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Abstract

Nucleosome assembly following DNA synthesis is critical for maintaining genomic stability. The
proteins directly responsible for shuttling newly synthesized histones H3 and H4 from the
cytoplasm to the assembly fork during DNA replication comprise the Chromatin Assembly Factor
1 complex (CAF-1). Whereas the diverse functions of the large (CAF-1-p150, CHAF1a) and small
(RbAp48, p48) subunits of the CAF-1 complex have been well-characterized in many tissues and
extend beyond histone chaperone activity, the contributions of the medium subunit (CAF-1-p60,
CHAF1b) are much less well understood. Although it is known that CHAF1b has multiple
functional domains (7x WD repeat domain, B-like domain, and a PEST domain), how these
components come together to elicit the functions of this protein are still unclear. Here, we review
the biology of the CAF-1 complex, with an emphasis on CHAF1b, including its structure,
regulation, and function. In addition, we discuss the possible contributions of CHAF1b and the
CAF-1 complex to human diseases. Of note, CHAF1b is located within the Down syndrome
critical region (DSCR) of chromosome 21. Therefore, we also address the putative contributions
of its trisomy to the various manifestations of DS.
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Introduction

The mechanism by which histones are delivered to, and assembled on, newly synthesized
DNA was a mystery that began with the first characterization of DNA and histone octamer
complexes called “nucleosomes” in 1975 [1, 2]. In 1986, Bruce Stillman and colleagues
found that although cytoplasmic extracts from 293T cells promote efficient replication of
DNA from SV40 plasmids, it was not until nuclear extracts from 293T cells were added to
the reaction that the DNA was able to assemble into novel SV40 mini-chromosomes,
complete with nucleosomes [3]. It was this observation that lead Stillman to suggest that,
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“there may be an active complex that follows the replication machinery along the DNA and
promotes nucleosome assembly” [3]. Three years later, in cooperation with Susan Smith,
they identified and purified the activity as a heterotrimeric complex consisting of three
subunits and named it the “Chromatin Assembly Factor 1” (CAF-1) complex based on its
ability to assemble histones onto newly synthesized DNA. Each subunit was named based
on its apparent molecular weight following gel electrophoresis: a 150 kDa subunit (CAF-1-
p150, CHAF1a), a 60 kDa subunit (CAF-1-p60, CHAF1b), and 48 kDa subunit (CAF-1-p48,
RbAp48, p48) [4]. Verreault and colleagues also purified this complex from human cells and
revealed that it consisted of each subunit in equal 1:1:1 stoichiometry and that CAF-1 also
frequently contained newly synthesized acetylated histone H3/H4 dimers [5]. Drosophila
has a similar CAF-1 complex, consisting of a CHAF1a homologue (p180), a CHAF1b
homologue (p105/p75), and a p48 homologue (p55) [6]. The CHAF1b homologue p105 is
sometimes truncated at its C-terminus, forming a p75 subunit that interacts with CAF-1 and
is normally found mutually exclusive of the p105 subunit. Though these two subunits have
similar functions, p105 is predominantly expressed during embryogenesis, while p75
dominates after larval formation [7].

CAF-1’s primary identified function is to deliver newly synthesized H3/H4 dimers to the
replication fork during the DNA synthesis (S) phase of cell cycle (reviewed in [8]) (Figure
1A). During S-phase, H3 and H4 proteins are newly synthesized in the cytoplasm and form
heterotrimeric complexes with histone chaperone Asfl in a 1:1:1 stoichiometry. Within this
complex, Asfl binds H3 in a manner that precludes its natural homodimerization via a four-
helix bundle, thereby preventing H3/H4 heterodimers from becoming tetramers. Following
interaction with H2A and DNA in the newly-forming nucleosome, H4 undergoes a
conformational change by forming a mini 3-sheet, thereby releasing the globular domain of
Asfl, and allowing the formation of the heterotetramer [9]. The CAF-1 subunit CHAF1b
directly interacts with ASF1a, and while English and colleagues originally proposed that the
WD repeat domain of CHAF1b is responsible for maintaining the interaction of ASFla/b
with CAF-1 through the possible formation of a p-propeller structure, Tang and colleagues
later found that the WD repeat domain was not required for interaction with ASF1a/b [9,
10].

