Chapter 11
Coordination of DNA Replication and Histone
Synthesis During S Phase

Johanna Paik, Serena Giovinazzi, and Akash Gunjan

Abstract The coordination of DNA replication with histone synthesis is of utmost
importance as any imbalance between the two processes results in genomic instability
and may even cause lethality. Hence, to maintain genome stability, histone synthesis
is regulated at multiple levels—transcriptionally, posttranscriptionally and by mod-
ulating protein stability. This tight regulation facilitates the creation of a very tran-
sient histone pool for replication-coupled chromatin assembly and ensures that
histone synthesis is downregulated when DNA replication is completed or stalled
due to replication inhibition. As illustrated in this chapter, the bulk of histone syn-
thesis during S phase is activated by the same cell cycle signals that initiate DNA
replication and downregulated by the same DNA damage response pathways that
arrest the DNA replication machinery upon DNA damage. Conversely, the avail-
ability of histone proteins and their chaperones that help package the newly repli-
cated DNA into chromatin in turn regulate replication fork progression. Further, in
senescent cells, the histone chaperone Histone Regulatory Homolog A (HIRA), a
co-repressor of histone gene transcription, plays an important role in the formation
of transcriptionally silent heterochromatin that incorporates replication-dependent
histone genes as well as many genes needed for DNA replication to concomitantly
shut down both histone and DNA synthesis. This chapter discusses the current state
of knowledge on the coregulation of histone and DNA synthesis during S phase.
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Introduction

The genomic DNA in eukaryotic cells exists in the form of nucleoprotein filaments
collectively known as chromatin. The basic repeating unit of chromatin comprises
the nucleosome in which 147 bp of DNA is wrapped around an octameric protein
core consisting of two molecules each of the core histone proteins H2A, H2B, H3,
and H4 [1]. The binding of linker histone H1 to the nucleosomes helps fold the
chromatin further by forming more condensed higher order structures [2]. Histone
chaperones help package the DNA into nucleosomes rapidly behind the replication
fork as soon as a sufficient amount (~200 bp) of newly synthesized DNA emerges
from the replication fork [3]. DNA replication and histone synthesis are strictly
coordinated and it has been known for decades that when DNA replication is inhib-
ited upon exposure to genotoxic agents, histone synthesis is rapidly downregulated
in an evolutionary conserved response [4—7]. Conversely, a deficiency of histones or
histone chaperones also has a strong inhibitory effect on both DNA replication ini-
tiation and elongation in higher eukaryotes [8—12], demonstrating that histone and
DNA synthesis are intimately interlinked processes. This chapter discusses our cur-
rent understanding of how histone and DNA synthesis are coordinately regulated
during S phase of the cell cycle in budding yeast and mammalian cells.

Coordination of Histone Synthesis and DNA Replication
in Budding Yeast

The coupling of histone gene expression and DNA replication in the budding yeast
Saccharomyces cerevisiae is believed to be mainly achieved through transcriptional
control as histone transcripts have a relatively short half-life [13]. There are 11 his-
tone genes in budding yeast: single genes encoding H2A.Z (HTZ1) variant, centro-
meric H3 variant (CSE4), the linker histone H1 (HHO1) and two genes for each of
the core histone proteins H2A, H2B, H3 and H4. The core histone genes occur in
pairs, with the genes for H3 (Histone H Three 1 and 2, HHTI and HHT2) being
paired with H4 (Histone H Four 1 and 2, HHF1 and HHF?2) and that of H2A
(Histone Two A 1 and 2, HTAI and HTA2) with H2B (Histone Two B 1 and 2, HTB1
and HTB2), which presumably helps maintain the right stoichiometry of individual
core histone proteins relative to each other [14].

