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1. Introduction

Each time a cell divides it must duplicate its DNA content and segregate it equally between
two daughter cells. Once a cell has decided to replicate its DNA, hundreds of different pro‐
teins must carefully interact with each other in a very orchestrated process. Defects in any of
these steps can lead to cell death and genetic instability and have been shown to be present
in many human diseases including cancer [1]. Each step of DNA replication must take place
in a correct spatial and temporal window, so cells have evolved complex regulatory net‐
works allowing an efficient regulation of this process. One important feature of eukaryotic
cells is that DNA is strongly associated with histones, basic proteins that wrap DNA around
octameric structures called nucleosomes. The association of DNA and nucleosomes is com‐
monly known as chromatin.

Nucleosomes are, among others, one of the principal differences between eukaryotic and
prokaryotic DNA. Unlike bacteria, eukaryotic cells are not able to live without DNA packed
into chromatin [2]. Replication involves dramatic changes in the whole chromatin land‐
scape, since nucleosomes must be removed transiently from the front of the replication ma‐
chinery and repositioned after it. Nucleosome disassembly and assembly involves the action
of chromatin remodeling factors, proteins able to destabilize interactions between histones
and DNA allowing the interaction of other complexes with DNA. Restoration of chromatin
after the replication bubble is a very important step because nucleosomes are not repetitive
units of information and contain a specific epigenetic signature or code [3]. In order to en‐
sure enough histones for the nascent DNA, cells must increase the pool of free histones. In
human cells, each passage through S-phase requires the synthesis and assembly of almost 30
million nucleosomes that are synthesized mainly during S-phase and are rapidly packaged
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to DNA. Histone production is very tightly coupled to DNA synthesis and is rapidly shut
off when replication finishes or is halted by treatment with mutagenic agents. Histone regu‐
lation is very important and accumulation of free histones in the cell has been shown to be
highly deleterious for the cell and lead to chromosome loss [2].

Chromatin is a structural barrier for replication but can also play an important role in the
regulation of some of the steps within. In this chapter, we will focus on how the chromatin
landscape influences DNA replication and show that histones and DNA must adapt to each
other in order to ensure a correct genomic duplication. We will describe the influence that
chromatin plays at the different stages of DNA replication and then jump to the accurate
control that cells exert on histone levels during the cell cycle. We will finally show different
situations that uncouple DNA replication from histone deposition and synthesis, and dis‐
cuss if chromatin state can influence the decision of cells to replicate their DNA or not.

2. Replication from a chromatin point of view

2.1. Chromatin influences early steps of replication

The initiation of DNA replication in any organism requires a series of proteins able to recruit
and ultimately load two hexameric DNA helicases. These proteins are able to unwind DNA,
a process required to start replication. In eukaryotic cells the pre-initiation complex is
formed by two MCM2-7 rings that are loaded in an inactive form next to the Origin Recogni‐
tion Complex (ORC). The MCM helicase must be activated by the sequential action of Dbf4
Dependent Kinase (DDK) and Cyclin Dependent Kinase (CDK), and the addition of other
accessory proteins. In mammalian cells, 30,000 to 50,000 origins are sequentially activated
each time a cell divides [4].

The nature of the sequence and the structure of replication origins is still a matter of debate,
and most higher eukaryotes lack a specific consensus sequence for ORC binding. Origins of
DNA Replication Initiation (ORIs) are normally regions of DNA sequence rich in AT that
contain a nucleosome-free region (NFR) [5] [6] and it has been suggested that the chromatin
environment is important for the establishment of the ORC complex [7] [8]. In Drosophila
follicle cells histones that localize around ORIs are hyperacetylated and changes in the ace‐
tylation levels of these histones affects ORC binding [9].

As ilustrated in figure 1, methylation of histone H4 has also been shown to be important for
ORC recruitment and artificial tethering of the methyltransferase SET8 to a random locus
promotes ORC1 binding [10]. Once ORC is bound to DNA, proteins CDC6 and CDT1 help
to load the two MCM2-7 helicases to DNA [11]. Loading could also be influenced by the ace‐
tylation of histone H4, since CDT1 is able to recruit the histone acetyltransferase HBO1 to
the ORC and enhances the recruitment of MCM2-7 to the origin [12, 13] [14]. Nevertheless,
some ORC and MCM subunits are acetylated by Hbo1 in yeast and could therefore be the
real targets of this enzyme [14]. Although all origins that are selected are able to load the
pre-initiation complex, only one out of every ten will fire. Regulation of firing depends on

The Mechanisms of DNA Replication378



the activation of the MCM helicases by sequential phosphorylation of some of its subunits
by DDK and CDK kinases, that allow the recruitment of CDC45 and the GINS complex [15].
Once these proteins are loaded, the rest of the replication machinery is recruited and replica‐
tion starts.

ORC 

1. Methylation and
 acetylation of histone H4
 promote ORC recruitment 

2. Acetylation of Histone
 H4 influences loading of
 the Mcm helicases 

Cdt1 Cdc6 

ORC 

ORC 

3. High levels of acetylation 
of histone H4 influences 
origin firing distribution 

ORC 

ORC 

Replication Fork 

Mcm2-7 

Figure 1. Chromatin influences DNA replication fork establishment. Schematic representation of the different
steps during the assembly and activation of the replication fork machinery that are influenced by histone modifica‐
tions. 1.0RC recruitment is influenced by methylation and acetylation levels of histone I-I4. 2.Acetylation of histone H4
by the Hbo1 might influence loading of the two Mcm2-7 helicases. 3. H4K 16 aoetytation is related to the timing of
origin firing distribution.