The association of CAF-1 with newly synthesized histones suggests that it is involved in
chaperoning the histones to newly synthesized DNA, as opposed to other histone chaperone
complexes that shuttle histones back and forth along pre-existing DNA [3, 11, 12]. Later
studies confirmed that CAF-1 has a specific preference for H3 variant H3.1, which is
produced primarily during S-phase and is considered to be the replication-dependent H3.
The H3 variant H3.2 differs from H3.1 by one amino acid (Cys — Ser, residue 96) and is also
produced during DNA replication, though there is no functional evidence showing
interactions with CAF-1 [13]. Finally, H3 variant H3.3 is continuously synthesized
throughout the lifespan of the cell, its levels are maintained independently of cell cycle
regulation, and it can be incorporated into chromatin at any point during cell cycle [14, 15].
However, H3.3 appears to preferentially be found with HIRA instead of CAF-1 [16]. Newly
synthesized H3/H4 histone dimers are acetylated in the cytoplasm by a B-type histone
acetyltransferase (HAT). This B-type HAT has activity in the cytoplasm, and is known to
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acetylate lysine residues 5 and 12 on H4 that is not bound in the nucleosome, based on work
originally done in yeast and later studied in immortalized HeLa cells and Xenopus eggs [17—
20].

During nucleosome formation, CAF-1 is localized to the replication fork in S-phase [21].
This localization allows CAF-1 to facilitate the first step of nucleosome formation on newly
synthesized DNA: the deposition of H3/H4 dimers (Figure 1A). shRNA knockdown of
either CHAFla or CHAF1b leads to immediate loss of chromatin chaperoning activity and
rapid concomitant degradation of the other subunit, most likely due to the exposure and
activation of the PEST domains present in both subunits [22, 23]. Deletion of the CAF-1-
p48 subunit was reported to result in minor defects with H3/H4 heterodimer chaperoning,
based on failure of RNAI deletion of C. elegans CAF-1-p48 homologue LIN-53 to cause
defects in MI motor neuron asymmetry due to improper H3/H4 deposition [24]. However,
this observation was only based on one phenotype, and while there may be no other
functional homologues of p48 in C. elegans, other species may have homologues that can
take on additional roles in CAF-1 activity. Moreover, p48 loss may influence other aspects
of CAF-1 chaperone function. A recent study using full-length recombinant human proteins
by Kadyrova and colleagues demonstrated that p48 was critical for successful nucleosome
formation during DNA-replication-dependent nucleosome packaging [25]. Depletion of
CAF-1 in HeLa cells prevents progression through S-phase, activating CHK1, but not
CHKZ2, which is consistent with DNA replication defects, opposed to activating DNA
damage response pathways [26]. CAF-1 deletion in yeast is not lethal, but results in
significantly longer Ozaki fragments due to incorrect placement of nucleosomes, also
suggesting a defect in DNA replication [27]. In addition to Ozaki fragment size changes,
yeast lacking components of the CAF-1 complex also exhibit other replicative problems
including activation of mitotic checkpoints due to defects in chromosomal centromere and
kinetochore formation, especially when combined with additional mutations in Histone
Regulatory (HIR) proteins [28, 29].

The CHAFla subunit

The p150 subunit of human CAF-1 was first cloned by Kaufman et al in 1995, and the
human open reading frame plus the promoter region were later sequenced by Dong et al in
2001 [22, 30]. One of the major functions of p150 is in targeting the CAF-1 complex to the
replication fork through a direct interaction with Proliferating Cell Nuclear Antigen (PCNA)
[31]. PCNA forms a sliding clamp on the DNA, mediated by protein-protein interactions
during DNA synthesis, and serves as a scaffold for several different proteins including DNA
polymerases and histone chaperones [32-34]. Although CHAF1a has two separate but
conserved PCNA interacting peptide regions (PIPs), the second PIP (PIP2), located towards
the middle of the protein, is primarily responsible for maintaining the in vivo interaction
with PCNA (Figure 2). The two PIPs in CHAF1a have different affinities for PCNA, where
the N-terminal PIP1 binds PCNA strongly in in vitro studies, but appears to be unnecessary
in a cellular context. The middle PIP2 is required for PCNA binding in an in vivo (cellular)
context and differs from PIP1 by a single amino acid change (Q-K) [35]. While a putative
PIP2 region was identified in CHAF1b, subsequent experiments did not reveal any evidence
of direct binding with PCNA. Ben-shahar and colleagues proposed that the ability for the
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PIP regions of CHAF1a to interfere with nucleosome activity instead of directly with DNA
replication processes allow for CAF-1 to function behind the replication fork, without the
hindering other PCNA-mediated processes [35].