Each core histone gene pair is transcribed divergently from a common promoter
at the G1/S boundary and repressed outside of S phase. This cell cycle regulation is
conferred by activating and repressing elements present in the replication-dependent
core histone (H2A, H2B, H3, and H4) promoters (Fig. 11.1a). Common to all the
four histone promoters are Upstream Activating Sequence (UAS) elements that are
bound by the Suppressor of Ty 10 (Sptl10), the only histone promoter specific
transcriptional co-activator known so far in the budding yeast. It has been suggested
that Spt10 dimerizes and binds to pairs of histone UAS elements in late G1 [15].
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Fig. 11.1 Regulation of histone mRNA levels in budding yeast and mammals. Although the actual
regulatory factors involved are different, in principle similar mechanisms govern histone gene
transcription as well as histone mRNA levels in yeast and mammals. (a) Yeast histone genes are
repressed outside of S phase and upon DNA damage in S phase by the Hir complex (Hir1-3, Hpc2)
with help from the chaperones Asfl and Rtt106. These factors mediate their repressive effects via
the negative regulatory element (NEG). In S phase, SCF®* promotes the activation and accumula-
tion of the mitotic cyclins Clb1/2. We speculate that Clb1/2 may prompt Cdk1 mediated Hir com-
plex phosphorylation, thereby relieving the repression of histone genes. Wee1 kinase phosphorylates
and inhibits Cdkl1 as part of the G2/M cell cycle checkpoint and the DNA Damage Response
(DDR). Additionally, Weel phosphorylation of H2B tyrosine 37 has been shown to facilitate Hir
complex binding to repress histone gene transcription. The Upstream Activating Sequences (UAS)
in the histone gene promoters are bound by coactivators Spt10 and SBF (a heterodimer of Swi4 and
Swi6), in a mutually exclusive manner to activate histone gene transcription in early S phase.
Polyadenylation of histone mRNAs by Trf4/5 may contribute to their posttranscriptional regulation
by modulating their half-lives. Histone mRNAs are degraded by the nuclear exosome in a process
possibly mediated by Nrd1. The Lsm1-7-Patl complex may also degrade histone mRNAs based
on the length of their polyA tails. (b) Mammalian histone genes require NPAT for transcription
which is recruited to histone promoters by SSRE binding proteins (SSRBPs). Numerous transcrip-
tion factors (HiNFs) confer tissue specificity or transcriptional control for different replication-
dependent core histone subtypes. Mammalian replication-dependent core histone mRNAs do not
possess poly-A tails but a stem loop in their 3" UTR which is recognized by Stem Loop Binding
Protein (SLBP) for posttranscriptional and translational processing. Mature histone mRNAs are
stabilized and targeted to the cytoplasm by SLBP. At the end of S phase, the cell cycle machinery
represses histone synthesis by inhibiting SLBP and E2F1, whilst activating the yeast Hir1/2 protein
homolog HIRA. As in yeast, Weel phosphorylation of H2B tyrosine 37 also facilitates HIRA bind-
ing and termination of histone synthesis at the end of S phase. In addition, upon DNA damage,
Weel inhibits Cdk1 activity through specific residues phosphorylation; this conserved mechanism
prevents mitotic entry in presence of DNA lesions. In a complex signaling network involving
checkpoint kinases, the DDR triggers both replication arrest and downregulation of histone synthe-
sis through inhibition of histone gene transcription via NPAT inactivation and histone mRNA deg-
radation via the LSM1-7 complex. Question marks indicate speculative pathways that currently
lack direct experimental evidence. P phosphate. HLBs histone locus bodies
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Spt10 is bound to the histone promoters in alpha factor arrested G1 cells before histone
gene expression is activated. Therefore, histone genes are likely to be turned on through
the interaction of Sptl0 with another known histone gene regulator Spt21 which is
present at all four core histone promoters and its binding peaks in S phase [16].
Recently, the Andrews laboratory has shown that Spt21 abundance is restricted to S
phase by the Anaphase-Promoting Complex Cdc20 homologue 1 (APC¢*) (Fig. 11.1a)
[17]. This suggests that Spt21 levels oscillate and may contribute to the cell cycle
regulation of histone genes. However, the effect of SPT21 deletion on histone gene
expression is only partial as the deletion mutants show a strong decrease in HTA2-
HTB?2 and HHT2-HHF?2 histone transcript levels but the expression of the other
histone gene pairs HHT1-HHFI and HTAI-HTBI are only modestly reduced [17]. In
contrast, all histone mRNA levels are greatly reduced in spt10 deletion mutant cells
released from alpha factor mediated G1 arrest [18]. Additionally, spt/0 deletion
mutants exhibit a severe growth defect that can be rescued by a high copy plasmid car-
rying histone gene pairs. Overall, these observations demonstrate the importance of
Spt10 for the activation of multiple histone gene pairs, while Spt21 may be more selec-
tive for the activation of the HHT2-HHF2 and HTA2-HTB?2 gene pairs (Fig. 11.1a).
Histone promoters have putative binding motifs for the transcription factor Swi4
and genome-wide Chromatin Immunoprecipitation (ChIP) analysis shows that they
are bound by SBF and possibly MBF transcription factors [19-22]. MBF and SBF
are heterodimers containing Swib6 (a regulatory factor) and a sequence specific DNA
binding factor Mbp1 (in MBF) and Swi4 (in SBF) respectively [23]. SBF and Spt10
bind to the same UAS elements (UAS2 and UAS3) at the HTAI-HTB1 promoter and
their binding is mutually exclusive in vitro (Fig. 11.1a). SBF binding peaks in early
S phase and concomitantly a SBF mediated small peak in histone gene expression is
detectable. By the end of S phase, the binding of SBF and Spt10 at the histone pro-
moters is completely abolished [15]. Overall, histone gene expression is only mod-
estly reduced in swi4 or mbpl deletion strains with some histone genes showing a
small but significant reduction [16]. Spt10 and SBF may together control the expres-
sion from the HTAI-HTBI promoter in G1/S as HTAI-HTBI expression is com-
pletely abolished when all four UAS elements are removed from the promoter [15].
Inappropriate expression of histone genes outside of S phase or when DNA rep-
lication is arrested is associated with toxicity. To prevent this, histone genes are also
subjected to negative regulation [8]. A group of four functionally related Histone
Regulators (Hirl, Hir2, and Hir3) and the Histone Promoter Control 2 (Hpc2) pro-
teins are shown to act in a complex as transcriptional co-repressors for three of the
four histone gene pairs (Fig. 11.1a), HTAI-HTBI1, HHT1-HHF1, and HHT2-HHF2,
both outside of S phase and in response to replication arrest [14, 24]. A fifth protein,
Asf1 (Anti-Silencing Function 1) also co-purifies with Hir proteins and asf/ mutants
are partially defective in the repression of transcription from HTAI-HTBI, HHTI-
HHF1, and HHT2-HHF?2 gene pairs upon replication arrest [25]. Asf1/Hir-mediated
repression of transcription relies on a specific DNA sequence, the negative (NEG)
regulatory element which is present on the promoters of the three Hir-regulated
gene pairs (Fig. 11.1a), but is absent from that of the HTA2-HTB2 promoter [4]. The
HTA2-HTB?2 gene pair also undergoes cell cycle regulation and its transcripts
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disappear outside of S phase as well as in response to replication arrest, but in a
Hir-independent manner [26]. Asfl and Hir are also chromatin assembly factors
that bind to histones and help assemble and disassemble chromatin [27]. Asfl stim-
ulates the replication-independent nucleosome assembly activity of the Hir complex
in vitro [28]. More recently, the H3/H4 chromatin assembly factor Rtt106 was iden-
tified as an additional regulator of histone gene expression [29]. Rtt106 functions
downstream of Asfl and the Hir complex and localizes to the histone gene promot-
ers in a Hir- and Asfl-dependent manner (Fig. 11.1a) [29]. Further, the chromatin
remodeling complex Rsc is also recruited to the histone gene promoters in a Hir and
Rtt106-dependent manner (Fig. 11.1a) [30]. Rsc recruitment is mediated by Rtt106
and its recruitment to the histone gene promoters is compromised in r#t/06 mutant
cells, although the Hir complex and Asfl remain bound [30].