Two interesting observations have lead to the hypothesis that chromosome architecture can
also be important for origin usage. One of them is that origins seem to be organized into
clusters of 5 to 10 origins that fire simultaneously [18]. Cohesins are enriched next to origins
and depletion of the RAD21 cohesin subunit greatly reduces the number of active origins.
This ring-like complex is able to wrap two chromatin fibers and creates a chromatin loop. It
has been suggested that this spatial organization of chromatin could define replication do‐
mains that are activated synchronously [16, 17]. In agreement with this hypothesis, analysis
of the oriGNA13 replication origin of hamster cells shows that active origins localize close to
the base of chromatin loops [18]. The second feature that directly relates chromatin structure
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and replication is that genome replication does not take place in a single and continuous
way. Domains containing several megabases of contiguous DNA are replicated earlier than
others [19] and this replication timing is somehow correlated with acetylation levels of his‐
tone H4 at the K16 residue [20].

Chromatin influences the recruitment and the activity of different elements of the replica‐
tion machinery. Once this machinery has been set up and is fully active, fork progression
must now cope with the fact that approximately every 192 bp there is a nucleosome that
must be displaced from DNA in order to continue with replication.

2.2. Nucleosome reorganization around the replication fork

Replication fork progression involves many proteins that interact closely with DNA. Elec‐
tron micrography of replicating SV40 mini-chromosomes has shown that 300bp ahead of the
replication fork, DNA remains naked, or at least contains nucleosomes that are unstable
when compared to a canonical nucleosome [21] [22]. MCM progression in mammalian cells
suggests that chromatin is decondensed in front of the replication fork [23] and artificial
tethering of Cdc45 to DNA is able to promote a partial decondensation of chromatin without
DNA synthesis [24]. This initial decondensation could be related to an increase in the mobi‐
lity of histone H1 due to its phosphorylation by the cyclin A-CDK2 complex. It is still un‐
clear if nucleosome disruption in front of the replication fork is due to specific chromatin
remodeling in front of the fork or to the passage of the replication machinery itself [3].

Nucleosome disassembly and reassembly are processes quite well described for transcrip‐
tion. The efficiency of these processes is largely dependent on chromatin-remodeling com‐
plexes, proteins able to interact with and change the stability of chromatin, allowing the
transcription machinery to interact with DNA. There are many different chromatin-remod‐
eling complexes and all of them are possible candidates for nucleosome eviction during rep‐
lication. The fact that chromatin disassembly and assembly occur in such a small spatial
window makes it very difficult to distinguish between the complexes required for one or the
other process. There are two major complexes that could be involved in H2A/H2B displace‐
ment during replication: FACT and NAP1, and another two for H3/H4: Asf1 and CAF1.

The FACT complex is composed of two main subunits, SPT16 and SSRP1 (Pob3 in S.cere‐
visiae),  and  plays  a  key  role  in  nucleosome  reorganization  during  transcription  elonga‐
tion.  FACT function has been mostly related to the displacement of an H2A/H2B dimer
during transcription,  but  it  has also been proposed that  displacement could be an indi‐
rect effect of nucleosome reorganization by this complex [25, 26]. There are many differ‐
ent  items of  evidence suggesting that  FACT plays a role as a histone chaperone during
DNA replication. FACT is required for DNA replication in Xenopus extracts, is present at
human replication  origins  [27]  and  has  been  co-purified  as  part  of  the  replication  fork
progression  complex  in  yeast  [28].  The  other  H2A/H2B  histone  chaperone  candidate  is
Nap1, which has been shown to disassemble nucleosomes in vitro when combined with
the  RSC complex  [29,  30].  Once  H2A/H2B dimers  are  displaced,  the  H3/H4 tetramer  is
now accessible for an H3/H4 chaperone.
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To date, it is not known if H2A/H2B dimers removed during replication are recycled. On the
contrary, it is well established that the original H3/H4 tetramer present in front of the repli‐
cation fork machinery is restored after the replication fork in a random semi-conservative
process [31]. The fact that the H3/H4 tetramer is recycled suggests that a histone chaperone
must disassemble this tetramer in front of the replication machinery and reassemble it after.
One good candidate for this process is Asf1. This protein along with Chromatin Assembly
Factor 1 (CAF1) plays a key role in deposition of new H3/H4 following passage of the repli‐
cation fork. Asf1 binds PCNA and replication factor C [32], and can also bind the MCM heli‐
case complex through histones H3 and H4. Upon a replication fork progression block, Asf1
can be found associated with post-translationally modified H3/H4 histones, which most
likely belong to the parental chromatin [33].

Figure 2. Nucleosome reorganization around the replication fork. Representation of the different nucleosome re‐
organization events that take place during replication fork progression. In order to simplify the figure, the DNA repli‐
cation machinery and other accessory proteins that are important during fork progression are not shown.
Interrogation marks are used when the protein/s involved in such process remain unknown or when the pathway has
not been directly demonstrated.