In addition to its role in S-phase DNA replication, CHAF1a is also involved in interphase
DNA damage repair, specifically during nucleotide excision repair (NER) in an ATP-
dependent process involving PCNA [36]. CHAF1a has additional functions in PCNA-
independent DNA repair during double strand break (DSB) repair. In DSB repair, CHAFla
is tracked to DSB sites by direct, PCNA-independent, interaction with scaffolding protein
14-3-3C and KU70/80 (also known as the DNA-dependent Protein Kinase complex) [37].
This complex is known to recruit the required factors required for DSB repair and facilitates
non-homologous end joining and homologous recombination [38]. Hoek et al. postulated
that KU70/80 recruits CAF-1 to DNA damage repair sites independently of PCNA because
there is a need for new nucleosome assembly without a need for large-scale DNA synthesis
[37]. Furthermore, Werner syndrome protein (WRN), a RecQ family DNA helicase, has
recently been shown to recruit CHAF1a to sites of DNA damage through direct interactions
mediated by its helicase and RQC domains: this complex is promotes DNA repair through
homologous recombination [39, 40].

CHAF1a also can bind to Heterochromatin-binding Protein 1 (HP1), allowing the CAF-1
complex to track to heterochromatin via an HP1 binding domain in CHAF1a’s N-terminus
that is located within the Mod-interacting region [41, 42]. The N-terminus of CHAF1a also
harbors a fragment that is sufficient for maintaining nucleolar chromosome and protein
associates, including binding with proliferation antigen Ki67, nucleophosmin, and nucleolin.
However, this fragment is unable to bind with CHAF1b, suggesting that this novel nucleolar
function is most likely CAF-1-independent, and does not involve histone chaperone activity
[43].

Ye and colleagues created a dominant negative CHAF1a protein by deleting the N-terminus,
creating a p150C fragment that titrates and sequesters CHAF1b into nonfunctioning
complexes. Without CHAF1b present to stabilize it, the remaining endogenous CHAF1a is
rapidly degraded due to interactions mediated by its PEST domain (Figure 2). Disruption of
CAF-1 with the CHAF1a dominant negative causes stalled replication forks, DSBs, and
translocations in U20S cells, further supporting the role of CHAF1a in maintaining proper
nucleosome assembly during DNA synthesis and DNA repair [44].

The p48 subunit

The p48 subunit was first characterized as part of the Retinoblastoma (Rb) family of
proteins in yeast based on affinity chromatography experiments and was later sequenced and
renamed Retinoblastoma Associated Proteins p46 and p48 (RbAp46/RbAp48) [45, 46]. p48,
which consists of 7x WD repeats, has been shown to bind H4 independently of CAF-1
through a-helical domains on its N and C terminus (Figure 2) [47]. It is also tightly
associated with the catalytic subunit of human histone deacetylase HDAC1, suggesting it
may have a role in facilitating the deacetylation newly synthesized H4 once deposited in the
nucleosome [5, 48, 49]. This is in contrast to p48’s predicted function within the yeast
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histone acetyltransferase (HAT) complex, based on its high degree of conservation with
yeast histone chaperone Hat2b. However, subsequent studies have shown that p48 alone has
no enzymatic activity [5].

Only a small fraction of cellular p48 is associated with CAF-1, with the majority of the
protein present in undetermined large molecular weight complexes [50]. p48 is also found in
complex with both H3.1 and H3.3 variants of H3, suggesting that it has additional roles
outside of CAF-1-mediated histone chaperone activity [16]. Such roles include functioning
within the polycomb repressor complex 2 (PRC2), where p48 assists in facilitating
H3K27me3 marks and subsequent repression of the senseless gene and loss of embryonic
patterning due to hox gene dysregulation in D. melanogaster [51]. In human cells, p48
interaction with PRC2 is hypothesized to play a role in limiting H3K27me3 deposition,
allowing for certain regions of the genome to remain active (reviewed in [52]). In addition to
the polycomb repressor complex, p48 has also been identified as playing critical roles within
the NuRD remodeling/deacetylase complex and the NURF remodeling complex [53-55].
Mutations of the S cerevisiae CAC1 (homologous to human CHAF1a) that reduce binding
to CAC3 (homologous to human p48) was found to result in telomeric silencing defects [56].

