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Abstract: During each cell duplication, the entirety of the genomic DNA in every cell must be
accurately and quickly copied. Given the short time available for the chore, the requirement of many
proteins, and the daunting amount of DNA present, DNA replication poses a serious challenge to the
cell. A high level of coordination between polymerases and other DNA and chromatin-interacting
proteins is vital to complete this task. One of the most important proteins for maintaining such
coordination is PCNA. PCNA is a multitasking protein that forms a homotrimeric ring that encircles
the DNA. It serves as a processivity factor for DNA polymerases and acts as a landing platform
for different proteins interacting with DNA and chromatin. Therefore, PCNA is a signaling hub
that influences the rate and accuracy of DNA replication, regulates DNA damage repair, controls
chromatin formation during the replication, and the proper segregation of the sister chromatids. With
so many essential roles, PCNA recruitment and turnover on the chromatin is of utmost importance.
Three different, conserved protein complexes are in charge of loading/unloading PCNA onto DNA.
Replication factor C (RFC) is the canonical complex in charge of loading PCNA during the S-phase.
The Ctf18 and Elg1 (ATAD5 in mammalian) proteins form complexes similar to RFC, with particular
functions in the cell’s nucleus. Here we summarize our current knowledge about the roles of these
important factors in yeast and mammals.
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1. Introduction

Proper functioning of all cells and organisms requires a stable genome that can with-
stand internal attacks (such as lesions created by oxidative damage) and external genotoxic
insults (chemicals and radiation that may cause DNA lesions). In addition to these chal-
lenges, the genome must be accurately copied and properly segregated to the resulting
daughter cells during each cell division. Given the size of most genomes, this is a daunt-
ing task, as replication must be completed in a reasonable amount of time and involves
the dangerous unravelling of the double DNA helix. This situation renders DNA prone
to chemical modifications and alterations. Several surveillance and repair mechanisms
operate in eukaryotic cells and work together to ensure the stability of the genome [1,2].
When they fail to act appropriately, dire consequences to the cell ensue. Indeed, genomic
instability is the hallmark of cancer cells. Most human cancer cells show signs of genome
instability, including elevated mutation rates and gross chromosomal rearrangements,
including deletions, inversions, and translocations. One of the main proteins in charge of
the regulation and coordination of DNA replication and its many complexities is PCNA.

PCNA (proliferating cell nuclear antigen) is a protein that forms a trimeric ring that
encircles the DNA. PCNA plays a significant role in all three major challenges of replication:
faithfully replicating DNA even in the presence of DNA damage, preserving and duplicat-
ing chromatin structure, and establishing sister chromatid cohesion. Since PCNA functions
in so many highly conserved and vital processes, it is crucial to understand its regulation
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and turnover on the chromatin (previously reviewed in [3–6]). Three different protein
complexes act as clamp loaders/unloaders in eukaryotes. They share four identical sub-
units (Rfc2-5) and are distinguished by their largest protein, Rfc1, Elg1, or Ctf18. A fourth
complex of the same family carries the Rad24 large protein (Rad17 in humans) and plays a
role in loading the 9-1-1 PCNA-like checkpoint ring (Figure 1). In this review, we detail
what is known about the complex biology of the clamp loaders/unloaders, concentrating
on the breakthroughs achieved in the yeast Saccharomyces cerevisiae.

Figure 1. Schematic representation of RFC and the various RLCs: the RFC and RFC-like complexes
(RLCs) are shown with a table summarizing their known functions and the cellular processes in
which they take part.

2. RFC and RFC-like Complexes (RLCs)

As PCNA forms a ring around DNA, it needs to be open to get loaded and unloaded.
PCNA loading during DNA replication is carried out by a five-subunit complex, Replication
Factor C (RFC). RFC comprises a large subunit, Rfc1, and four small subunits (Rfc2–5) [7].
All the RFC proteins belong to the AAA+ family of proteins and use ATP to exert pressure
on the PCNA ring, thus opening it [8]. In vitro, RFC loads PCNA at the junction between
ssDNA and dsDNA [7].

Studies in yeast identified, in addition to the canonical RFC complex, three additional
RFC-like complexes or RLCs (Figure 1). Two of these are involved in the loading and
unloading of PCNA (Ctf18-RLC and Elg1-RLC), whereas the Rad24-RLC (known as Rad17
in mammals) loads the 9-1-1 complex. The 9-1-1 is a PCNA-like complex that is part of the
DNA Damage Response. These evolutionarily conserved complexes share the identical
four small Rfc2–5 subunits but replace the large Rfc1 subunit with a different protein. Here
we summarize what is known about the different clamp loaders/unloaders.
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2.1. Rfc1

PCNA loading is critical for DNA replication and genomic stability. The timely
coordinated loading of PCNA at each origin of replication on the leading strand, and
the continuous loading on the lagging strand, are carried out by the RFC (Replication
Factor C) complex [9]. All five subunits of RFC (Rfc1–5) are essential for life [10]. They
contain a common sequence called the RFC box, including a general Walker-type ATPase
motif [11]. Rfc1 contains, besides the RFC box, both N- and C-terminal extensions [12]. The
C-terminal region of all the five subunits of the RFC is required to form the complex [13].
The crystal structure and electron microscopy of the RFC complex indicate that the five
subunits form an open circular shape with an opening between Rfc1 and Rfc5, making it
ideal for interacting with PCNA [14]. The N-terminal region of Rfc1 is unstructured, and
its structure and specific function remain mysterious.

The ATP-bound RFC complex binds to and opens the PCNA homotrimeric ring.
Unlike many other ATPase proteins, the clamp loader does not use ATP hydrolysis as a
force-generation step. Instead, the ATP-bound RFC opens PCNA through binding energy
alone [15]. The newly formed intermediate of opened PCNA and RFC binds to gapped
or nicked DNA, at which point the ATP is hydrolyzed, freeing the PCNA from RFC and
allowing the closure of the PCNA complex to form a circle once again [16,17]. This makes
the clamp loader an ATP-dependent protein remodeling switch [18]. Much is still unknown
about Rfc1’s activity and function. While its role as the primary loader of PCNA is clear at
this stage, there is still conflicting evidence regarding its ability to unload PCNA [19–21].
Because Rfc1 is the only major subunit essential for life (elg1∆ ctf18∆ rad24∆ mutants,
albeit sick, are alive [22]), it stands to reason that it can facilitate itself all the loading
and unloading of PCNA when necessary. However, it is also possible that spontaneous
disassembly of PCNA from the chromatin is robust enough to allow the cell to survive
even without a working PCNA unloader.

By using a method (eSPAN) that measures the enrichment of particular proteins at
nascent DNA [23,24], Yu et al. showed that the central location for Rfc1 during replication
is at the lagging strand while Ctf18 is mainly located at the leading strand. The bias in
Rfc1 location between the leading and lagging strands could be explained by the need of
loading PCNA at each Okazaki fragment (see below).