Deposition of histone octamers occurs as soon as DNA is long enough to wrap around a nu‐
cleosome [21]. Since one H3/H4 tetramer is recycled after DNA replication, one new H3/H4
tetramer must be deposited on the other strand. The mechanism of reposition of the original
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H3/H4 tetramer remains unclear but probably involves Asf1 (see previous paragraph). In‐
corporation of the new H3/H4 tetramer on the other hand is more defined and involves the
action of CAF1 and Asf1. CAF1 is recruited to both leading and lagging strands by the pro‐
liferating cell nuclear antigen PCNA. Depletion of CAF1 produces a clear decrease in the as‐
sembly of new chromatin during replication [34], activates the DNA Damage Checkpoint
(DDR), and stalls replication forks [35], suggesting that efficient chromatin repositioning af‐
ter replication is important for replication fork progression. Asf1 plays a role in this process
as a histone pool protein that delivers H3/H4 dimers to CAF1. After the H3/H4 tetramer is
assembled, H2A/H2B becomes incorporated into chromatin in a process that probably in‐
volves FACT or NAP1. Finally, H1 protein is incorporated to allow further compacting of
chromatin. Incorporation of H1 is probably mediated by the NASP protein and is required
for efficient S-phase progression [36].

One interesting feature recently described is that the chromatin landscape influences the
length of the Okazaki fragments synthesized at the lagging strand during DNA replication
[37]. Due to the 5´to 3´ polarity of DNA polymerase, synthesis of DNA in the lagging strand
is discontinuous and generates short fragments of DNA named Okazaki fragments. These
fragments must then join to form a unique DNA strand in a process known as maturation.
Okazaki fragment maturation requires the sequential action of the flap endonuclease 1
(FEN1) and DNA ligase I. This group has demonstrated that the ligation junctions of Okaza‐
ki fragments are preferentially located in the nucleosome midpoint. The length of Okazaki
fragments depends on the chromatin behind the replication fork and mutations that impair
chromatin repositioning increase the average size of Okazaki fragments. According to their
model, Pol ฀ runs into the nucleosome assembled into the previous Okazaki fragment and
this triggers termination, flap processing and ligation.

2.3. Chromatin maturation and centromere formation

After nucleosome incorporation to DNA, two major processes must take place: chromatin
maturation and centromere formation. Histones start to acquire certain modifications in
their tails as soon as they are repositioned to DNA. Nascent chromatin is highly acetylated
and must be deacetylated and methylated to reach a more compact state. Deacetylation nor‐
mally takes place by the histone deacetylases HDAC1-3 and DNA methylation by the DNA
methyltransferase 1 (DNMT1). In addition to chromatin compacting, there are also some
specific post-transcriptional modifications that must be acquired to establish a specific epi‐
genetic code that is transmitted to daughter cells. Maintaining this “epigenetic memory” of
daughter cells is important and has implications during cell differentiation (23). Restoration
of all these marks does not take place exclusively in replication and can also take place dur‐
ing mitosis or even in daughter cells [38, 39]. Replication of the chromatin near the centro‐
mere is also vital to ensure an efficient segregation during mitosis. This heterochromatin
presents a specific variant of histone H3 named CENP-A, which is essential for the efficient
binding of the kinetochore during mitosis. The kinetochore is a huge structure that attaches
to centromeric DNA and mediates the interaction of chromosomes with the mitotic spindle
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and their movement to the spindle poles during mitosis [40]. Accurate segregation of chro‐
mosomes relies on the correct formation of the spindle apparatus.

CENP-A (also known as CENH3) is an essential protein that replaces histone H3 at centro‐
meric DNA. This protein is highly divergent among different species but is functionally well
conserved since the homologue protein of S. cerevisiae, Cse4 is able to complement human
cells lacking CENP-A or vice versa [41]. In human cells, CENP-A is not assembled on to DNA
just after DNA replication and CENP-A-containing nucleosomes are interspersed with can‐
onical nucleosomes during replication of centromeres [42, 43]. This organization promotes
the folding of centromeric chromatin into a unique structure during metaphase, in which all
the nucleosomes containing CENP-A are facing the external side of chromosomes. This
structure allows kinetochore assembly and microtubule attachment and favours sister chro‐
matid cohesion [44]. Once chromosomes are separated, CENH3 is fully positioned on cen‐
tromeric chromatin during the period between telophase and G1 in a process that is
dependent on the transient incorporation of Mis18 and KNL2 in anaphase [45]. The incorpo‐
ration of CENP-A to centromeric chromatin is mediated at least in part by the HJURP pro‐
tein (Scm3 in S. cerevisiae) and is related to low levels of acetylation of the K16 residue of
histone H4. Defects in the proper incorporation of this histone variant can lead to cell death,
genetic instability and chromosome loss [46-48]. There is also a subset of specific proteins
important to prevent the deposition of CENH3 containing nucleosomes out of the centro‐
meric DNA. In S. cerevisiae, the ubiquitin E3 ligase Psh1 prevents the spread of Cse4 contain‐
ing nucleosomes out of the centromere [49] [50]. The absence of both CAF1 and HIRA also
leads to the presence of this type of nucleosomes in euchromatic regions in both S. cerevisiae
and S. pombe and has been shown to cause genetic instability [51]. Finally, several papers
point out that a proper homeostasis between H3 and CENH3 histones is important for the
distribution of this centromeric variant and for efficient chromosome segregation [52, 53].