The CHAF1b subunit

CHAF1b was originally discovered as part of the CAF-1 complex [4, 22]. It consists of 7x
WD repeats, followed by a B-like region and a PEST domain (Figure 2). Although the WD
repeats of CHAF1b were thought to provide the scaffolding necessary to facilitate direct
interaction with H3/H4 chaperone ASF1a/b and promote histone chaperone activity, N-
terminal deletion experiments removing residues 1-418 of CHAF1b revealed that this
domain was not required for binding with ASF1a/b [10]. Rather, it was determined that the
C terminus mediates direct binding to ASF1a. The C-terminus of CHAF1b contains a B-like
region, first identified in the D. melanogaster CHAF1b homologue p105, and this B-like
region is necessary and sufficient for CHAF1b binding to ASF1 [7]. The CHAF1b B-like
region forms a B-hairpin that interacts exclusively with the f-sandwich structure of the
ASF1a N-terminal core domain. These interactions are further maintained through -sheet,
salt bridge, and van der Waals interactions. Mutation of two arginine residues (R483/R489)
to alanine in the CHAF1b B-like region abolishes CHAF1b binding to ASF1a. [10].
CHAF1b also shares homology of its B-like region with HIRA, a replication-independent
H3 chaperone that is activated primarily outside of S-phase and has a preference for H3
variant H3.3 [57, 58]. Notably ASF1a binding with HIRA or CHAF1b is mutually exclusive,
suggesting HIRA expression may be an indirect method of regulating CHAF1b activity [16].
Additionally, ASF1 is one of two known histone chaperones to have both replication
dependent and replication independent functions, due to its interactions with both CHAF1b
and HIRA [59]. The other H3/H4 chaperone known to have both replication dependent and
independent functions is FACT, although FACT has not been shown to interact with CAF-1
[25, 60, 61]. Finally, in addition to the 7x WD repeats in the N-terminus and the B-like
domain in the C-terminus, CHAF1b also has a PEST domain in its C-terminus (Figure 2)
[22]. The activity of this PEST domain is further supported by the finding that elimination of
CHAF1a by shRNA leads to the subsequent and rapid degradation of CHAF1b [44].
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CHAF1b function during S phase

Proper chromatin formation during DNA replication depends on a number of important
factors, including a chaperone complex that can assemble the nucleosome. While a strict
1:1:1 stoichiometry of CAF-1 components CHAF1a, CHAF1b, and p48, respectively was
initially proposed [62], loss of the p48 subunit was found to cause some defects in CAF-1’s
ability to chaperone chromatin to the replication fork [5, 16, 50]. However, these are minor
effects when compared to loss of either CHAF1a or CHAF1b, which renders the CAF-1
complex unable to function [22-24].

Loss of either CHAF1a or CHAF1b subunit results in complete loss of CAF-1 function, and
is most likely due to two reasons. First, loss of CHAF1b makes CHAF1a unstable due to
exposure and subsequent activation of the C-terminal PEST domain [44]. Second, CHAF1b
directly interacts with ASFla/b, the H3/H4 chaperone responsible for maintaining direct
contact with H3/H4 heterodimers [10, 63]. Therefore, during S phase, CHAF1b/
ASFla/H3/H4 are in complex with CHAF1a, which in turn is in contact with PCNA at the
replication fork. This web of interaction allows the CAF-1 complex to deliver H3/H4 dimers
to the DNA ahead of the replication fork (Figure 1A). Evidence for the requirement for
CHAF1b in this process is provided by the observation that SARNA-mediated deletion of
CHAF1b in replicating HeLa cells leads to induction of programmed cell death within 24
hours. This is due to failure to properly replicate DNA and accumulation of DNA double
strand breaks as evidenced by increased levels of phosphorylated H2A variant H2A. X
present in the chromatin [64].

