, it would be interesting to assess: (1)
whether other DNA replication components, such as
PCNA, are also involved in cell fate determination via the
Notch pathway; and (2) whether mutations that disable H3
dimerization affect Notch pathway output differently in the
presence and absence of CAF-1. Meanwhile, more detailed
domain dissection that determines the CAF-1 and
Su(H) physical interaction, and identification of a possible
super transcriptional complex, will also help to elucidate
the precise mechanism by which CAF-1 is involved in
regulating the Notch signal transduction during
development.

Concluding remarks and perspectives

For more than two decades, biologists have been working
on elucidating the roles of histone chaperone CAF-1 in the
processes of DNA replication-coupled nucleosome
assembly and DNA repair. Recently, emerging studies have
shown CAF-1 also plays essential roles in multi-cellular
organism development by regulating heterochromatin for-
mation, signal transduction, and transcription. In this
review, we focus on the developmental roles of CAF-1 in
multi-cellular organisms. Despite the lack of detailed
mechanistic studies, we propose CAF-1 functions not only
as a histone chaperone facilitating replication-coupled cell
cycle progression, but also as a “protein platform” inte-
grating epigenetic information by recruiting
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heterochromatic proteins and/or interacting with tran-
scriptional factors to orchestrate cell proliferation and cell
differentiation in specific cellular contexts. However, it is
not known whether these kinds of interactions are inde-
pendent of histones. In addition, it is also important to bear
in mind whether a particular function of CAF-1 is depen-
dent on the integrity of CAF-1 as a protein complex, i.e.,
whether the function is a specific function of a particular
subunit of CAF-1. Furthermore, to get a complete picture
of the roles of CAF-1 in cell proliferation, cell differenti-
ation, and transcriptional regulation, specific questions
remain to be answered in different developmental contexts.
Genome-wide analyses of CAF-1 mutants should be car-
ried out with different cell types during development.
Construction of a delicate protein interactome for CAF-1
would help to address how CAF-1 links transcriptional
events to replication-coupled nucleosome assembly pro-
cesses. At the cellular level, high-resolution imaging
systems may be critical for observing the exact behaviors
of both CAF-1 and histones at the replication fork, the key
to understanding epigenetic inheritance and asymmetric
cell division. New technologies based on TALEN and
CRISPR/Cas9 [90] may help to systematize investigation
into CAF-1’s developmental functions in model organisms,
such as planarians, which are the best subjects in which to
study cell proliferation and differentiation through genetic
manipulations.
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