3. From gene to protein, histones are highly regulated

It is clear that there is a strong interdependency between DNA replication and chromatin
reorganization. Nucleosomes are more than structural bricks for DNA, and require the mod‐
ification of specific residues or the substitution of certain histone variants for others to main‐
tain a correct epigenetic state. Once cells have decided to replicate their DNA, an increase in
the abundance of histone proteins is required to pack the new genome that is about to be
generated. Histone genes are among the most highly cell-cycle-regulated genes [54] because
cells need to ensure a high demand of histones during replication, but must make sure that
these levels are quickly down-regulated when replication slows down or is blocked, to
avoid the deleterious effects of free histones on cell survival.

Canonical histone proteins can be regulated at transcriptional, post-transcriptional, transla‐
tional and post-translational levels. The importance of each pathway on histone metabolism
largely depends on the organism. In S. cerevisiae for example, the transcriptional regulation
has been traditionally shown to play a major role in histone regulation, while in mammalian
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cells, post-transcriptional and translational mechanisms seem to be more important. Never‐
theless, it is clear that all organisms try to produce histones exclusively during the replica‐
tive S-phase and more specifically only when replication is actively taking place.

3.1. Histones are regulated from the beginning: transcriptional regulation

Histone transcription is tightly regulated during the cell cycle. In some organisms like S. cer‐
evisiae, transcription of histones can only be detected in late G1 and during DNA replication
[55]. In higher eukaryotes, however, histones mRNAs can be found at all stages but increase
as cells enter S-phase [56]. Expression of all canonical histones must be stoichiometric and
several studies show that an imbalance between the different histone subtypes can be highly
deleterious for the cell [52, 53, 57].

In metazoans, entry into S-phase increases the expression of replication-dependent histone
genes three to five-fold [58]. Histone genes are clustered and each cluster normally contains
at least one copy of the five canonical histones. Although transcription of all histones is care‐
fully coordinated, no obvious common sequence element has been found at their promoters.
Nevertheless, common elements can be found for some particular histone variants, like the
Octamer-binding Transcription Factor (OTF1) for H2B promoters [59] or the Coding Region
Activating Sequences (CRAS) in H2A, H3 and H4 genes [60]. Activation of histone gene
transcription requires the Nuclear Protein Ataxia-Telangiectasia (NPAT), which is essential
for S-phase progression [61]. This protein normally locates next to the Histone locus bodies
and is phosphorylated by cyclin E-CDK2 at the beginning of S-Phase. Phosphorylation per‐
sists through S-phase and increases histone gene transcription [62, 63].

Transcriptional regulation of histones in S. cerevisiae  is  largely dependent on the integri‐
ty of  the HIR complex.  This  complex is  conserved from yeast  to  humans and has been
shown to play a role in both of them in replication-independent chromatin assembly. In
yeast,  this complex is composed of the three subunits Hir1-3 and Hpc2. Deletion of any
of  the  subunits  leads  to  a  de-repression  of  histones  outside  of  S-phase  [64].  Histone
genes are grouped in 4  clusters,  and each of  them express  simultaneously H2A/H2B or
H3/H4  from  a  bidirectional  promoter.  These  promoters  contain  upstream  activating  se‐
quences  (UAS)  required  for  the  recruitment  of  activators  such  as  Spt10  and  SBF  [65].
Three of these four clusters also contain a negative regulatory site (NEG or CCR) able to
maintain these genes in a  repressed state  in cell  cycle  phases outside of  late  G1 and S-
phase and under replication stress conditions [64, 66, 67].  Deletion of the negative regu‐
latory  site  is  able  to  de-repress  the  HTA1-HTB1  histone  locus  and  allow  expression
outside  of  S-phase.  The  mechanism of  repression  is  not  completely  understood  but  in‐
volves  changes  at  the  chromatin  structure  creating  a  repressive  chromatin,  which  de‐
pends  on  the  HIR  complex,  proteins  Rtt106,  Yta7  and  Asf1,  and  the  chromatin
remodelling complex  RSC.  Two recent  reports  coming from the  same group have shed
some light  on how repressive chromatin switches to active chromatin (in terms of  tran‐
scription). The first one involves the degradation of Yta7 mediated by a phosphorylation
event  that  involves  Casein  Kinase  II  (CKAII)  and  the  cyclin-dependent  kinase  Cdc28.
Degradation  of  Yta7  allows  the  efficient  expression  of  histone  mRNAs  during  S-phase
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through a mechanism that could involve transcription elongation efficiency [68]. The sec‐
ond report  is  related  to  the  cell  cycle  regulation  of  Spt21,  an  activator  of  histone  gene
expression  [69].  Spt21  protein  levels  outside  S-phase  are  regulated  by  proteolysis,  in  a
mechanism  that  depends  on  a  complex  formed  by  the  Anaphase  Promoting  Complex
(APC)  with  Cdh1  during  G1,  and  on  APC-Cdc20  during  G2  and M (Brenda  Andrews,
EMBO transcription meeting 2012).