As the RFC complex can probably load and unload PCNA, it is still unclear what
regulates its activity. How do cells prevent untimely unloading or loading of PCNA?
Moreover, how do they prevent futile cycles of loading and unloading by the RFC complex?
Further investigation is crucial to thoroughly understand the regulation and functioning of
an RFC complex.

2.2. Elg1 (Mammalian ATAD5)

While loading PCNA on the chromatin is pivotal for DNA replication, its unloading is
almost of equal importance. The timely unloading of PCNA and the management of PCNA
molecules on the chromatin is critical for genomic stability and the expected continuation
of the cell cycle [25,26]. The main protein complex in charge of unloading PCNA is the Elg1-
RLC, in which Elg1 interacts with the Rfc2–5 subunits instead of Rfc1 [27]. Elg1 (Enhanced
Levels of Genomic instability) was identified in several genome-wide screens in yeast that
looked for mutants with different phenotypes, all related to genome stability [22,28–32].
Although yeast strains carrying an ELG1 deletion are alive, they present a wide range
of phenotypes, including increased rates of gross chromosomal rearrangements [31] and
chromosomes loss [22], increased levels of homologous recombination (HR) events [22,33],
and elevated Ty transposition [28]. In addition, deletion of ELG1 also leads to elongated
telomeres [32,34] and sensitizes the cells to various DNA damaging agents [35,36]. These
strains also exhibit a high level of spontaneous DNA damage, which can be visualized as
high levels of Ddc2 and Rad52 foci [37,38].

Elg1 affects HR in a variety of ways. Deletion of ELG1 causes high levels of every
kind of HR event tested in vegetative cells (no meiotic phenotypes were observed) [22].
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Moreover, elg1∆ strains are extremely sick in the absence of a functional HR mechanism [22],
suggesting that the cells are dependent on HR for survival. However, in the presence of
DNA damaging agents, such as MMS, elg1∆ mutants show lower induction of HR events
than wild type cells [33], and Elg1 is a vital part of the ‘salvage pathway’, an HR mechanism
negatively controlled by the Srs2 helicase [39] (see below). Therefore, whereas some HR
events are encouraged in the absence of Elg1, others are hampered by its absence. It is
still unclear whether different HR sub-pathways are affected differently by the absence of
Elg1 or whether the same pathways are differently affected at different times or genomic
circumstances.

As with the other RLCs, Elg1 works as a complex together with Rfc2-5 [22,40]. It is
worth mentioning that whereas all five RFC subunits (Rfc1–5) are expressed at about the
same levels, Elg1 is three-fold less abundant [41]. This is interesting as arguably each
PCNA loaded by RFC needs to be unloaded by Elg1-RLC, which implies the need for
the same amount of RFC complex as the Elg1-RLC complex. Different protein half-life,
catalytic capability, or affinity to the Rfc2–5 complex between Elg1 and Rfc1 may explain
the differences. Another possible explanation is that Elg1-RLC is not the only PCNA
unloader or that PCNA can unload spontaneously in a robust enough manner. In addition,
as elg1∆/elg1∆ diploid mutants show no meiotic phenotypes, it is unclear who is in charge
of unloading PCNA during meiotic DNA synthesis.

Does Elg1 work as an ATPase? Proteins of the AAA+ family usually have conserved
Walker A and B motifs, which are used for ATP binding and hydrolysis [19,42]. In the
yeast Elg1 protein, both motifs deviate from the consensus [43]. The human ortholog of
Elg1, ATAD5, differs only in its Walker B sequence. In vitro experiments suggest that
binding of ATP and not its hydrolysis is essential for the unloading of the PCNA by ATAD5
and Elg1 [19]. ATAD5-RLC works similarly to the RFC complex [16,17]: the binding and
opening of PCNA by the ATAD5-RLC requires ATP binding but no ATP hydrolysis [17].
Therefore, ATP binding by ATAD5-RLC allows conformational changes necessary for
PCNA unloading; however, ATP hydrolysis might be needed for recycling of the Elg1-
RLC [19].

A screen for yeast proteins that interact with the N-terminus of Elg1 resulted in a
long list of proteins that either participate in the addition of SUMO (Small Ubiquitin-like
Molecule), interact with SUMO, or are SUMOylated [44]. Elg1 has a SIM (SUMO interacting
motif) at its N-terminus and shows affinity for SUMOylated PCNA [44]. Moreover, in mu-
tants lacking Elg1, SUMOylated PCNA considerably accumulates on the chromatin [44,45].
Surprisingly, however, mutations in the SIM of Elg1 do not confer any obvious pheno-
type. Instead, mutating two threonines computationally predicted to be at the interface
between PCNA and Elg1 (TT386/7) results in an intermediate phenotype between that
of the WT and Elg1 deletion. A strain carrying both mutations at the SIM motif and in
threonines 386-387 completely resembles an ELG1 deletion regarding high recombination
rate, accumulation of SUMOylated PCNA, and DNA damage sensitivity [45]. These results
suggest that PCNA and Elg1 have two interaction points, one at or near TT386/7 and one
facilitated by interaction between SUMOylated PCNA and the SIM of Elg1 [45]. Another
protein that interacts with SUMOylated PCNA is Srs2 [46]. It is still unclear whether
these two proteins can simultaneously bind to PCNA or compete for the interaction [35].
Interestingly, the Elg1 and Srs2 proteins have seemingly contradictory functions: while Srs2
prevents unwanted recombination by displacing Rad51 filaments [47,48], Elg1 is essential
for the salvage pathway, an HR pathway that is negatively regulated by Srs2 [39]. However,
they must also have overlapping roles, as elg1∆ srs2∆ haploids are sick, and elg1∆/elg1∆
srs2∆/srs2∆ double mutant diploids are inviable [35].

Data from eSPAN experiments suggest a bias in the amount of PCNA at the replication
bubble, where more PCNA is present at the lagging strand [23]. Interestingly, DNA damage
induces a remarkable switch in this bias, which leads to more PCNA accumulation on the
leading strand than on the lagging strand. Two mechanisms could explain these results:
the first is preferential unloading of PCNA from the lagging strand by Elg1-RLC, and
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the second is preferential loading of PCNA onto the leading strand. It seems that both
putative mechanisms are partially responsible, as the bias shift is not observed in elg1∆
or ctf18∆ mutants [23,24]. Interestingly, these mechanisms are seemingly controlled by
the DNA Damage Response (DDR, also known as DNA damage checkpoint, see below),
as evidenced by the fact that deletion of either Mec1 or Rad53 (both major DNA damage
kinases) also suppresses the PCNA bias shift under DNA damage conditions [23].