CHAF1b functions outside of S phase

CHAF1b has also been shown to be required for NER synthesis following DNA damage
[65]. This was first discovered in 1996 when Gaillard and colleagues found that CAF-1
mediates the de novo assembly of nucleosomes onto UV-irradiated plasmids undergoing
NER [66]. Following irradiation, CHAF1b is phosphorylated, in an amount that is directly
related to the intensity of the UV insult [67]. This phosphorylation drives CHAF1b to form
complexes with CHAF1a and PCNA, which then localize to sites of DNA damage [67]. The
CHAF1b-ASF1a interaction, which is independent of CHAF1b’s phosphorylation [63], is
responsible for bringing H3.1 to the nucleosome during NER. This ability to function
independently of its phosphorylation status is critical for CHAF1b’s role in NER.

Recent studies by Zhu and colleagues have shown that Chaflb is required for ubiquitinated
H2A (uH2A) recruitment to damage foci following UV-induced DNA damage [68].
However, these observations may result from the loss of an intact CAF-1 complex, thereby
globally reducing H3/H4 deposition at the sites of DNA damage, and subsequently reducing
UH2A recruitment. However, it is possible that loss of CHAF1b (subsequently driving the
loss of function of the CAF-1 complex) in this system could be globally reducing H3/H4
deposition into nucleosomes at the sites of DNA damage. This could also explain the loss of
UH2A deposition observed following CHAF1b shRNA knockdown and UV irradiation.

CHAF1b is also the primary chaperone of a group of histone-like proteins called protamines,
which are small highly basic arginine-rich linker proteins that share a high degree of
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homology with histone linker protein H1 [69]. Protamines mediate a very high degree of
chromatin compaction, functionally protecting sperm DNA from physical damage and
mutagenesis [70]. In fact, protamines are able to condense the DNA down to a size that is
almost 200-fold decreased from its original state, allowing for half the genome to fit inside a
spermatid. In mammals, protamines do not directly replace histones in the testes, but operate
via interaction with intermediary proteins called Transition Proteins 1 and 2 (TNP1 and
TNP2) [70]. A novel, histone-independent chaperone function of CHAF1b was recently
elucidated in D. melanogaster testes. Here, the CHAF1b homologue p75 is required for
deposition of protamines to the DNA during the late canoe phase of spermatogenesis [71].
These protamines completely replace traditional histones in the mature sperm [72]. While D.
melanogaster CHAF1a homologue p180 is responsible for tracking of protamines to the
spermatid DNA chromatin, CHAF1b homologue p75 is responsible for their deposition onto
the DNA [71]. As of yet, there are no functional studies in mammalian systems to determine
if CHAF1b cooperates or can functionally replace TNP1 and TNP2 in spermatogenesis.

CHAFL1b regulation

Little is known about how CHAF1b is regulated. Most of the known post-translational
modifications of CHAF1b are phosphorylation events that occur throughout the body of the
protein (Figure 1B). Smith and colleagues, while developing monoclonal antibodies targeted
to CHAF1la and CHAF1b, found that both CHAF1a and CHAF1b can be phosphorylated
[73]. Although phosphorylation does not affect CHAF1b’s ability to interact with ASFla
(and concomitantly H3/H4) [63], phosphorylation levels of CHAF1b correlate with cellular
localization: hyperphosphorylation of CHAF1b during mitosis correlates with chromosomal
displacement and inactivation, suggesting that nucleosome assembly (and CAF-1 activity) is
most likely controlled by reversible phosphorylation events [50] (Figure 1B).

There are two families of kinases responsible for the phosphorylation of CHAF1b: Cyclin-
Dependent Kinases (CDKSs), and the DNA-dependent Protein Kinase (DNA-PK). Keller and
colleagues demonstrated that Cyclin A/ICDK2, Cyclin E/CDK2, and Cyclin B/CDK1, but
not Cyclin D/CDKZ2, phosphorylate CHAF1b in vitro during DNA synthesis. These data
suggest that regulation and activation of CHAF1b by phosphorylation is tightly associated
with DNA synthesis checkpoints [74]. Protein phosphatase 1 is responsible for
dephosphorylation of CHAF1b (Figure 1B) [74]. It should be noted, however, that the
functional consequences of these phosphorylation events have not been determined in any
metazoan system.