It has been recently shown that the HIR complex is conserved through evolution [70, 71]
[55]. In humans, this complex is formed by three proteins: HIRA, Ubinuclein1 and Cabin1.
The role described for HIRA in humans has been mostly associated with chromatin assem‐
bly of the transcriptional histone variant H3.3 in cooperation with ASF1 [72]. Nevertheless,
several studies suggest that this complex could also play an important role in metazoan his‐
tone regulation. Ectopic over-expression of HIRA is able to repress histone gene transcrip‐
tion and block S-phase progression in human cells. This protein localizes to histone gene
clusters in an immunofluorescence essay [73]. Cyclin E-CDK2 and cyclin A-CDK2 can phos‐
phorylate HIRA, and this phosphorylation is inhibited by cyclin inhibitor p21, which has
been shown to be important for repression of histone synthesis upon replication stress [74]
[69]. HIRA could therefore be acting as a repressor of histone gene expression outside of S-
phase regulated through phosphorylation by the cyclin E-CDK2. In this model, phosphory‐
lation by the cyclin E-CDK2 could switch histone expression by activating NPAT and
inactivating HIRA.

3.2. Once they are transcribed: post-transcriptional and translational regulation

Mammalian histone mRNAs lack introns and do not have a poly(A) tail as do most mRNAs.
Instead, they contain a special 3´UTR sequence that forms a stem-loop structure [54]. His‐
tone clusters localize to specific Cajal Bodies that are enriched in factors required for expres‐
sion (NPAT) and maturation (U7 snRNA) of histone mRNA named histone locus bodies [75].
Maturation requires the formation of the 3´end through an endonucleolytic cleavage that
has been shown to be important for transcription termination [76, 77]. Cleavage takes place
between the stem-loop and the histone downstream element (HDE). The machinery in‐
volved in this process uses some common elements from the processing machinery of polya‐
denylated mRNAs but has also some specific components like SLBP, the Sm-like proteins
(LSM1-11), the U7 snRNA and ZFP100. Additional information on maturation of histone
mRNAs can be found in a nice review published some years ago [54]. The Stem Loop Bind‐
ing Protein, SLBP, is one of the most important proteins for post-transcriptional and transla‐
tional regulation of histone mRNAs and accompanies histone mRNA throughout its life.

SLBP is the only known cell cycle regulated protein of all the histone processing machinery.
This protein starts accumulating during late G1 and is degraded at the end of S-phase by the
phosphorylation of two threonine residues that target it for degradation [78]. There are three
major roles for SLBP on histone regulation: 1. Allow an efficient cleavage during mRNA ma‐
turation 2. Facilitate circularization of histone mRNAs, required for their efficient translation
by polyribosomes [79, 80] and 3. Increase histone mRNA stability preventing degradation of
histone mRNAs by the 3´hExo [81]. Nevertheless, histone mRNA are still degraded when
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SLBP is artificially present at constitutive levels at the end of S-phase [78] or when DNA rep‐
lication is inhibited [82], indicating that although this protein has a major contribution to
histone mRNA stability, it is not able to prevent degradation itself.

Canonical  histone mRNAs in  lower  eukaryotes  and plants  are  polyadenylated.  The fact
that  these transcripts  lack any known specific  structure at  their  3´end and have a short
half-life has lead to the conclusion that regulation in these organisms mostly takes place
at a transcriptional level. Nevertheless, there is quite a lot of recent evidence that strong‐
ly suggests the importance of the post-transcriptional regulation of histone mRNAs in S.
cerevisiae. Several reports implicate some of the components of the exosome in the specif‐
ic  degradation of  the H2B transcripts  [83].  One year ago,  Herrero and Moreno revealed
the importance of the SM-like protein Lsm1 in histone mRNA degradation. Mutants lack‐
ing Lsm1 are sensitive to DNA damaging drugs and histone over-expression, and show
a defect in histone mRNA degradation under replication stress conditions [84]. This pro‐
tein is part of the Lsm1-7-Pat1 mRNA degradation complex, which has an important role
in  histone  mRNA  degradation  under  replication  stress  conditions  in  human  cells.
Lsm1-7-Pat1  has  been shown to bind preferentially  mRNAs carrying U-tracts  in  human
cells,  and  oligoadenylated  over  polyadenylated  mRNAs  in  yeast  [85,  86].  Upon  DNA
replication arrest,  histone mRNAs in  human cells  suffer  an oligouridylation process  ac‐
quiring  a  terminal  oligo  U-tract  required  for  an  efficient  degradation  by  this  complex
[87]. Uridylation of mRNA has not been detected to date in S. cerevisiae but there is a re‐
cent report showing that the average length of the poly(A) tail of the yeast H2B histone
mRNA is quite short compared to other transcripts. The length of this poly(A) is cell cy‐
cle-dependent and seems to decrease as cells exit G1 and progress through S-phase up to
G2,  when some of  the  transcripts  completely  lack a  poly(A)  tail  [88].  This  difference in
length  opens  a  possible  explanation as  to  how the  Lsm1-7  yeast  complex  preferentially
recognizes yeast histone mRNAs over other transcripts to degrade them at the end of S-
phase.