Elg1 also has a yet poorly understood role in DNA damage checkpoint activation.
Elg1 becomes phosphorylated by Mec1 (ATR) in response to DNA damage at serine 112, an
SQ site recognized by this protein kinase [49,50]. Mutations in this residue do not exhibit
sensitivity to DNA damaging agents but show elongated telomeres (albeit not as elongated
as those of elg1∆ strains) [50]. The DRR can be roughly separated into two pathways,
the DNA damage checkpoint (DC) and the replication stress checkpoint (RC) [51]. The
DC is activated by the presence of ssDNA exposed after the DNA is damaged, and by
9-1-1, a PCNA like complex, Mec1 (ATR in human) and Rad9 [52]. The RC is activated in
response to fork stalling and is mediated by Mrc1 (Claspin in humans) and Mec1 as the
primary mediators [53]. A role for Elg1 in the activation of DNA damage was found using
yeast strains in which the DC branch or the RC branch of the DDR can be activated without
actual DNA damage. By recruiting either Ddc1 and Ddc2 (DC) or Mrc1 and Ddc2 (RC) to a
particular site in the genome, it is possible to elicit the appropriate checkpoint response in
the absence of actual DNA damage [54,55]. Deleting Elg1, or mutating its phosphorylation
site, prevents proper DC activation without affecting RC induction [56]. Similar results
were exhibited by mutants carrying the elg1-SIM+TT386/7DD allele, which expresses a
defective Elg1 protein at normal levels and produces an inactive RLC unable to unload
PCNA. Thus, the effect seen in elg1∆ strains is not due to the lack of Elg1 protein but the
lack of Elg1 activity. This arguably means that the unloading of PCNA from the lagging
strand by the Elg1-RLC is required to elicit the DDR, at least in this simplified system,
and this may be controlled by phosphorylation of the RLC’s large subunit. However, Elg1
activity or phosphorylation is not necessary for DSB repair, suggesting that the regulation
of Elg1 by phosphorylation may be restricted to particular circumstances.

2.3. Ctf18

Of the three RLCs, the role of Ctf18-RLC might be the most mysterious. In vitro
experiments showed that this RLC possesses both unloading and loading abilities [19,57].
The Ctf18-RLC contains, in addition to the large subunit with similarity to Rfc1 (Ctf18)
and the four small canonical RFC proteins, two additional subunits, Ctf8 and Dcc1 [58,59].
Mutations in CTF18 and CTF8 were found in genetic screens aimed at finding genes
necessary for the prevention of chromosome loss or precocious sister chromatid separation
(CTF stands for chromosome transition fidelity mutant) [60,61]. Mutants defective for the
function of these genes exhibit sensitivity to drugs that depolarize tubulin (e.g., nocodazole
and benomyl), exhibit high levels of HR [62], and share genetic interactions with genes
involved in DNA replication [63]. In addition, the mutants show a precocious separation of
sister chromatids, implying that Ctf18-RLC plays a role in sister chromatid cohesion (SCC)
(see below).

While there is still no clear function for Ctf8, Dcc1 has a conserved interaction with
DNA polymerase Epsilon, which is in charge of DNA synthesis at the leading replication
strand [64]. This interaction determines Ctf18-RLC localization [24,65,66]. Normally,
Ctf18-RLC can be located at the moving replication fork, playing a role in eliciting the
checkpoint response in the presence of DNA replication problems [67,68]. This localization
is dependent, at least partly, on the interaction of Dcc1 with Pol Epsilon [24,65]. Mutating
specific amino acids in both Pol2 (the catalytic subunit of Pol Epsilon) or residues in Dcc1
essential for the interaction with Pol Epsilon significantly reduce the localization of Ctf18-
RLC to the fork [24,65]. Surprisingly, however, disrupting this interaction does not cause
a precocious sister chromatid separation phenotype [24,65]. This result can mean one of
two things: either the decreased localization of Ctf18 at the fork is not severe enough to
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cause a sister chromatid separation phenotype, or the role of Ctf18 in sister chromatid
cohesion is not at the fork. This contradicts the current working model we have for the
role of Ctf18 in sister chromatid establishment in which Ctf18 loads PCNA on the leading
strand during replication (see the section on sister chromatid cohesion below). Ctf18
also slows down replication speed [69] and, like Elg1, affects telomere biology [34,70].
The telomeric phenotypes of mutants defective for the two RLCs are different: whereas
elg1∆ cells show elongated telomeres, ctf18∆ mutants have short telomeres. The biology
behind these phenotypes is still not clear and is currently being actively investigated.

Ctf18 also has a yet poorly understood role in the DNA Damage Response (DRR).
Like Mrc1, Ctf18 has a role in the RC but not in the DC [71–73]. Thus, again the Elg1-RLC
and the Ctf18-RLC seem to part ways, with the first acting in the DC and the second in
the RC branch of the DDR. When cells are treated with hydroxyurea (HU), a drug that
limits the production of dNTPs, thus causing fork stalling, late-firing origins of replication
are prevented from initiating replication by the activity of the Rad53 kinase, part of the
DRR [74]. However, the yeast strains carrying a mutation in Mrc1 or Ctf18 are defective in
the activation of Rad53 and exhibit late-origin firing after exposure to HU [75]. Further,
merely disrupting the interaction between Ctf18 and Pol Epsilon is sufficient to mimic the
phenotype of ctf18∆ cells in HU, where defects in Rad53 phosphorylation result in late
origin firing [71]. Therefore, apparently Ctf18-RLC carries a role in the RC that is similar to
that of Mrc1 and requires localization at the fork.

Interestingly, mrc1∆ and ctf18∆ mutants show normal Rad53 phosphorylation when
cells are exposed to methyl methane sulfonate (MMS), an alkylating agent [73,76]. The
different phenotypes of Mrc1 have been explained [76] by arguing that HU stalls the
replication fork without DNA damage, and thus short-range activation of Rad53 by Mrc1
is needed. On the other hand, instead of the one depending on Mrc1, the Rad9-mediated
branch is activated in MMS-induced damage. However, the exact role of the Ctf18-RLC
in the short-term activation of the DDR is still unknown. Further work is needed to
understand the role of Ctf18-RLC in the DDR.

Another striking role of Ctf18 is its phenotype in response to hyper-acetylation of
histones [77]. Histone deposition on newly synthesized DNA is a complicated mechanism
controlled and regulated by histone modification, mainly H3K56Ac in yeast cells [78,79].
This modification is cell-cycle-regulated, peaking at the S-phase and then removed in G2/M
by the histone deacetylases Hst3 and Hst4 [80]. The double deletion of HST3 and HST4
leads to hyper-acetylation of all the histones, resulting in genome instability. Furthermore,
the yeast cells become temperature-sensitive and dependent on the Dun1 checkpoint kinase
for life [81].