Histone promoters are devoid of nucleosomes in either hir or asfl or rttl106
mutant cells, suggesting that these histone chaperones form a repressive chromatin
structure at the histone gene promoters to shut down transcription [29]. However,
the defect in histone gene repression in an r#t/06 or asf] mutant is relatively mild
compared to the nearly complete derepression of histone genes observed in hir/hpc
mutants [29]. This raises the intriguing question whether a different pathway/factor
exists through which the Hir complex exerts its repressive role at the histone gene
promoters. It is also possible that part of the repressive activity of the Hir complex
is mediated via Asfl and Rtt106 such as under conditions of replication stress in
S phase, while the remainder is carried out directly by the Hir complex itself in G2,
M, and G1 in an Asf1/Rtt106 independent manner [31].

Previous work from the Osley and Johnston laboratories has demonstrated the
requirement of a functional Cell Division Cycle 4 (Cdc4) protein for the transcription
of the HTA gene in late G1 [32, 33] (Fig. 11.2). Cdc4 is critical for DNA replication
initiation at G1/S and for meiotic nuclear division at G2/M [34, 35]. Cdc4, Cdc34,
Cdc53, and Skpl proteins form the Skp, Cullin, F-box containing SCF-Cdc4 com-
plex which is required for the ubiquitin-dependent proteolysis of a number of genes
that regulate cell cycle progression such as Sicl, Cdc6, Clb6, Cln3 [36—41]. Based
on this, Amin et al tested if Cdc4 coordinates DNA replication with histone synthesis
in G1/S. Using cdc4 ts (temperature sensitive) mutants they demonstrated that the
activation of the HTAI-HTBI gene pair is dependent on Cdc4 [31]. Since the major
role of SCF-Cdc4 complex at the G1/8S transition is the activation of all six Clb/Cdk1
complexes, this raises the question whether any of the six Clb/Cdk1 complexes are
involved in activating histone gene expression [31]. Unexpectedly, S phase cyclins
CIb5 and CIb6 which are involved in DNA initiation did not have any major impact
on histone gene activation, although their activation was slightly delayed. Instead,
the activation of histone genes HTAI-HTB1 and HTA2 showed a strong dependence
on the mitotic Clb1 and CIb2 cyclins [31]. Further, Clb1/2 cyclin dependency can be
bypassed by the disruption of the Hir complex which negatively regulates histone
gene expression [31]. This suggests that the Cdks may negatively regulate the
Hir-complex and as a result histone genes are activated in G1/S (Fig. 11.1a). Histone
Regulatory homolog A (HIRA), the mammalian homolog of Hirl and Hir2 in yeast
is a direct Cdk target and as such it is entirely possible that the Hir-complex is also
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Fig. 11.2 Cross talk between the regulation of DNA and histone synthesis. Regulation of histone
levels and DNA replication are tightly coupled. Several components of the cell cycle machinery
cooperate with common factors involved in regulating both DNA and histone synthesis to ensure
that enough histones are synthetized to satisfy chromatin assembly requirements following DNA
replication, since both free histones and naked DNA are toxic for the cell. Some of these regulatory
factors for DNA/histone synthesis are evolutionarily conserved while others are unique to either
yeast or mammalian cells

regulated by Cdk phosphorylation [42]. Indeed, Hpc2 was identified as a direct target
for Cdkl1 in a global screen to identify new CIb2/Cdk]1 substrates [43]. Further, Clb2
associates with the Hir complex in vivo [31] and the Clb1/Clb2-associated Cdk1
kinase is active at the G1/S transition when histone gene transcription is activated,
although its kinase activity is lower than that observed in G2 [44—46].

Histone genes in yeast are also subjected to posttranscriptional regulation and this
mechanism contributes to the cell cycle regulation of histone genes. Unlike their
mammalian counterparts that end in a stem loop, yeast histone mRNAs are polyade-
nylated (Fig. 11.1a). The region that confers cell cycle regulation even when histone
genes are expressed from a constitutive heterologous promoter has been mapped and
lies in the 3" Untranslated Region (UTR). The 3’ UTR of the HTBI gene contains a
Distal Downstream Element (DDE) that lies about 100 nt downstream of the 3'-end
cleavage site [47]. In addition, the DDE contains a transcription termination site and
mutations in the DDE prevent the degradation of a reporter mRNA [48]. Work from
the Bond and Campbell laboratories has demonstrated the involvement of the nuclear
exosome (a multi-subunit complex of 3’ to 5’ exonucleases) and the 3’-end processing
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machinery consisting of the 7rf4/Air2/Mtrdp Polyadenylation (TRAMP) complex in
the cell cycle regulation of histone mRNAs [48, 49]. The nuclear exosome processes
many RNAs in the nucleus that need to be first polyadenylated by the TRAMP com-
plex comprising the PolyA polymerases Trf4 and Trf5, a putative ATP-dependent
RNA helicase Mtrdp/Doblp and the zinc knuckle-binding proteins Airl and Air2
(TRAMP) [50-52]. Deletion of the nuclear exosome component Rrp6 as well as the
TRAMP components Trf4 and Trf5 result in high levels of histone mRNAs [49]. It is
thought that Trf4 and Trf5 components of the TRAMP complex add short polyA tails
and tag the mRNA to be degraded by the nuclear exosome [50, 53]. In the case of
histone mRNA regulation, the Airl and Air2 RNA-binding proteins of the TRAMP
complex are not needed and therefore another RNA-binding protein such as Nrd1 may
support the recruitment of the nuclear exosome via interaction with Rrp6. Indeed,
Nrd1 has been shown to interact with the TRAMP complex and stimulate the 3’-end
processing of RNA Pol II transcripts by the exosome [54]. The transcriptional
termination site which lies in the DDE of the HTBI gene seems to be critical for the
interaction with TRAMP and the nuclear exosome (Table 11.1).