3.3. Last frontier of histone regulation: controling protein levels

In addition to the tight regulation of histone mRNA levels, a mechanism able to control
histone protein levels was described some years ago [89]. To date, this pathway has on‐
ly  been  described  in  the  yeast  S.  cerevisiae  and  involves  the  action  of  the  yeast  homo‐
logue  of  CHK2,  Rad53.  Rad53  plays  an  important  role  in  the  DNA  Damage  Response
and has been shown to be essential upon DNA damage or replication stress [1, 90]. His‐
tone degradation involves the direct action of Rad53 along with the E2 ubiquitin ligases
(UL) Ubc4 and Ubc5 and the E3 UL Tom1 [91].  This  complex is  able  to  degrade histo‐
nes  in  a  mechanism that  involves  tyrosine phosphorylation and poly-ubiquitylation,  be‐
fore  their  proteolysis  by  the  proteasome.  Histone  degradation  is  independent  on  the
central  DNA  damage  checkpoint  signal,  since  it  does  not  depend  on  other  kinases  in‐
volved in the DDR like Mec1 (ATM) or Tel1 (ATR). Further studies in higher eukaryotes
need to be done to confirm if this pathway is conserved in all eukaryotes.
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Figure 3. Regulation of histone levels in S.cerevisiae and H.sapiens. Different mechanisms able to control histone
levels in S.cerevisiae and H.sapiens. Arrows normally indicate a positive effect on the pathway and straight lines a neg‐
ative One. Interrogation marks are used when the protein/s involved in such process remain unknown or when the
pathway has not been directly demonstrated. The big interrogation mark shown for post-translational regulation in
the H.sapiens column, remarks that this pathway has not been demonstrated to date in human cells.

4. Histones: Enough to pack but not too much

Histone levels are regulated as soon as transcription of its mRNA starts. On top of the nor‐
mal cell cycle regulation, additional mechanisms are able to block histone production when
replication slows down or is completely blocked. Eukaryotic cells are unable to live without
histones [92] and inhibition of histone deposition behind the replication fork blocks DNA
synthesis and activates the DNA Damage Response (DDR) [35]. Eukaryotes seem to have
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evolved to a situation in which histones must not be free in the cell and DNA must not be
free of histones. In this last part of the chapter, we will focus on how cells cope with situa‐
tions that break this bidirectional relationship.

4.1. Harmful effects of free histones

Histones are basic proteins that can bind-specifically to negatively charged molecules. Re‐
constitution experiments show that a slight excess of histones over DNA is sufficient to pro‐
mote chromatin aggregation, probably due to the neutralization of negative charged DNA.
In yeast, high levels of histones increase chromosome loss and enhance DNA damage sensi‐
tivity [57, 89]. Defects in histone degradation during replication stress or DNA damage se‐
verely decreases cell viability [84]. Free histones show electrostatic interactions with some
cellular macromolecules carrying the opposite charge such as RNA molecules. Additionally,
an excess of free histones can saturate and inhibit the activity of some histone modifying en‐
zymes, and change the expression pattern of almost 240 genes [93]. Two different studies in
the yeasts S. cerevisiae and Schizosaccharomyces pombe have demonstrated the importance of a
correct balance between histone H3 and the centromeric variant Cse4 (CENPA) for efficient
chromosome segregation. H3 can compete with Cse4 in the assembly of centromeric chro‐
matin and this competition largely depends on a correct balance between levels of H3 and
H4 [52, 53]. Cells must therefore not only prevent the accumulation of free histones but also
ensure a correct homeostasis between canonical and other histone variants. Once cells have
decided to initiate replication, any problem that unbalances replication fork progression
with histone levels can potentially lead to an increase in the abundance of free histones. In
order to prevent this, there is an additional pathway linked to the DDR able to block histone
synthesis under DNA replication stress conditions or replication fork arrest.

4.2. The DNA Damage Response (DDR): Coupling DNA and histone synthesis

DDR is probably one of the most well characterized checkpoints in the cell and is normally
activated whenever a cell senses DNA damage. Activation leads to the sequential action of a
cascade of kinases that block or delay cell cycle progression to allow the cell to correct the
damage. If damage cannot be repaired, human cells enter the apoptosis program and die
[94]. Proper functioning of this pathway is essential for genome integrity and mutations in
most of the branches of this path are linked to cancer and other diseases. DDR is able to
block cells at G1, S and G2/M [95]. In human cells, two kinases ATM and ATR (Tel1 and
Mec1 respectively in S. cerevisiae) play a major role in the activation of the DDR. ATM has
been directly involved in the activation of a mechanism that ultimately leads to repression
of histone expression.