Interestingly, deleting any RLCs major subunits on the background of hst3∆ hst4∆
suppresses the TS phenotype of this strain [82]. However, only deletion of CTF18 suppresses
the lethality of dun1∆ in the hst3∆ hst4∆ background [77]. Dun1 is a protein kinase that
acts in the DDR after being activated by phosphorylation by the checkpoint kinase Rad53.
Although Dun1 activity is usually related to the regulation of dNTP levels in the cell [83],
the role of Dun1 in cells with hyper-acetylated histones is to counteract Rad53, which
represses the activity of late firing origins, preventing full replication. The toxic activity of
Ctf18 in cells with no Dun1 is not related to PCNA loading or unloading, but rather to its
slowing-down of the replication fork: when all histones are hyper-acetylated, cells cannot
distinguish between unreplicated DNA (before the moving fork, and thus usually wrapped
around not acetylated histones) and already replicated DNA (behind the fork, wrapped
around acetylated H3K56). Under these circumstances, Rad53 is induced, preventing firing
from late origins. Dun1 prevents this activity, and in its absence, yeast cells die. Deleting
CTF18, or preventing its attachment to Pol Epsilon, accelerates fork movement, allowing
replication of regions usually covered by late-firing origins [77].
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2.4. 9-1-1 and Rad24 (Rad17 in Humans)

Problems in the replication program can cause nicks, single-stranded gaps, or even
double-stranded breaks. The cells respond to these problems by activating the DDR (DNA
Damage Response) pathway. Two major, universally conserved regulatory protein kinases
ATM and ATR (Tel1 and Mec1 in yeast), are activated during the DDR and they, in turn,
facilitate, by phosphorylation, the activation of a cascade of additional protein kinases, such
as CHK1 and CHK2 (Chk1 and Rad53 in yeast [84]), which modulate many downstream
cellular pathways to cope with the DNA damage. One of the many important intermediates
in the global DNA Damage Response pathway is the 9-1-1 complex (Rad9-Hus1-Rad1 in
S. pombe and humans or Mec3-Rad17-Ddc1 in S. cerevisiae). The 9-1-1 is a PCNA-like
complex, and, like PCNA, this ring-shaped complex encloses DNA. While PCNA is loaded
by the RFC complex at 5′-3′ dsDNA-ssDNA junctions, the 9-1-1 complex is loaded by the
Rad24-RLC (Rad17 in mammals) RLC at 3′-5′ dsDNA–ssDNA junctions [85,86]. Evidence
shows that 9-1-1 loading is one of the first steps in DRR activation, together with Mec1 and
its regulatory subunit Ddc2 [40,85]. Just artificially recruiting Ddc1 (one of the sunburnt
in the 9-1-1) together with Ddc2 (the Mec1 partner) is enough to elicit the DRR [54] in the
absence of DNA damage.

The Rad24-RLC is in charge of loading the 9-1-1 ring at sites of DNA damage [86]. The
RAD24 gene is non-essential, but its inactivation causes sensitivity to DNA damage [87].
However, rad24∆ cells are not defective in DNA damage repair itself, but in the activation
of the DDR [88,89].

3. DNA Replication

In every cell cycle, the entire DNA of a cell is unraveled and replicated. In most
eukaryotic organisms, replication starts at many independent sites (origins of replication)
and travels bi-directionally, forming “replicative bubbles” that eventually merge with each
other. During DNA replication, DNA polymerases must copy vast quantities of DNA
in a very short period. This requires high processivity; the homotrimeric ring PCNA
encircles DNA and acts as a processivity factor during DNA replication. DNA is replicated
asymmetrically: the ‘leading strand’ is copied somewhat continuously by DNA polymerase
Epsilon (with a small role by polymerase Delta in initiation and termination [90,91]).
Polymerase Delta is the main polymerase for ‘lagging strand’ synthesis [92] in a process
involving the creation of many short DNA pieces (Okazaki fragments), which later become
ligated. Thus, theoretically speaking, a single molecule of the PCNA ring is present on the
leading strand of each replication ‘bubble’ but in many copies on the lagging strand. With
that being said, empirical evidence shows that the bias in the amount of PCNA between
strands is much weaker than expected [23], and recent studies suggest that this bias may
not exist at all [24]. In addition, its role in holding polymerases in place, PCNA also serves
as a moving platform during DNA replication, allowing DNA and chromatin-interacting
proteins to operate at the fork in a DNA sequence-independent fashion [24,93]. Thus, many
proteins that are important for cell viability, cell division, and genomic stability interact
with PCNA, including factors involved in DNA repair, DNA replication, and chromatin
remodeling activities. Many of these proteins contain PCNA-interacting peptides (PIPs) or
motifs through which they interact with PCNA [44,94,95].

For the replication fork to move, it is necessary to unwind the DNA double helix.
The task of unwinding DNA is accomplished by the CMG helicase, which is composed of
two complexes, the MCM (composed of Mcm2-7 proteins) and the GINS (Sld5, Psf1, Psf2,
and Psf3) [96], together with the Cdc45 protein. All of the proteins in the CMG are essential,
while their particular role in the replication is still relatively unknown. A possible role
for the GINS complex is connecting Pol Epsilon to the MCM helicase, as Psf1 physically
interacts with the Dpb2 and Pol2 subunits of the polymerase [97,98]. Notably, the Pol
Epsilon subunits seem to play a structural role in origin “firing” (initiating bidirectional
replication). This is backed by the fact that while deletion of Pol Epsilon is lethal, a mutation
in its catalytic region is not; moreover, cells carrying a truncated version of Pol Epsilon
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with only the region attaching it to the CMG are viable [99]. Therefore, while Pol Delta
can presumably replace Pol Epsilon during the replication, the role of Pol Epsilon in origin
firing is non-replaceable.

While there is plenty of evidence for the interaction of Pol Delta and PCNA [100,101],
There is hardly any evidence for the requirement of PCNA for Pol Epsilon activity in vivo.
For example, there is no evidence for physical interaction between PCNA and any of Pol
Epsilon subunits (Pol2, Dpb2-4) compared to numerous papers describing interactions
between Pol Delta subunits and PCNA [100,101]. In fact, Pol Epsilon can replicate DNA
(albeit with lower efficiency) without PCNA in vitro, contrary to Pol Delta, which shows
much-reduced activity and a complete lack of processivity [102,103]. Therefore, if Pol
Epsilon is tethered to the moving fork by a physical interaction with the CMG, what role
exactly does PCNA serve in the leading strand? New evidence suggests its roles are related
to other processes, such as chromatin formation and sister chromatid establishment (see
below), which are carried out concomitantly with DNA replication.

DNA can only be synthesized in the 5′ to 3′ direction, which means that each fork
is divided into a leading strand that is extended continuously in the same direction as
that of the CMG helicase progress and a lagging strand that is synthesized discontinu-
ously in a series of Okazaki fragments [104]. The replicative DNA polymerases can only
extend a pre-existing strand, and therefore there is a need for a short RNA template. The
Primase-Pol Alpha complex initiates replication, once on the leading strand, and for each
Okazaki fragment in the lagging strand [105]. Primase begins by synthesizing an 8–10 nt
RNA template which is then extended with around 10–15 nt of DNA by Pol Alpha [106].
Although Pol Alpha can create these RNA-DNA templates that initiate the replication, it is
not suited for replicating the rest of the DNA, as it lacks proofreading ability and has very
poor processivity [107]. Therefore, Pol Alpha is replaced by Pol Delta and Pol Epsilon to
accurately and processively copy the rest of the genome [107]. RFC is in charge of stopping
Pol Alpha synthesis activity, thus allowing the switch to the other polymerases. The ability
of RFC to stop Pol Alpha was shown in vitro and is independent of PCNA or the replicative
polymerases [108]. How does RFC know when to stop Pol Alpha in time? Switching Pol
Alpha too early would leave an RNA template that Pol Delta/Epsilon could not elongate.
Similarly, switching too late would lead to high mutagenesis due to the inaccurate activity
of Pol Alpha. At this stage, there is no information regarding the regulation of this switch.