The Role of Transcriptional Regulation in Coordinating
Histone Synthesis and DNA Replication in S Phase
in Mammalian Cells

Transcriptional Regulation of Core Histones
in Mammalian Cells

The tremendous increase in histone protein levels during S phase to meet the
demand for new chromatin assembly is a direct result of the accumulation of histone
mRNAs in S phase, which in turn is controlled at the level of transcription, pre-
mRNA processing and mRNA stability in mammalian cells [55-57]. We will first
consider the contribution of histone gene transcription in ensuring an adequate sup-
ply of histones during DNA replication. There are multiple copies of replication-
dependent or canonical histone H2A, H2B, H3, and H4 genes, the majority of which
are clustered in a small number of chromosomal loci in mammals and are expressed
only during S phase in a replication-dependent manner [57, 58]. The remainder of
the histones genes is mostly single copy replication-independent histone genes scat-
tered across the genome and these express primary sequence variants of the canoni-
cal histone genes throughout the cell cycle and appear to possess unique functions
[57]. Replication-dependent histone gene promoters generally contain a core pro-
moter for initiation by RNA polymerase II, a Subtype Specific Consensus Element
(SSCE) and a distal activation domain. In the case of histone H4, whose regulation
is the best studied among mammalian histone genes, cell cycle dependency comes
from the SSCE element. The regulation of each of the mammalian histone genes
involves different cis-acting elements and multiple transcription factors. Over the
years, studies have uncovered many of these transcription factors and named them
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Table 11.1 List of genes

Gene
Air2

APC

Asfl

ATM

ATR

Cdc

Cdks

CDP
CHK2

Clb

E2F1/4

FLASH

HiNF-P

HiNFs

Hirl/2/3

HMG-I

HPC2

IRF2
LSM1-7

MBF

MCM

Arginine methyltransferase-
Interacting RING finger 2

Anaphase-promoting
complex

Anti-silencing function 1

Ataxia Telangiectasia
mutated

ATM and Rad3 related
Cell division cycle

Cyclin-dependent kinases

CCAAT displacement protein
Checkpoint kinase 2

B type cyclin
E2F transcription factor 1/4

Fadd Like IL1B converting
enzyme associated Huge
protein

Histone nuclear factor-P
Histone nuclear factors

Hlstone regulation 1/2/3

High mobility group-I
Histone periodic control 2
Interferon regulatory factor 2
Sm-like proteins 1-7

Mbp1-Swib heterodimer
binding factor

Mini-chromosome
maintenance

Description

RNA-binding subunit of the
TRAMP complex
Ubiquitin-protein ligase degrades
substrates at the metaphase/
anaphase transition
Corepressor; stimulates the
replication-independent
nucleosome assembly

DNA damage response (DDR)
kinase

DDR kinase

Group of proteins that timely
regulate cell cycle

Ser/Thr kinases regulating the
cell cycle; active only in a
complex with cyclins

HiNF-D

Protein kinase; DDR activated to
arrest the cell-cycle and DNA
replication and to initiate DNA
repair

Cell cycle progression/DNA
replication

Transcription factor with crucial
role in cell cycle control

NPAT mediated regulator of
histones transcription

Transcription factor specific
for H4

Transcription factors for histone
genes

Subunits of the Hir corepressor
complex; nucleosome assembly

HiNF-A

Subunit of the Hir complex
HiNF-M

Heptameric complex with role in
mRNA degradation
Transcription factor

The MCM2-7 complex is a
putative replicative helicase

J. Paik et al.

Species
Yeast

Yeast;
mammal

Yeast

Mammal,
yeast (Tell)

Mammal;
yeast (Mecl)

Yeast;
mammal

Yeast;
mammal

Mammal

Mammal/
yeast (Rad53)

Yeast;
mammal

Mammal

Mammal

Mammal
Mammal

Yeast;
mammal
(HIRA)

Mammal
Yeast
Mammal

Yeast;
mammal

Yeast

Mammal;
yeast (Cdc47)

(continued)
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Table 11.1 (continued)

Gene
Mtr4

NPAT

Nrdl
OCA-S
Oct-1

PCNA

Rad53

Rrp6
Rtt106

SBF

SLBP

SMAD

SP1
Spt10

Spt21
Swi4
Swi6
Tip-60
TRAMP
Trf4/5

TRRAP

Weel

YY1

mRNA transport 4

Nuclear protein Ataxia
Telangiectasia

Nuclear pre-mRNA
downregulation 1

Oct-1 co-activator in S phase

Octamer binding factor 1

Proliferating cell nuclear
antigen

RAD:iation sensitive 53

Ribosomal RNA processing 6
Regulator of Tyl
transposition

SBC binding factor

Stem loop binding protein

Small and mothers against
decapentaplegic
Specificity protein 1
Suppressor of Ty 10

Suppressor of Ty 21
SWitching deficient 4
SWiltching deficient 6

60 kDa Tat-interactive protein

Trf4/Air2/Mtrdp
polyadenylation complex

Trf poly(A) polymerase 4/5

TRansformation/
tRanscription domain
associated protein

Wee (Scottish word for
small)-1G2-checkpoint
kinase

Yin Yang 1

Description
ATP-dependent 3'-5" RNA
helicase of the TRAMP complex

Essential factor for S phase-
dependent histone gene
transcription

RNA-binding subunit of the
exosome complex

Cell cycle regulator of H2B
transcription

Transcription factor

Protein essential for DNA
replication and repair; sliding
clamp

Protein kinase; DDR activated to
arrest the cell-cycle and DNA
replication and to initiate DNA
repair

Nuclear exosome exonuclease
Histone chaperone

Swi4-Swi6 Heterodimer
transcription factor

Protein required for histone
pre-mRNA processing and
mRNA export to cytoplasm

Transcription factor

HiNF-C

Sequence-specific activator of
histone genes

Transcriptional silencer

DNA binding of SCB
Regulatory factor

Histone acetyltransferase
Nuclear RNA surveillance
complex

Pol beta-like
nucleotidyltransferases
Transcriptional histone
acetyltransferase cofactor/
Adaptor

Nuclear tyrosine kinase regulator
of cell cycle progression

HiNF-1

221

Species
Yeast

Mammal

Yeast
Mammal
Mammal
Mammal;

yeast (Pol30)

Yeast;
mammal
(Chk2)

Yeast
Yeast

Yeast

Mammal

Mammal

Mammal
Yeast

Yeast
Yeast
Yeast
Mammal
Yeast

Yeast

Mammal

Yeast;
mammal

Mammal
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HiNFs (Histone Nuclear Factors), although these mostly correspond to known gen-
eral mammalian transcription factors. For example, histone H4 genes contain two
major protein—DNA interaction sites in vivo [59]. One of these is an enhancer ele-
ment for activating histone H4 transcription via interactions with a variety of gen-
eral transcription factors such as SP1 (Specificity Protein 1)/HiNF-C, Yin Yang 1
(YY1)/HiNF-1I, High Mobility Group-I1 (HMG-I)/HiNF-A) [60-62]. Cell cycle con-
trol in G1/S is conferred by the second regulatory site via interactions with IRF2
(Interferon Regulatory Factor 2)/HiNF-M, CDP (CCAAT Displacement Protein)/
HiNF-D and a H4 specific transcription factor HiNF-P [63, 64], all of which con-
tribute to the cell cycle regulation of histone H4 expression [65].