Nucleosome assembly by CAF-1 outside of S phase is not affected by Cyclin or protein
phosphatase activity [74], suggesting that there is a parallel mechanism regulating CHAF1b
that occurs during DSB repair and NER. In these situations, additional nuclear factors that
could phosphorylate and regulate CHAF1b are part of the DNA-dependent Protein Kinases
(DNA-PK) complex, consisting of KU70/80 and DNA-PK, identified as p350, and reviewed
in 1996 by Lees-Miller [38, 75, 76]. Later, this work was confirmed by Hoek et al, who
showed that, while CHAF1b can be phosphorylated by Cyclin E and Cyclin B, the strongest
phosphorylation events were mediated by Cyclin A and DNA-PK [37].
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CHAF1b in Down syndrome

CHAF1b was first mapped to the Down syndrome critical region (DSCR) on human
chromosome 21 in 1996 by Blouin and colleagues, using EcoRI and Pstl-digested pools of
HC21-specific cosmids. In their work, they suggested that the imbalance of CHAF1b levels
compared to the other CAF-1 components could contribute to the clinical manifestations of
DS [77]. Later that year, Katsanis and colleagues also mapped the gene encoding CHAF1b
to human chromosome 21g22.2, and similarly speculated that the over-expression of
CHAF1b disrupted the 1:1:1 stoichiometry of the CAF-1 complex and could cause
nucleosome assembly defects, leading to some characteristics of DS [78]. Of note, although
adults with DS have a lower overall incidence of solid tumors as compared to the population
without DS, children with DS have a higher incidence of blood cancers including acute
lymphoblastic leukemia (ALL) and acute megakaryoblastic leukemia (AMKL). Studies have
shown that up to 95% of malignancies in children with DS are of the blood, which is a
significantly higher rate when compared to the population without DS, in which leukemia
only makes up 34% of childhood malignancies [79]. It is notable that CHAF1b levels are
elevated in AMKL in the group of patients with Down syndrome [80]. This observation
suggests that the elevation in CHAF1b is most likely due to trisomy 21.

CHAF1b is a marker for poor prognosis in many human malignancies

CHAF1b, as a critical component for successful DNA replication and chromatin formation,
has a significant role in proliferative tissues. The Sanger Institute’s Catalogue of Somatic
Mutations in Cancer (COSMIC) reports 59 identified mutations in CHAF1b that are in some
way related to human malignancies [81]. These mutations occur throughout the body of the
gene and consist exclusively of missense (app. 80%) and silent (app. 20%) mutations
(Figure 3). There are no identified insertions, deletions, or truncations in CHAF1b related to
human disease.

While CHAF1b protein levels are elevated during embryogenesis, most likely due to the
high demand for cellular replication during development, healthy terminally differentiated
adult tissues express very low levels of CHAF1b. This has been confirmed in studies
performed with both brain and skin tissues [82, 83]. However, during malignant tumor
development, CHAF1b levels become significantly elevated and may serve as a prognostic
marker and predictor of metastasis. In high-grade glioma, CHAF1b was identified as part of
a 4-gene signature highly correlated with metastasis along with three other DNA-damage
repair proteins (CHAF1b, PDLIM4, EDNRB, and HJURP) [84]. Patients with elevated
CHAF1b levels can be expected to survive an average of 14 months, compared to patients
expressing low levels of CHAF1b who can survive an average of 23.5 months with the
disease [82]. While CHAF1b is expressed at a very low levels in healthy skin melanocytes,
elevated CHAF1b in melanomas correlates to malignant phase: mid expression levels of
CHAF1b are found in radial growth phase melanoma, and highest CHAF1b levels are found
in vertical growth phase melanomas [83]. Similar patterns are found in salivary gland and
prostatic cancer tumors. CHAF1b expression level can even be used to accurately predict
future metastasis in these tumors [85, 86]. Interestingly, the expression levels of the other
components of CAF-1 complex (CHAF1a, p48) are not elevated in the same tumors that
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CHAF1b is overexpressed, suggesting that CHAF1b levels have an association with
metastasis that may be independent of traditional CAF-1 function. Though this correlation
has been observed in tumors, no functional studies have been performed to determine the
possible contributions of CHAF1b to tumor growth or metastasis.