While the role of PCNA in the replication of the leading strand is still not entirely clear,
in the lagging strand, PCNA serves as the processivity factor for Pol Delta and coordinates
the maturation of the Okazaki fragment into a continuous strand [109,110]. Okazaki
fragments need to be processed soon after their synthesis, which involves removing the
RNA primer and part of the DNA synthesized by Pol Alpha at the downstream Okazaki
fragment [111]. This occurs by Pol Delta displacing the newly synthesized RNA-DNA
strand, followed by the cutting by Rad27 (FEN1 in humans) of the flap created in the
process [112]. Then, the Okazaki fragments are ligated by the replicative ligase (Cdc9 in
yeast, LIG1 in humans), which also interact with PCNA [113]. After Okazaki fragment
ligation, PCNA is unloaded from the chromatin by the Elg1-RLC [114].

4. PCNA and the DNA Damage Tolerance Pathways

When DNA is damaged, PCNA turns into a signaling hub, undergoing several modi-
fications. There are at least four different DNA damage tolerance (DDT) pathways (also
known as post-replication repair or PRR) that allow bypass of lesions without their repair
and are controlled directly or indirectly by PCNA modification [1] (Figure 2). Two of these
lead to error-prone repair pathways, whereas two are error-free.
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Figure 2. The DDT pathways: Representation of the four DDT (DNA Damage Tolerance) pathways. Lesions in DNA may
lead to fork stalling. The damaged site can be bypassed in a mutagenic manner by recruiting an error-prone (EP) trans-lesion
synthesis (TLS) polymerase. This usually requires monoubiquitination of PCNA (by Rad6/Rad18, with a still ill-understood
role for Rad5), although the recruitment can be independent of PCNA modification under some circumstances. Alternatively,
an error-free (EF) repair pathway is controlled by PCNA polyubiquitination, allowing a homologous recombination event
using the sister chromatid that may include fork reversal. In the absence of PCNA SUMOylation, the Srs2 helicase is absent,
and an error-free, homologous recombination “salvage pathway” is activated.

The two error-prone repair pathways work as follows:
Regular DNA polymerases may stall in the presence of a lesion in the genome, bring-

ing DNA replication to a halt; reinitiation of DNA replication downstream may leave
a dangerous unreplicated gap behind. When these events happen, PCNA undergoes
monoubiquitination at lysine 164 and recruits special DNA polymerases to replicate dam-
aged DNA at the expense of accuracy [115]. This modification is carried out by the
ubiquitin-conjugating enzyme (E2) Rad6 and the ubiquitin ligase (E3) Rad18 [116,117]. The
translesion synthesis (TLS) DNA polymerases bypass the lesion to complete DNA replica-
tion at the cost of unwanted mutagenesis. PCNA monoubiquitination may serve to increase
the affinity of the TLS polymerases to PCNA [118]. However, there are situations in which
the error-prone polymerases are recruited without PCNA monoubiquitination [119]. It is
still unclear whether, in these cases, the TLS polymerase works with PCNA and bypasses
the need for its modification [120] or whether it works in a fashion that is entirely inde-
pendent of PCNA. The possible explanation for the existence of two separate mechanisms
of TLS polymerase recruitment can be spatial or temporal. For example, it could be that
one is dominant in a specific cell cycle stage while the other works at a different cell cycle
position (S-phase vs. G2, for example) or that during replication one of them acts when the
fork encounters a site of DNA damage and a second mechanism is only activated at gaps
left behind the fork.

In addition, PCNA also controls two separate error-free repair pathways:
DNA lesions can be bypassed by copying information from the newly replicated sister

chromatid in a mechanism called template switch (TS). This requires the additional modifi-
cation of the K164 monoubiquitinated PCNA with a K63-linked, non-degradative polyu-
biquitin chain, synthesized by the heterodimeric E2, Ubc13-Mms2, and the E3 Rad5 [121]
(Figure 2). The role played by the polyubiquitin chain and the details of this mechanism
are still unclear [122,123]. Currently, there are two models proposed for the mechanism of
the error-free DDT: One is a template switch, in which the synthesized strand invades the
recently created sister chromatid and copies the missing data from there. This mechanism
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may be either facilitated or regulated by polyubiquitinated PCNA. An alternative model is
that PCNA polyubiquitination facilitates a fork reversal, in which the fork gets ‘pushed
back’ by translocases until the newly synthesized lagging and leading strand are aligned,
allowing the continuous synthesis of the arrested strand using the other newly synthesized
strand as a template. Evidence for the fork reversal phenomenon comes mainly from
electron microscopy studies in humans and yeast cells [124,125]. Fork reversal has also
been shown in vitro, using relatively short DNA sequences [126–128]. Two members of the
Snf2 family recognize the polyubiquitination in mammalian cells: ZRANB3 and SMAR-
CAL1, which together with FANCM (Mph1 in yeast), and HLTF )Rad5 in yeast) reverse the
fork, allowing the bypass of the damaged site in an error-free manner )reviewed in [129]).
In yeast, on the other hand, there is very little evidence for such machinery. Whereas
many yeast proteins belong to the SNF2 family [130], no known protein in yeast recognizes
polyubiquitinated PCNA. Therefore, the precise molecular mechanism of the error-free
branch of the DDT is unknown.

Thus far, the DDT pathways appear to be positively regulated by PCNA modifica-
tion. A fourth pathway is negatively regulated by SUMOylation of lysines 164 and 127 of
PCNA [46]. SUMOylation of PCNA occurs typically during S-phase and after high doses
of DNA damage; it requires the SUMO-specific E2 Ubc9 and the SUMO ligase Siz1 [117].
PCNA SUMOylation helps recruit Srs2, an ATP-dependent, 3′ to 5′ DNA helicase that can
prevent recombination by disrupting Rad51 filaments [48,131]. Rad51, the eukaryotic or-
tholog of bacterial RecA [132], promotes the strand-exchange reaction during homologous
recombination, and allows the single strand end of one DNA molecule to invade and pair
with a homologous sequence [133]. In the absence of Srs2, whenever the fork stalls due to
damage to the DNA, the ssDNA is covered by Rad51 filament, and the damaged DNA is re-
paired by HR in an error-free repair pathway termed the “salvage recombination pathway”.
The name of this repair pathway stems from the fact that Srs2 deletion can suppress the
DNA damage sensitivity of strains such as rad6 and rad18 to a great extent [134–136]. As we
have seen, Elg1 is essential for the salvage pathway [39]. Despite the seemingly opposite
roles for Elg1 and Srs2, they must carry at least one common task, as in the absence of both
proteins, cells are sick and elg1∆/elg1∆ srs2∆/srs2∆ double mutant diploids are inviable [35].