Transcriptional control plays an important role in regulating the expression of the
replication-dependent histone genes at the G1/S boundary. As cells enter S phase,
histone mRNA transcription increases three- to fivefold compared to basal G1-levels
[66, 67]. This cell cycle-dependent S phase expression of histone genes is conferred
by the action of Cyclin E/Cdk2, the key regulator of S phase entry which also initi-
ates DNA replication (Fig. 11.1b). The activity of Cyclin E/Cdk2 is required for
phosphorylation of Cdc6 which protects it from degradation by the Anaphase-
Promoting Complex (APC), which in turn allows the licensing of origins in late G1
[68, 69]. Another essential substrate for Cyclin E/Cdk2 is the Nuclear Protein
Ataxia—Telangiectasia locus (NPAT) which is localized in a cell cycle-dependent
manner in subnuclear structures known as the Histone Locus Bodies (HLBs) that
contain the clustered histone genes [70-73]. The histone locus bodies also contain
many factors required for histone mRNA synthesis and processing [74]. NPAT is an
essential protein for normal mammalian development and enhances histone gene
transcription as overexpression of NPAT activates promoters of multiple histone
genes via the SSREs within the promoters [72]. The suppression of NPAT expres-
sion through RNA interference or conditional knockout impedes expression of all
replication-dependent core histone genes. The promoter DNA sequences of differ-
ent core histone subtypes are quite divergent, and direct DNA binding by NPAT has
not been detected. Therefore, it has been proposed that coordination of the
transcription of multiple core histone subtypes by NPAT occurs through the interac-
tion of NPAT with factors that regulate transcription of the individual core histone
subtypes. Indeed, after phosphorylation by Cyclin E/Cdk2, NPAT co-activates the
transcription of histone genes by interacting with the H4 promoter specific tran-
scription factor HiNF-P, a conserved Zn finger protein that binds to a histone H4
promoter regulatory element [75]. Although a large number of histone gene tran-
scription factors have been characterized, HiNF-P is unique because it is the only
known histone H4 promoter-specific factor that interacts directly with NPAT and
they both reside in HLBs. Although the mechanism of HiNF-P action is not fully
understood, it is clear that the HINF-P/NPAT complex mediates a unique cell cycle
regulatory mechanism that controls the G1/S phase transition.

NPAT also interacts with transcription factor Octl (Octamer Binding Factor 1)
and its coactivator complex OCA-S (Oct-1 Co-Activator in S phase) that bind to the
octamer binding element in the H2B promoter SSRE to activate H2B transcription
[76]. Remarkably, components of OCA-S include nuclear p38/glyceraldehyde-3-
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phosphate dehydrogenase (GAPDH) and lactate dehydrogenase. Further, the activ-
ity of OCA-S is regulated by NAD (Nicotinamide Adenine Dinucleotide) and
NADH, suggesting a link between the histone gene transcription and the cellular
metabolic state/redox status [76]. The molecular mechanism underlying the
regulation of H2B transcription by Octl/OCA-S in accordance with the cellular
metabolic/redox states is not yet clear. Nevertheless, the pattern of Oct-1 phosphor-
ylation changes throughout the cell cycle, and may be CDK mediated, thereby
potentially regulating Octl function at histone promoters [77].

Studies aimed at further elucidating the molecular mechanisms by which NPAT
regulates histone gene activation at G1/S revealed an interaction of NPAT with com-
ponents of the Tip60 Histone Acetyltransferase (HAT) complex [78]. The association
of the Tip60-TRRAP (Transformation/Transcription Domain-Associated Protein)
complex increases histone H4 acetylation at the H4 promoter during G1/S transition
in a NPAT-dependent manner (Fig. 11.1b). Another factor, FLASH (FADD-like
IL-1p-converting enzyme associated huge protein), has been implicated in the NPAT-
mediated regulation of histone gene transcription [79]. Initially, FLASH was shown to
associate with NPAT as well as histone gene promoters and was required for histone
transcription and S phase progression [80]. Subsequently, FLASH was shown to be
required for 3’-end processing of histone pre-mRNAs [81-83].

A number of transcription factors such as YY1 (Yin Yang 1) and SMAD (Small
and Mothers Against Decapentaplegic) that have not been shown to interact with
NPAT so far also contribute to the transcription of histone genes, although the
detailed molecular mechanisms involved are largely unknown. YY1 is a ubiquitous
transcription factor involved in activating histone genes upon binding specific
sequences both in the coding sequences [84] and promoter regions [62] of replica-
tion-dependent histone genes. A recent study suggests that YY1 may be primarily
contributing to tissue specific activation of histone genes upon differentiation [85].
The same study also reported that in embryonic stem cells, histone genes were the
major targets for repression by SMADI1 and SMAD?2, which are effectors of
extracellular signaling by BMP (Bone Morphogenetic Protein) and TGF-f
(Transforming Growth Factor-f). Most surprisingly, this study also finds E2F1 and
E2F4 transcription factors to be highly enriched on nearly all replication-dependent
histone genes, which is contrary to the general belief that most histone genes are not
regulated by the E2F family of proteins [86]. Additional studies are required to
determine the molecular mechanisms involved in the regulation of histone genes by
these transcription regulators.