In human cells, activation of histone gene transcription requires NPAT phosphorylation by
the cyclin E-CDK2 complex at the beginning of S-Phase. Activation of NPAT is essential for
S-phase progression and histone expression. Repression of histone synthesis upon DNA
damage requires the activation of ATM, which leads to the sequential activation of p53 and
then p21. p21 is able to block the activity of the cyclin E-CDK2 complex. Inhibition of this
complex leads to a progressive dephosphorylation of NPAT, which no longer localizes to
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histone clusters to activate transcription [96]. One interesting hypothesis that remains to be
tested is if this cascade could also lead to histone repression by a change in the activity or
location of HIRA, the human homologue of the HIR complex, at histone promoters (see pre‐
vious paragraph about transcriptional regulation of histones). DNA damage also promotes
post-transcriptional degradation of histone mRNAs. Treatment of cells with hydroxyurea
(HU) increases oligouridylation of histone mRNAs in a process that depends on Upf1. Upf1
binds SLBP and helps to recruit a 3’ Terminal Uridylyl Transferase (TUT-ase) required for
oligourydilation. These 3′ oligo(U) tails are recognized by the Lsm1–7 complex that triggers
mRNA degradation through the exosome and Xrn1 [87]. How Upf1 is recruited to histone
mRNAs upon DNA damage remains unknown.

Regulation of histone levels upon DNA damage in S. cerevisiae shows some common regula‐
tory elements with human cells, and suggests the existence of a conserved mechanism. Post-
transcriptional regulation also depends on the Lsm1-7 complex. It is not clear how this
complex recognizes histone mRNAs but it could be related to the poly (A) tail-length (see
post-transcriptional regulation of histones). Post-translational regulation by the Rad53 his‐
tone degradation pathway has not been directly addressed during the DDR, but taking into
account the role of this protein in both pathways, it is reasonable to think that Rad53 could
be important to destroy the population of translated histones when replication is halted.
There are no NPAT homologues described in yeast and negative regulation during the DDR
depends on the integrity of the HIR complex. The repressive structure formed to block tran‐
scription on histone promoters also requires Asf1 and Rtt106 among others. Although there
is a lot of information about the formation of the repressive structure created at the promot‐
er [97], the first steps by which DNA damage triggers histone repression remain largely un‐
known. There is some data nevertheless that suggest that Asf1 and Rad53 could play a role
in this process.

Asf1 is able to form a very stable complex with Rad53. Upon activation of the DNA damage
response, Mec1 phosphorylates Rad53 and this phosphorylation dissociates the stable Asf1-
Rad53 complex. This mechanism has been linked to a possible connection between check‐
point activation and DNA repair since Asf1 plays a role in chromatin remodeling during
DNA repair [98]. Rad53 can also be found in a hypophosphorylated form in normal condi‐
tions during G1, G2 and M, stages at which histone transcription is repressed. This phos‐
phorylation seems to depend on Cdc28, the yeast functional homologue of human CDK1
and CDK2. Asf1 is able to co-immunoprecipitate with all the subunits of the HIR complex.
This complex has been related to replication-independent nucleosome assembly and in vitro
data prove that it is able to assembly nucleosomes to a DNA template [99]. Mutants lacking
Asf1 have higher levels of histone mRNA and show defects in S-phase progression [100].
We have recently seen in our lab that mutants lacking the kinase activity of Rad53 also have
enhanced levels of these mRNAs (unpublished results). Taking into account the close rela‐
tionship that Asf1 plays with both Rad53 and the HIR complex, it is possible to think that
the dissociation of Rad53 and Asf1 during DNA damage could be important for the efficient
repression of histone transcription.
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4.3. Generation of free histones in the cell

How can free histones be generated during a normal cell cycle? Taking into account the tight
regulation of histone levels, such situations may seem unlikely. There are two scenarios in
which it is possible to think that histone supply and DNA replication can be unbalanced
during a normal cell cycle. In the first one, this situation could arise from differences be‐
tween the rate of DNA synthesis and histone supply during replication. Early S-phase cells
use more replication forks than late S-phase cells [101, 102] and lesions in DNA or replica‐
tion stress also affect the speed of the replication fork [103-106]. The second scenario in
which a cell can encounter free histones would take place during the G2 stage of the cell cy‐
cle. Given the importance of a balanced ratio between histone H3 and CENPA in chromo‐
some segregation, once cells have finished replication, all free histones that are not
positioned should be quickly degraded. It is possible to think that an imbalance between
these two types of histones could sometimes take place in actively replicating cells and
opens a simple explanation to why most cancer cells have a high incidence rate of chromo‐
some loss [107].

4.4. Transcription as a source of free histones

Transcription of a chromatin template also requires nucleosomes to be disassembled and re‐
assembled after the passage of RNA polymerase II (RNA Pol II). Outside of the S-phase,
transcribed chromatin is probably the major potential source of free histones. These free his‐
tones could arise due to minor imbalances between histone supply and demand during
chromatin reassembly. One very well described essential factor involved in RNA pol II tran‐
scription is the FACT complex [108, 109]. This complex is able to stimulate RNA Pol II-de‐
pendent transcription elongation through chromatin in vitro [110, 111] and also in vivo
[112-114]. FACT is able to bind H3/H4 tetramers and H2A/H2B dimers [115, 116] and it has
been shown that the integrity of at least one of its subunits, Spt16, is important for an effi‐
cient reassembly of the original H3 and H4 histones evicted during transcription [117]. Our
group, in collaboration with others, demonstrated two years ago that dysfunction in chro‐
matin reassembly during transcription due to defects in the Spt16 protein generates an accu‐
mulation of free histones in yeast. Combination of this mutant with a kinase dead version of
Rad53 (rad53K227A), unable to efficiently degrade histones, increases the accumulation of free
histones and greatly impairs viability of this mutant in a checkpoint-independent way [118].
Deletion of one of the two-histone clusters for H2A-H2B expression is able to partially sup‐
press the growth defect of this mutant and increasing H2A-H2B expression has the opposite
effect. There is a strong correlation between histone levels and viability defects of the chro‐
matin reassembly mutant of Spt16. This defect is not exclusive for Spt16, since Spt6, another
chromatin remodeling factor involved in H3-H4 repositioning during transcription, also has
a strong negative interaction with rad53K227A. Chromatin reassembly defects can lead to the
generation of free histones evicted from chromatin during transcription, a new source of his‐
tones potentially toxic for the cell. Rad53 negatively interacts with many different proteins
involved in chromatin-related processes and could have an important function in maintain‐
ing chromatin structure in yeast [119]. Some of these interactions are with factors that have
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only been exclusively involved to date in chromatin related processes during transcription
[118, 119] suggesting that Rad53 could play an important role in the degradation of histones
when chromatin is not correctly reassembled during transcription.