5. Heterochromatin and Silencing

The DNA in all eukaryotic cells is tightly packed and has distinct three-dimensional
properties. Due to the large amount of DNA, which has to fit into a tiny nucleus, the DNA
has to undergo dramatic wrapping and condensation. Notably, the way a particular region
in the genome is packaged regulates gene expression and affects the organism’s pheno-
type [137,138]. At the first level of compaction, DNA is wrapped around a nucleosome,
an octamer complex consisting of a pair of each of the core histones H2A, H2B, H3, and
H4 [139]. Around 150 bp of DNA is twisted around the histone octamer, resulting in ~two
turns of the DNA double helix [140]. The histone linker H1 binds DNA at the entry and
exit site around the histone octamer [141]. The distribution of histones along the DNA is
not regular. In the heterochromatic region, the nucleosomes are tightly packed and hardly
allow the binding of proteins essential for transcription. Therefore, the expression of genes
in these areas is significantly reduced or silenced altogether. On the contrary, the euchro-
matic regions are lightly packed with nucleosomes and allow regular gene expression.
Gene expression is also affected by histone modifications. The nucleosome components
regulated by the plethora of post-translational modifications such as acetylation, methyla-
tion, ubiquitination, and phosphorylation has been reported. The histone modifications
affect the timing and level of gene expression, and this state can be transmitted through
generations by a phenomenon known as an epigenetic inheritance (reviewed in [142]).

In S. cerevisiae, the two primary histone post-translational modifications that control
the epigenetic state are the acetylation and methylation of histone H4 or H3 [143,144]. His-
tone acetyltransferases (HATs) acetylate histones and make the chromatin more accessible,
and histone deacetylases (HDACs) promote heterochromatin formation [145,146]. Acety-
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lation of a histone protein removes its positive charge, thereby decreasing its interaction
with other histones and the DNA itself, rending the chromatin in an ‘open’ state [147].
The Sir (silent information regulator) complex consists of Sir2, 3 and 4. Sir2, the catalytic
subunit of the complex, is an NAD+-dependent deacetylase that removes acetyl modi-
fications from histones H3 and H4 [148]. It forms a complex with Sir3 and Sir4, which
preferentially bind hypo-acetylated histones [149–151] and thus allow their spreading
along the chromatin [152]. While none of the proteins is essential for life, deleting any of
them significantly reduces silencing at heterochromatic sites, and deletion of Sir2 abolishes
silencing altogether [152]. While the Sir complex is the primary mechanism for heterochro-
matin formation, it needs to be recruited to specific sites. Various DNA silencer proteins,
such as Rap1, Abf1, and some origin-recognition complex (ORC) proteins, assist in the
recruitment of Sir complex to the designated sites [153]. Sir1 is a unique member of the Sir
family because it is only needed for the silencing at the mating-type locus and not at the
telomeres [154]. The Sir1 protein is reported to facilitate the binding of the Sir complex to
the ORC proteins [155]. However, Sir1 mutants show a very mild defect in the silencing of
heterochromatic regions [156].

DNA replication poses a severe threat to the transmission of epigenetic memory.
All the nucleosomes are dislocated from the chromatin during DNA replication, and his-
tones are randomly redistributed to the daughter strands behind the moving fork [157]. The
conservation of the epigenetic memory requires that modifications present at particular his-
tones before DNA replication should return to the same place in the two freshly replicated
sister chromatids. Significant progress has been made in recent years in understanding
the precise mechanism for the transmission of epigenetic memory. The coupling between
replication components and several histone chaperones such as Rtt106, CAF1, Asf1, and
FACT complex ensures faithful epigenetic memory transmission (reviewed in [158]).

Asf1 is a histone chaperone, which can bind to the newly synthesized H3-H4
dimers [159,160] and also has a role in histone disassembly during transcription [161].
When Asf1 is attached to a newly synthesized H3-H4, it interacts with Rtt109 (CPB in mam-
malian cells), a histone acetyltransferase, acetylating the newly synthesized H3 at lysine
56 [162]. Thus, H3K56 acetylation allows the distinction between old histones, transferred
from the front to the back of the replication fork, and the newly deposited ones. Asf1
has a physical interaction with Rfc1, which is important for the localization of Asf1 to the
fork [163]. It is still unclear if the RFC complex can bind PCNA and Asf1 simultaneously
and whether there is a separation of function between these two roles of RFC. Asf1 then
passes down the H3-H4 dimer to the chromatin remodelers CAF1, Rtt106, and FACT, which
are in charge of inserting them in the chromatin. CAF1 is a protein complex (comprised
of Cac1, Cac2, and Msi1) that acts as a histone chaperone and helps deposit H3-H4 to
form a nucleosome [164]. CAF1 localizes to the fork via interactions between Cac1 and
PCNA [165,166], thus coupling chromatin repacking with fork progression. CAF1 co-
coordinates the nucleosome assembly with Rtt106 and the FACT complex [167,168]. Rtt106
also has a physical interaction with Elg1-RLC [169]. As with the RFC-CAF1 interaction, it
is still unclear if the Elg1-RLC can bind both PCNA and Rtt106 or whether the role of Elg1
in unloading PCNA is essential for this interaction.

After nucleosomes are re-assembled in the wake of the moving fork, Sir2-4 re-establish
silencing at heterochromatic regions. Interestingly, PCNA, RFC, and Pol Epsilon play
essential roles in heterochromatin establishment [170], although entry into S-phase, but not
actual DNA replication, is required for the process [171,172].

Using the CRASH assay, it is possible to detect even transient loss events of epigenetic
silencing at the silent mating cassettes of yeast [173]. This assay revealed that deletion
of Elg1 leads to a high rate of transient loss of heterochromatin silencing [174]. This
phenotype could be attributed to the role of Elg1-RLC in PCNA cycling, which is essential,
in turn, for silencing [174]. Even though Elg1-RLC interacts with Rtt106 [169], the silencing
defect of elg1∆ mutants was independent of Rtt106 or ASF1 but could be suppressed by
overexpression of the CAF1 components [174]. The unloading of PCNA by the Elg1-RLC
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ensures that PCNA is present only at the fork, where it coordinates the activity of the
histone chaperones. The increased levels of PCNA on the chromatin in elg1∆ mutants may
titrate CAF1 components away from the actual replication sites, resulting in silencing loss.