Weel is a conserved nuclear tyrosine kinase and known to negatively regulate
the activity of Cdk1 (Cdc28 in yeast) in the Cyclin B/Cdk1 complex by phosphory-
lating tyrosine 15 of Cdk1 and inhibiting it throughout S phase, thereby preventing
cells from entering mitosis until DNA replication is completed [87, 88]. Recently,
Weel has been shown to be playing an important role in shutting off histone gene
transcription at the end of S phase [89]. Weel phosphorylates histone H2B at tyro-
sine 37 in the nucleosomes found upstream of the major histone gene cluster HIST/
and suppresses histone transcription in late S phase [89]. Inhibition of the WEEI
kinase results in the loss of H2B tyrosine 37 phosphorylation (pH2B Y37) and an
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increase in histone transcript levels. The nucleosomes upstream of the HIST! cluster
containing pH2B Y37 may hinder the recruitment of NPAT and thereby prevent the
activation of histone gene transcription (Fig. 11.1a) [89]. Additionally pH2B Y37
has been shown to recruit HIRA to the histone gene cluster, where it may help to
enforce a repressive chromatin structure [89]. This mode of transcriptional repres-
sion seems to be conserved as pH2B Y37 phosphorylation is enriched on the yeast
histone promoters containing the negative regulatory (NEG) element as well
(Fig. 11.1a) [89]. Thus, Weel couples the completion of DNA replication with the
termination of histone synthesis at the end of S phase, thereby ensuring a proper
histone-DNA stoichiometry before the cell proceeds to mitosis (Fig. 11.1b).

Taken together, all the available evidence suggests that NPAT functions as a key
global regulator of coordinated transcriptional activation of multiple core histone
subtypes during the G1/S phase transition and links the regulation of histone gene
expression to the cell cycle machinery. In addition to histone gene expression, NPAT
has been shown to play a critical role in S phase entry [70, 90, 91]. NPAT deletion
cells do not enter S phase despite high CDK activity, demonstrating that it has a
CDK-independent role in cell cycle progression. Therefore, while Cyclin E/Cdk2 is
at the top of the cascade which leads to both the initiation of DNA replication and
histone synthesis in mammalian cells, NPAT may serve as the crucial link that
couples histone gene activation and DNA replication. On the other hand, the CDK
regulator Weel coordinates the shutdown of histone gene transcription with the
completion of replication at the end of S phase.

Linker Histone HI and DNA Replication

There are at least three major groups of Hl-encoding genes in vertebrates—cleavage
stage H1, replication-dependent H1, and differentiation-specific H1. The promoter
of each group consists of a specific combination of regulatory elements that are
evolutionarily well conserved.

Among invertebrates, the best-studied species is the sea urchin, where these dif-
ferent types of Hl-encoding genes have been described and their promoter function-
ally dissected [92-94]. The replication-dependent histone promoter contains a
CAAT box upstream from the TATA box, and is followed by a GC-rich region and
the characteristic H1 box (also named AC box). In addition, there is a near perfect
inverted repeat of the HI/AC box named UCE (Upstream Conserved Element) that
was first found in the differentiation-associated H1° promoter in Xenopus. This ele-
ment was also found later in vertebrate H1 promoters and named the TG box [95].
The role of these regulatory elements in the expression of replication-dependent
histone H1 has been extensively studied [94]. The first clue regarding the link
between the cell cycle and the expression of H1s came from the work of van Wijnen
and colleagues showing the involvement of the HiNF-D complex in the control of
the expression of several S phase histones, including H1 [96]. It is likely that H1 and
core histone genes become activated by the same S phase signaling initiated by the
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CyclinE/Cdk2 complex [32]. However, H1 is transcribed throughout S phase and
core histones are only transcribed in a short pulse during early S phase. Indeed,
work from the Tijan laboratory using single-cell imaging in Drosophila suggests
that alternative Preinitiation Complex (PIC) subunits are used for H1 transcription
initiation [97].

Phosphorylation is an important cell cycle dependent modification for histone H1.
A low level of H1 phosphorylation can be detected in G1 which increases steadily
through S phase until it reaches its maximum in mitotic cells. S phase histone H1
exist in both unphosphorylated and hypo-phosphorylated forms and there is evidence
that H1 phosphorylation is important for the process of DNA replication [98—100].
Replicating DNA and phosphorylated H1 colocalize in vivo [101], suggesting that
this H1 phosphorylation may promote DNA decondensation to facilitate DNA repli-
cation. The effects of histone H1 on DNA replication has been studied directly using
Xenopus egg extracts. Lu et al showed that DNA replication is inhibited to equal
extent in extracts supplemented with either of the somatic variants Hlc or H1° [102].
Additionally, somatic H1s inhibit replication initiation by limiting the assembly of
pre-replication complexes on sperm chromatin [103]. Together, these studies suggest
that on one hand the interaction of preexisting histone Hl may be weakened via
phosphorylation to facilitate replication fork progression, while on the other hand the
deposition of histone H1 on newly synthesized DNA may contribute to block replica-
tion licensing and prevent re-replication.

The Role of Posttranscriptional Regulation in Coordinating
Histone Synthesis and DNA Replication during S Phase
in Mammalian Cells

Since the half-life of the mammalian histone transcript is generally much greater com-
pared to that in yeast, it is important to consider the contribution of posttranscriptional
regulation in coordinating histone and DNA synthesis. Mammalian histone mRNAs
are unique as they do not end in a polyA tail but instead have a conserved stem loop
at their 3’ end that is bound by the Stem Loop Binding Protein (SLBP) [104]. SLPB
is involved in the histone pre-mRNA processing and its degradation at the end of
S phase (Fig. 11.1b). SLBP is subjected to cell cycle regulation and is stable only in
S phase. Accumulation of SLBP before the beginning of S phase is crucial to allow
the accumulation of histone mRNAs necessary for histone protein synthesis. At the
end of S phase, SLBP needs to be degraded to shut off histone synthesis (Fig. 11.1b).
The degradation of SLBP is initiated by Cyclin A/Cdk1 mediated phosphorylation of
SLBP on Threonine 61 (T61) which is followed by Casein Kinase 2 (CK2) mediated
phosphorylation of T60 [105]. Both sites need to be phosphorylated for subsequent
SLBP degradation via the ubiquitin—proteasome pathway, although the ubiquitin
ligase responsible for its degradation is not known.