CHAF1b is also overexpressed in breast, endometrial, renal, and cervical carcinomas, and
this is a prognostic marker of poor clinical outcome [87]. It should be noted that the most
commonly found solid tumors in DS patients corresponds to the same tumors that
overexpress CHAF1b as a poor prognosis marker, including digestive tract tumors,
melanomas, and tumors of the female genital organs (endometrial and cervical tumors) [79,
88]. Finally, a recent study of consanguineous families with neurological disorders found
that a CHAF1b missense mutation (A496G) was common in members with ADHD, marking
one of the first possible genetic mutations associated with the disorder [89]. This is the same
mutation identified by Nakano and colleagues as causing loss of asymmetry during Ml
neuron differentiation in C. elegans, further confirming a possible link between CHAF1b
mutations and neurological pathologies [24].

Some patients undergoing allogeneic hematopoietic cell transplant (HCT) as part of the
treatment for acute myeloid leukemia (AML) develop an allogeneic antibody reaction
against specific allogeneic antigens. Recently, Wadia and colleagues reported such an
antibody response against CHAF1b along with another nuclear protein Nucleolar and
Spindle Associated Protein (NUSAP) [90]. While this effect appears to be specific to AML
patients undergoing HCT treatment, the mechanisms remain unknown [90].

Concluding Remarks

A significant challenge in understanding the functional roles of CHAF1b is that it is difficult
to tease out putative functions outside of the CAF-1 complex. The dogma regarding
CHAF1b had been that it is a histone chaperone that complexes with CHAF1a and p48 to
form CAF-1, whose sole responsibility is chaperoning newly synthesized histone H3 and H4
dimers as part of the CAF-1 complex to replicating DNA and the subsequent assembly of
chromatin. While this is a very important role, recent evidence suggests that CHAF1b has
additional functions beyond DNA replication. We now know that CHAF1b is a multifaceted
protein with several newly emerging functions. For example, in addition to the role of
CAF-1 as a histone chaperone, CHAF1b is also a critical protamine chaperone in the testes,
and even integrates into the chromatin with protamines. While CHAF1b plays significant
roles in DNA repair and replication, it is also a component responsible for maintaining cell
fate decisions in some processes such as neuronal differentiation, though this is capacity
could also be due to global CAF-1 complex function [24]. Finally, according to some recent
studies, CHAF1b is a major factor in driving metastasis in many different human tumors,
and elevated CHAF1b protein levels can be used to accurately predict whether or not these
tumors will metastasize. Future studies will continue to shed light on the roles and functions
of CHAF1b and may even lead to new therapeutic insights.
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Figure 1.
Schematic of CHAF1b function and regulation. A) ASF1la collects newly synthesized

H3/H4 dimers in the cytoplasm. CHAF1b directly interacts with ASF1a through B-like
domains. CHAF1b/ASF1a/H3/H4 complex is directed to the replication fork within the
nucleus through interactions with other CAF-1 family members and PCNA. CAF-1 deposits
H3/H4 heterodimers, driving the first step of nucleosome formation. The complex is
jettisoned when NAP1 delivers H2A/H2B. B) CHAFL1b is strongly phosphorylated by many
different factors including DNA-dependent Protein Kinase (DNA-PK) and Cyclin A, and
weakly phosphorylated by Cyclin E and Cyclin B. +’s indicate relative phosphorylation
strength due to each factor. CHAF1b is dephosphorylated by Protein Phosphatase 1 (PP1).
Hyperphosphorylation is correlated with CHAF1b displacement from chromatin during
mitosis.
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Figure 2.
Diagrams of CAF-1 components. CHAF1a consists of an N-terminal PIP (PCNA Interacting