6. Sister Chromatid Cohesion

The eukaryotic cells have evolved intricate mechanisms to organize the additional copy
of the genome synthesized during the S-phase. Sister chromatid cohesion (SCC) is one such
phenomenon where the newly replicated sister chromatids are held together by the cohesin
complex until anaphase, when they eventually segregate to the opposite poles [175,176].
The physical connection between sister chromatids antagonizes the force exerted on them by
the spindle-microtubule apparatus [177–179]. SCC is central to both the mitotic and meiotic
cell divisions. Cohesin consists of four conserved proteins named Smc1, Smc3, Scc1/Mcd1
(hereafter Mcd1), and Scc3/Irr1 (hereafter Scc3) in yeast [175,180]. Smc1 and Smc3 are long
(~50 nm) rod-shaped proteins, carrying two distinct terminal domains known as ATPase
Head and Hinge domains, which are connected to each other through an intra-molecular
coiled-coil structure [181,182]. The Kleisin subunit Mcd1 attaches to the Smc3 head domain
via its N-terminus, whereas it interacts with Smc1 through its C-terminus [182–184]. ATP
binding/hydrolysis by Smc3 and Smc1 is essential for the chromosome association of the
Smc1/3 heterodimer and binding of Mcd1 to cohesin [185,186]. Scc3 binds to the Mcd1
C-terminus and is essential for cohesin integrity by a yet unclear mechanism [182]. Cohesin
can adopt many different configurations, including rings, rods and butterflies [180,182].
In addition to the core subunits, several other accessory subunits such as Pds5, Scc2, Scc4,
Eco1, and Wpl1 are essential for proper regulation and maintenance of cohesion [175].
Pds5 has positive and negative roles: on one hand, it is essential for cohesion maintenance
and for promoting Eco1-dependent Smc3 acetylation [170,187,188]. However, it also forms
a complex with cohesin release factor Wpl1 to destabilize cohesin and exclude it from
chromatin [189].

Various models have been suggested for the mechanism by which the two sister
chromatids are held together (reviewed by [190]). In principle, a cohesin complex could
form a large ring, which could embrace the two sister chromatids within the central cavity.
The diameter of a cohesin ring would be around ~40 nm, which is sufficient to encircle
two chromatinized DNA strands and possibly large enough to allow replication machin-
ery to pass through the ring [182,185]. In addition to the ring model, many alternative
models for SCC (such as the hand-cuff model, bracelet, or butterfly models) have been
proposed [191,192]. Recently, the inter-allelic complementation between defective Scc1 and
Smc3 alleles has provided evidence that multiple cohesin subunits can interact with each
other on the chromatin [193,194]. Indeed, many biochemical studies have confirmed that
cohesin can form clusters or dimers in vivo [195,196]. The exact mechanism of action is still
debated (reviewed by [190]). Cohesin holds the sister chromatids together until anaphase,
when the Mcd1 subunit is cleaved by the Esp1 separase [197,198].

Coupling of SCC Establishment with DNA Replication and the Role of RLCs

The cohesin loader complex Scc2/Scc4 loads the cohesin ring on chromatin in the
G1 phase and during DNA replication [184,199]. Although cohesin can be independently
loaded onto chromatin, its ability to become cohesive largely depends on DNA replica-
tion [200]. For instance, GAL1- induced expression of Mcd1 in the G2/M phase results in
the loading of cohesin complex to chromatin; however, such cohesin cannot perform sister
chromatid cohesion [201].

Eco1 is an essential protein that functions during S-phase and is vital for establishing
sister chromatid cohesion. Eco1 acts as an acetyl-transferase that can acetylate itself and
other cohesin components [202,203]. It acetylates conserved lysine residues (K112 and
K113 in yeast, K105 and K106 in humans) on Smc3, a modification that allows stable
cohesion by counteracting the Wpl1-dependent cohesin destabilization [204,205]. The smc3-
KK112,113RR yeast strain is inviable and shows cohesion defects similar to eco1-ts alleles,
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where the cohesin is adequately loaded but fails to establish cohesion. Mutation to acetyl
mimic residues (smc3-K112Q, K113Q) rescues the cohesion defects and inviability of the eco1-
ts strain, suggesting that Smc3 is the key acetylation target of Eco1 [206,207]. Interestingly,
the deletion of Wpl1 or mutations in Pds5 or Scc3 can suppress the cohesion defects
associated with the temperature-sensitive (ts) allele of eco1 [208] or the smc3-KK112,113RR
allele [209]. Eco1 directly binds PCNA through its conserved PIP motif and relies on PCNA
for its chromatin localization to allow replication-coupled cohesion establishment [210].
As expected, the acetylation of Smc3 is cell-cycle-regulated and peaks during S-phase [206].
The mammalian homologs of Eco1, Esco1, and Esco2, are also essential for SCC and
rely on PCNA and the replication machinery for their recruitment to chromatin [203,211].
However, several lines of evidence suggest that Eco1 is not the sole requirement for
generating cohesion, and Eco1-independent pathways for cohesion establishment likely
exist [208,212,213].

The Ctf18-RLC plays an important role in the establishment of SCC, as the deletion
of either Ctf18, Dcc1, or Ctf8 results in strong sister chromatid cohesion defects [58,59,61].
Since Ctf18, like Eco1, is present at the replisome and moves along with the replication
fork [200], it may be involved directly in the loading or stabilization of cohesin. It has been
suggested that the function of Ctf18-RLC in SCC is through its PCNA loading activity [24].
Ctf18-RLC loaded PCNA may serve as a landing platform for Eco1 to promote Smc3
acetylation and cohesion establishment. However, direct evidence showing the reduced
chromatin recruitment of Eco1 in ctf18∆ mutants is still missing. Moreover, a recent study
has reported that the interaction of Ctf18-RLC with Pol Epsilon is dispensable for its SCC
function [24]. Various genetic screens in yeast focused on identifying synthetic genetic inter-
actors of Ctf18 or Ctf8 revealed several bona fide replication factors vital for SCC. Among
these factors, Ctf4, Csm3, Tof1, Mrc1, Chl1, and several additional replication components
are required for efficient sister chromatid cohesion [214–216]. A careful genetic dissection of
these factors resulted in the identification of two parallel cohesion establishment pathways.
The Ctf18-RLC components and Mrc1 comprise one pathway, whereas the Csm3, Tof1,
Chl1, and Ctf4 belong to the second pathway [217]. Whereas all the proteins are present at
the replisome, Csm3 and Tof1 form a sub-complex (sometimes called the Replication Fork
Protection complex) that stabilizes arrested replication forks [218,219]. Chl1, the yeast or-
tholog of the Fanconi Anemia gene FancJ, is a helicase of mysterious function [220,221], and
Ctf4 is a component of the replisome that connects with Pol Alpha [222,223]. Mutations in
each of these factors affect SCC. The current working hypothesis is that whereas Ctf18-RLC
and Mrc1 affect the loading of new cohesin complexes rings at the replication fork in an
Scc2/4- dependent manner [224,225], the second pathway may help convert the G1-loaded
cohesin complexes to their cohesive configuration, either by facilitating the replication
fork to pass through the cohesin ring or temporarily unloading and reloading cohesin
behind the replication fork [224] (Figure 3). Interestingly, the Xenopus homologs of Ctf4
and Csm3-Tof1 also promote the establishment of sister chromatid cohesion, suggesting
that these redundant genetic pathways are conserved [226].