Recent work from the Marzluff laboratory suggests that the major S phase
transcription factor, E2F1 is regulated in parallel with SLBP, possibly by Cyclin
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A/Cdk1 (Fig. 11.1b) [106]. In HeLa cells, E2F1 is cell cycle regulated and the level
of E2F1 protein increases as cells enter S phase and decreases at the end of S phase
just like SLBP. Further, deletion of the amino terminus of E2F1 that removes the
Cyclin A binding site results in the stabilization of E2F1 protein at the end of S
phase. A mutant E2F1 carrying a deletion of the C-terminal residues 300-379 was
also not degraded at the end of S phase, suggesting that two regions are needed for
degradation of E2F1 protein. E2F1 is a critical transcription factor that regulates the
transcription of many genes involved in DNA replication including the MCM (Mini
Chromosome Maintenance) and ORC (Origin Recognition Complex) proteins,
components of the replication apparatus such as RFC (Replication Factor C), PCNA
(Proliferating Cell Nuclear Antigen), and RPA (Replication Protein A) to name a
few [107]. Further, genes encoding enzymes involved in deoxyribonucleotide
metabolism also require the E2F1 transcription factor. At the beginning of S phase,
members of the retinoblastoma tumor suppressor pRb family (pRb, p130, and p107)
are phosphorylated by Cyclin E/Cdk2 and this results in their dissociation from the
transcription factor E2F1 and consequently in the upregulation of the genes involved
in DNA replication [108]. At the end of S phase, E2F1 is very likely to be inactivated
along with SLBP by Cyclin A/Cdkl, which also phosphorylates and inactivates
proteins required for DNA replication such as ORC1, FEN1, and the CDP (CCAAT
Displacement Protein) transcription factor that is needed for the expression of the
DNA polymerase alpha gene [109, 110]. Thus, Cyclin A/Cdk1 may signal the end
of S phase by both inactivating pre-replication complexes to prevent re-replication
and simultaneously inhibiting histone synthesis by degrading SLBP.

Coupling of DNA Synthesis and Histone Synthesis
upon Replication Inhibition or DNA Damage in S Phase

The previous sections have focused on how the activation of DNA and histone syn-
thesis by Cyclin/Cdk2 activity ensures the coordination between them. This cou-
pling is maintained throughout S phase and as such the amount of free histones is
very small. This is not surprising given the known effects of histone imbalance on
the fidelity of diverse nuclear processes and genomic stability [8, 9, 111, 112]. The
close coordination of histone and DNA synthesis is exemplified in the rapid and
concerted downregulation of histone mRNAs in response to DNA replication inhib-
iting drugs such as hydroxyurea (HU) [14]. This evolutionarily conserved response
reflects the existence of S phase controls which ensure that the rate of histone pro-
duction exactly matches the rate of their incorporation into chromatin. In mamma-
lian cells, the DNA damage response (DDR) kinase ATM (Ataxia 7elangiectasia
Mutated) is directly involved in the activation of mechanisms that ultimately lead to
the repression of histone expression in ionizing radiation (IR) treated cells [113].
The DDR activates a checkpoint when a cell senses DNA damage and the check-
point response leads to a sequential activation of kinases that slow down the cell
cycle to allow time for repair [114]. Following activation of ATM, its downstream
targets p53 and p21 are consequently upregulated. p21 blocks the activation of the
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key regulator Cyclin E/Cdk2 complex which leads the dephosphorylation of NPAT.
Unphosphorylated NPAT can no longer localize to the histone clusters in the HLB
to activate histone gene transcription [113]. In fact, both NPAT and FLASH are
degraded upon DNA damage mediated by UV-C irradiation [115]. This leads to the
disruption of HLBs and the subsequent drop in histone transcription may contribute
to the cell cycle arrest. Histone mRNAs are also rapidly degraded when DNA repli-
cation is inhibited with drugs such as hydroxyurea during S phase. The degradation
is induced by the addition of untemplated uridines at the 3’ end of histone tran-
scripts by terminal uridyl transferases [5, 116]. Such 3’ oligouridylated transcripts
are preferentially recognized and bound by the hetero-heptameric LSM1-7 com-
plex. The LSM1-7 complex then triggers the degradation of histone mRNAs
through the interaction with Eril, a 3’'-5’ exoribonuclease and the RNA helicase
Upfl. They all contribute to the subsequent histone mRNA degradation through the
3’ stem loop [117]. Although the mechanism of histone mRNA degradation is now
known in significant detail, the important question of how the stalling of DNA rep-
lication in the nucleus is signaled to the cytoplasmic histone mRNA degradation
machinery is still not clear. An attractive hypothesis is that changes in Upfl protein
phosphorylation in response to DNA replication stress modulate histone mRNA
stability. Upfl is a direct target of the phosphatidylinositol-3 (PI-3) kinases ATR
(ATM and Rad3 related) and hSMG-1 [118].

In S. cerevisiae, the Hir complex plays a major role in the DNA damage induced
transcriptional repression of histone genes. In addition, other histone chaperones such
as Asf1 and Rtt106 and the chromatin remodeler Rsc are also implicated in the forma-
tion of a repressive chromatin structure at the histone promoters to block transcription
[29]. Our laboratory has obtained evidence suggesting that the DDR kinases trigger the
downregulation of histone mRNAs by targeting the Hir-complex (Paik et al., unpub-
lished data). Interestingly, the yeast DDR kinase Rad53 (homolog of the human tumor
suppressor CHK?2) targets excess histone proteins for degradation via the ubiquitin—
proteasome pathway both at the end of a normal S phase, as well as upon DNA damage
or replication arrest in S phase, thereby contributing to genome stability [8, 111].

Recent evidence suggests that histone mRNAs in S. cerevisiae are also posttran-
scriptionally regulated and Herrero and Moreno have reported the importance of
Lsml1 (as part of the yeast Lsm1-7-Patl complex) in histone mRNA degradation
[119]. Lsm1 mutants accumulate high levels of histone mRNAs and are unable to
degrade them following HU treatment. How the Lsm1-7 complex recognizes the
histone mRNAs for degradation is not clear as yeast histone transcripts are not
found to be uridylated. The Lsm1-7-Patl complex has been found to bind preferen-
tially to U-tracts carrying mRNAs in humans and to oligoadenylated over polyade-
nylated mRNAs in yeast [116]. It has been reported that the average length of the
poly A tail of yeast histone H2B mRNA is quite short compared to other transcripts.
Further, the H2B poly A tail length varies during the cell cycle and shortens as cells
progress from G1 to S phase [120]. Hence, it is attractive to speculate that the
Lsm1-7-Patl complex may recognize histone mRNAs based on the length of their
poly A tails and selectively degrade them. Future research should unravel the
relative contributions and the molecular details of how the Lsm1-7-Patl complex
and the TRAMP complex regulate histone mRNAs in yeast.
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Is MCM2 a Sensor of Histone Supply and Demand
at the Replication Fork?