Motif) that has strong activity in vitro, followed by a MOD-1 interacting region, which is
required for interaction with heterochromatin. Subsequently, there is also a HP1
(Heterochromatin Protein 1) interacting domain within the MOD-1 region. A PEST domain
that drives rapid protein degradation follows. After the PEST domain is a KER domain,
which is a highly acidic region thought to facilitate interaction with histones. Within the
KER domain is another PIP, which has been experimentally confirmed as the PIP required
for in vivo PCNA interaction and nucleosome formation. An ED region and a CHAF1b-
interacting region reside in the C-terminus of CHAF1a. The first 300 peptides of CHAF1la
are not required for replication-linked nucleosome formation, however they are required for
recently discovered novel nucleolar functions. CHAF1b, found within the DSCR of
chromosome 21, is one of many WD repeat proteins. CHAF1b consists of 7x WD repeats,
followed by a PEST domain as well as two recently identified B-domain-like motifs that
facilitate direct interactions with H3/H4 chaperone ASF1a. p48 is also a 7x WD repeat
protein that also includes two a-helical domains at the N and C termini that facilitate H4
binding. Known protein domain locations are notated by the amino acid numbers.
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A CHAF1b WD repeats PEST region
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CDS Mut  aa Mut Pos CDS Mut aa Mut

13 39G>T KI3N Substitution - Missense 292 874C>T  R292C Substitution - Missense

18 54C>T S188 Substitution - coding silent 308 922G>A  V308M Substitution - Missense

25 73A>G T25A Substitution - Missense 332 994A>G  T332A Substitution - Missense

38 112G>A  D38N Substitution - Missense 350  1048A>T  S350C Substitution - Missense

38  112G>T  D38Y Substitution - Missense 360 1079T>G  F360C Substitution - Missense

64  190C>T  R64C Substitution - Missense 367 1101C>T  D367D Substitution - coding silent
64  191G>A  R64H Substitution - Missense 383  1148C>A  P383H Substitution - Missense

73 219T>C  R73R Substitution - coding silent 384 1152G>A  1384L Substitution - coding silent
90  270C>A 1901 Substitution - coding silent 395 1184C>A  P395H Substitution - Missense

94  282G>T  K94N Substitution - Missense 419 1255A>C  T419P Substitution - Missense

95 284T>G  V95G Substitution - Missense 419 1256C>T  T4191 Substitution - Missense
101 302C>T  PIOIL Substitution - Missense 432 1295C>T  T432M Substitution - Missense
132 396G>A  VI32V Substitution - coding silent 448 1344C>T  D448D Substitution - coding silent
146  437C>T S146F Substitution - Missense 459  1375C>T  P459S Substitution - Missense
157 471T>G ~ DIS7E Substitution - Missense 459 1376C>T  P459L Substitution - Missense
163  489G>T  KI163N Substitution - Missense 464  1391C>T  S464L Substitution - Missense
191 571T>G C191G Substitution - Missense 484  1452C>T V484V Substitution - coding silent
196  587G>T R196L Substitution - Missense 488  1462A>G  T488A Substitution - Missense
197 591A>G V197V Substitution - coding silent 488  1463C>G  T488R Substitution - Missense
210 629C>T  S210L Substitution - Missense 514 1540G>T  V514L Substitution - Missense
218 652G>A  A218T Substitution - Missense 521 1562C>A  T52IN Substitution - Missense
225 673T>G  Y225D Substitution - Missense 531 1592C>T  T531M Substitution - Missense
229 685C>T  H229Y Substitution - Missense 536 1607A>G  Q536R Substitution - Missense
240 720G>T  L240L Substitution - coding silent 539 1615C>T  P539S Substitution - Missense
241 721A>G  S241G Substitution - Missense 539  1616C>T  P539L Substitution - Missense
241 722G>C  S241T Substitution - Missense 540 1618C>T  P540S Substitution - Missense
242 726C>T F242F Substitution - coding silent 544 1630C>T  R544W Substitution - Missense
262 786A>C V262V Substitution - coding silent 127-1G>T 2 Unknown

276 827G>A  R276K Substitution - Missense 827+2T>C ? Unknown

279 835G>A  A279T Substitution - Missense

C Distribution of Mutation Type in CHAF1b

M Substitution Missense (80%)
[C] Substitution Silent (20%)

Figure 3.
Mutations in CHAF1b found in human disease. A) Schematic of CHAF1b protein domains

with amino acid locations notated. B) Table of known mutations of CHAF1b involved in
human malignancies. Pos (position), CDS mutant (Coding Strand Mutant), aa Mut (Amino
Acid Mutant), Type. C) Relative distribution of known CHAF1b mutations. Only
Substitution Missense and Substitution Silent are listed because there are no known
insertions, deletions, or truncations. Information was obtained through analysis on the
Catalogue of Somatic Mutations in Cancer (COSMIC).
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