4.5. Can the state of chromatin influence the decision of cells to initiate DNA replication?

Histones are able to affect DNA replication right from the beginning; the state of the chro‐
matin influences the timing and organization of origin firing. Replication fork progression
also depends on the correct histone deposition behind the replication machinery, since de‐
fects in CAF1 lead to checkpoint activation and block cells in S-phase. The state of chromatin
is able therefore to influence DNA replication. Work done in our lab, suggests that chroma‐
tin state might also influence the decision of cells to enter or not replication during the G1/S
transition in the S. cerevisiae.

The commitment to a new round of cell division takes place towards the end of the G1
phase of the cell cycle in a process called START in yeast, and Restriction Point in mammals
[120]. In yeast, this is the main regulatory event of the G1 phase of the cell cycle and in‐
volves an extensive transcriptional program driven by transcription factors SBF (Swi4-Swi6)
and MBF (Mbp1-Swi6) [121, 122]. MBF and SBF activation depends on the cyclin/cyclin-de‐
pendent-kinase (CDK) complex Cln3-Cdc28. This complex phosphorylates Whi5, the nega‐
tive regulator of START, thus promoting its release from SBF (Swi4-Swi6). Activation of
MBF-dependent transcription by Cln3-Cdc28 acts through a mechanism independent of
Whi5, involving the phosphorylation of Mbp1 [123]. Activation of these two complexes re‐
sults in the accumulation of G1 (Cln1 and Cln2) and the early S-phase cyclins (Clb5 and
Clb6), which promote in last term S-phase entry [124]. The kinase activity of Cln1,2-Cdc28
triggers the degradation of cyclin-dependent kinase inhibitor Sic1 which no longer inhibits
the S phase-promoting complex Clb5,6-Cdc28 [125, 126].

FACT plays a role in maintaining the integrity of the chromatin structure during transcrip‐
tion [127-129] but has also been related to a G1/S cell cycle defect in yeast in a genetic screen
to identify cdc (cell division cycle) mutants. This cell cycle defect had been linked initially to
a general transcription defect of the three G1 cyclins Cln1-Cln3 [130] and later, to a possible
important role of FACT in the transcription of CLN1 and CLN2 [131]. We recently described
that this G1 defect is also due to a transcriptional downregulation of the cyclin Cln3 at the
promoter level. Surprisingly, FACT seems not to be directly involved in the transcriptional
regulation of this cyclin, since it is not recruited to the promoter at START when CLN3 levels
are maximal (D. Stillman unpublished results). One rather unexpected but interesting result
is that this cell cycle defect shows a direct correlation with histone levels. Decreasing the
H2A-H2B histone pool diminishes the cell cycle accumulation of this mutant while blocking
the efficient degradation of histones has an additive effect. This defect is not exclusive for
FACT mutants, since an Spt6 mutant also shows cell cycle defects at the G1/S transition
[118]. Moreover, in yeast, a structural mutant of histone H4 in a region important for the in‐
teraction between the H3-H4 tetramer and the two H2A-H2B dimers completely mimics the
cell cycle defects of the Spt16 mutant [132]. Defects in the chromatin structure seem to be
connected somehow to the G1/S transition. Our group has speculated that cells might be
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able to sense the chromatin state before entering a new round of replication. This mecha‐
nism would act at least in part through a transcriptional repression of the cyclin Cln3
mRNA. Although our first results pointed out that free histones could be the signal that trig‐
gers this G1/S transition defect, new results obtained by our lab show that this regulation
could be more complex and also involve the chromatin structure itself (unpublished results).

5. Conclusion

In eukaryotes and also some archaebacteria, DNA forms a nucleoprotein complex called
chromatin, which allows extensive compaction of genomic DNA in the limited space of the
nucleus. This traditional view of chromatin as simple building-bricks has substantially
changed since the nucleosome hypothesis was proposed [133, 134]. Cells have evolved a
unique and complex machinery to cope with the fact that most of the processes involving
DNA are going to need to interact with and probably modify chromatin first. Chromatin
acts as a new step of regulation and carries an epigenetic specific code that in some cases can
be as important for the cell as the one contained on DNA. In addition, cells must also care‐
fully balance the levels of histones during chromatin formation to avoid the generation of
free histones, in order to prevent their deleterious effects.
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