To maintain a proper histone-DNA stoichiometry, the amount of histones assembled
onto chromatin is exactly matched with the rate of ongoing DNA replication.
The assembly of chromatin is facilitated by the interaction of certain components of
the DNA replication machinery with chromatin assembly factors or histone chaper-
ones which mediate the deposition of histones onto the newly replicated
DNA. Accordingly, the pace of DNA replication is tightly coupled to chromatin
assembly. This is illustrated by the fact that depletion of chromatin assembly factors
such as ASF1 and CAF-1 in mammalian cells [121], as well as diminished histone
supply due to knockdown of SLBP result in inhibition of replication [80, 122].
A study from the Groth laboratory suggests that replication fork progression may be
coupled to nucleosome assembly through a feedback mechanism from CAF-1 to the
MCM replicative helicase and/or the unloading of PCNA from newly synthesized
DNA upon nucleosome assembly [123].

There is evidence that MCMs might play a role in sensing histone supply and
demand at the replication fork. The amino terminus of MCM2 has been shown to
interact with several chromatin proteins [124—126]. Histone H3 binds to the amino-
terminal domain of MCM?2 with high affinity and can likewise interact with the
replicative helicase large T antigen encoded by the SV40 DNA tumor virus. In
human cells, the histone chaperone ASF1 forms a complex with MCM2-7 [127],
and a fraction of ASF1 colocalizes with MCM2 on chromatin. This interaction is
bridged by an H3—H4 dimer, indicating that MCM2-7 loaded onto chromatin can
bind non-nucleosomal histone H3—H4 dimers [126]. Histones in complex with
ASF1 carry modifications that are typical of new histones, but chromatin-specific
marks that would be present on parental histones can also be detected in associa-
tion with MCM2 [126]. These interactions suggest that MCM2 may be ideally
placed to sense the rate of replication fork progression, and in response to replica-
tion inhibition, it can potentially detect the accumulation of histones and transduce
this signal to the histone synthesis machinery which can then be downregulated
accordingly.

Do Senescent Cells Undergo Coordinated Loss of Replicative
Potential and Histone Synthesis?

Replicative senescence is defined as an irreversible cell cycle arrest typically in G1
phase of the cell cycle. It is triggered by a variety of endogenous and exogenous
cellular insults including eroded telomeres, DNA damage, oxidative stress, and/or
oncogene activation [128]. Senescent cells show striking changes in gene expres-
sion—two cell cycle inhibitors p21 and p16 are usually upregulated, whereas genes
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that encode proteins to facilitate cell cycle progression (replication-dependent
histones, c-FOS, Cyclin A, Cyclin B, and PCNA) are incorporated into transcrip-
tionally silent heterochromatin [129, 130]. The molecular basis of the G1 arrest is
thought to be the result of accumulation of the Cdk inhibitors p21 and p16 that block
the inactivating phosphorylation of pRb. In the absence of inactivating Cdk phos-
phorylation, the Rb family of proteins (Rb, p107, and p130) binds E2F transcription
factors and blocks S-phase entry [131, 132]. Many of the senescence associated
Rb-specific targets are DNA replication factors as well as Cyclin E1 that induces
Cdk2 activity and further phosphorylates and inactivates Rb family members,
among others [133]. Interestingly, Cyclin E1 is also believed to stimulate the forma-
tion of the pre-replication complexes through the recruitment of MCMs to DNA
replication origins that are Cdk-independent [134]. Thus, in senescent cells Rb may
inhibit replication by repressing the genes associated with DNA replication—
including Cyclin E1 which participates in pre-RC formation.

An additional consequence of Cyclin E1 inhibition in senescent cells is that the
synthesis of replication-dependent histones will be inhibited as the transcriptional co-
activator NPAT is not phosphorylated and fails to localize to the HLBs where histone
gene transcription takes place. The Karlseder laboratory has shown that chronic DNA
damage signals caused by telomere shortening decrease new histone synthesis and
reduce expression of SLBP and histone chaperones ASF1 and CAF1 during replicative
aging [135]. This downregulation of histone synthesis is independent of p53 and pRb,
suggesting that the histone synthesis is posttranscriptionally regulated.

Senescence is often characterized by domains of facultative heterochromatin,
called Senescence-Associated Heterochromatin Foci (SAHF), which repress expres-
sion of proliferation-promoting genes such as E2F target genes. The formation of
these SAHF is dependent on the pl6-pRb pathway and requires several days to
develop [136]. During this time, a complex of histone chaperones, comprising
HIRA/UBN1/CABIN and ASFla and HP1 transiently interacts and drives the for-
mation of the histone variant macroH2A-containing SAHF and senescence-
associated cell cycle exit. At the end of this process, each SAHF contains portions
of a single condensed chromosome in which the linker histone H1 is replaced by
HP1 and enriched for macroH2A [137, 138]. MacroH2A containing chromatin is
resistant to ATP-dependent chromatin remodeling proteins and binding of transcription
factors [139].

HIRA/UBN1/CABIN is a functional homolog of the yeast Hir complex and its
function in human cells is mostly associated with chromatin assembly of replication-
independent histones. However, several studies suggest that this complex may also
play an important role in histone regulation. Overexpression of HIRA is able to
repress histone gene transcription in human cells and block S-phase progression
[42]. Cyclin E/Cdk2 and Cyclin A-Cdk2 can phosphorylate HIRA and this phos-
phorylation in inhibited by the cyclin inhibitor p21 [121, 140]. Thus, HIRA could
act as a repressor for histone gene expression and at the same time as a repressor of
genes needed for DNA replication in cells undergoing senescence.
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