The Elg1-RLC unloads PCNA from the lagging DNA strand during DNA replication.
ELG1 genetically interacts with several cohesin components, thus also playing a role in
sister chromatid cohesion [3]. However, the molecular details of how Elg1 and PCNA
regulate sister chromatid cohesion are not clear. The elg1∆ ctf4∆ double mutant is inviable,
and overexpression of Mcd1 or the cohesin loader Scc2 rescues the synthetic lethality [227],
suggesting that the inviability is due to lack of proper SCC. Further analysis showed that
elg1∆ mutants exhibit mild SCC defects, by affecting the Ctf18-mediated pathway [227].
Thus, a ctf4∆ elg1∆ double mutant is defective for the two cohesion pathways described
above. Surprisingly, however, deletion of ELG1 can rescue the temperature sensitivity
and sister chromatid cohesion defects of Pds5 and Eco1 temperature-sensitive strains.
Consistently, Elg1 deletion exacerbates the phenotype of mcd1-ts or smc3-ts alleles [228,229].
Therefore, it appears that Elg1-RLC promotes sister chromatid cohesion; however, further
studies are needed to understand its complex genetic interactions [230]. A recent study



Genes 2021, 12, 1812 14 of 23

claims that Elg1 deletion suppresses the sister chromatid cohesion defect of ctf18∆, because
presumably the defect in these cells is due to lower PCNA levels (and thus presumably
lower Eco1 activity), and deletion of the PCNA unloader ELG1 can restore enough PCNA
to ensure proper SCC [24]. This is in contradiction to previous results that failed to see a
suppression of ctf18 by deleting ELG1. Instead, the SCC defects observed in the double
mutant were similar to those of the most defective mutant, ctf18∆, implying that the two
RLCs work in a single pathway [227]. Further studies are required to better understand the
relationship between these RLCs and their roles in SCC.

Figure 3. Two replication-coupled cohesion establishment pathways. (A) Cohesin conversion pathway: The cohesin rings
already loaded onto the chromatin in late G1 phase are converted into a cohesive form in two possible ways. In the first
scenario, the cohesin rings are temporarily detached from the chromatin and shifted behind the replication fork, resulting
in SCC. The second scenario involves the replication fork passage through the cohesin ring. The factors essential for the
cohesin conversion pathway are mentioned below the illustration. (B) De novo cohesin loading: The second pathway
involves the loading of new cohesin rings onto the replicated sister chromatids in an Scc2/Scc4-dependent pathway. The
Ctf18-RLC loads PCNA on the leading strand, which promotes Eco1 activity to allow cohesion establishment. The Elg1-RLC
appears to be part of a cohesin loading pathway. However, further studies are required to understand its function in SCC.

7. Summary

By playing a central role in DNA replication and repair, the PCNA clamp and its
loaders/unloaders affect almost any aspect of nuclear function. We summarized current
knowledge about the role of these proteins in DNA replication, DNA repair, DNA Damage
Response, chromatin configuration, and sister chromatid cohesion. Much is still left to be
discovered. Given the conservation of all the systems described throughout eukaryotic
evolution, the knowledge gained in yeast is likely to be valid for other organisms, including
humans.

Author Contributions: Conceptualization, literature curation and paper writing: M.A., K.C., O.T.
and M.K. All authors have read and agreed to the published version of the manuscript.

Funding: We thank all members of the Kupiec group for discussions and support. Research in the
Kupiec lab is supported by the Israel Science Foundation, the Minerva Center for in-lab evolution
and the Israel Cancer Research Fund.

Institutional Review Board Statement: Not applicable.



Genes 2021, 12, 1812 15 of 23

Informed Consent Statement: Not applicable.

Data Availability Statement: No new data were created or analyzed in this study. Data sharing is
not applicable to this article.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Arbel, M.; Liefshitz, B.; Kupiec, M. DNA damage bypass pathways and their effect on mutagenesis in yeast. FEMS Microbiol. Rev.

2020, 45, fuaa038. [CrossRef]
2. Boiteux, S.; Jinks-Robertson, S. DNA repair mechanisms and the bypass of DNA damage in Saccharomyces cerevisiae. Genetics

2013, 193, 1025–1064. [CrossRef] [PubMed]
3. Kupiec, M. Alternative clamp loaders/unloaders. FEMS Yeast Res. 2016, 16, fow084. [CrossRef] [PubMed]
4. Lee, K.Y.; Park, S.H. Eukaryotic clamp loaders and unloaders in the maintenance of genome stability. Exp. Mol. Med. 2020, 52,

1948–1958. [CrossRef] [PubMed]
5. Ohashi, E.; Tsurimoto, T. Functions of multiple clamp and clamp-loader complexes in eukaryotic DNA replication. Adv. Exp. Med.

Biol. 2017, 1042, 135–162.
6. Shiomi, Y.; Nishitani, H. Control of genome integrity by RFC complexes; conductors of PCNA loading onto and unloading from

chromatin during DNA replication. Genes 2017, 8, 52. [CrossRef] [PubMed]
7. Majka, J.; Burgers, P.M.J. The PCNA-RFC Families of DNA Clamps and Clamp Loaders. Prog. Nucleic Acid Res. Mol. Biol. 2004, 78,

227–260.
8. Sakato, M.; Zhou, Y.; Hingorani, M.M. ATP binding and hydrolysis-driven rate-determining events in the RFC-catalyzed PCNA

clamp loading reaction. J. Mol. Biol. 2012, 416, 176–191. [CrossRef] [PubMed]
9. Dionne, I.; Brown, N.J.; Woodgate, R.; Bell, S.D. On the mechanism of loading the PCNA sliding clamp by RFC. Mol. Microbiol.

2008, 68, 216–222. [CrossRef]
10. Cullmann, G.; Fien, K.; Kobayashi, R.; Stillman, B. Characterization of the five replication factor C genes of Saccharomyces

cerevisiae. Mol. Cell. Biol. 1995, 15, 4661–4671. [CrossRef] [PubMed]
11. Mossi, R.; Hübscher, U. Clamping down on clamps and clamp loaders—The eukaryotic replication factor C. Eur. J. Biochem. 1998,

254, 209–216.
12. Bunz, F.; Kobayashi, R.; Stillman, B. cDNAs encoding the large subunit of human replication factor C. Proc. Natl. Acad. Sci. USA

1993, 90, 11014–11018. [CrossRef] [PubMed]
13. Uhlmann, F.; Cai, J.; Flores-Rozas, H.; Dean, F.B.; Finkelstein, J.; O’Donnell, M.; Hurwitz, J. In vitro reconstitution of human

replication factor C from its five subunits. Proc. Natl. Acad. Sci. USA 1996, 93, 6521–6526. [CrossRef] [PubMed]
14. Bowman, G.D.; O’Donnell, M.; Kuriyan, J. Structural analysis of a eukaryotic sliding DNA clamp-clamp loader complex. Nature

2004, 429, 724–730. [CrossRef]
15. Gomes, X.V.; Gary, S.L.; Burgers, P.M.J. Overproduction in Escherichia coli and characterization of yeast replication factor C lacking

the ligase homology domain. J. Biol. Chem. 2000, 275, 14541–14549. [CrossRef]
16. Yao, N.Y.; O’Donnell, M. The RFC clamp loader: Structure and Function. Subcell. Biochem. 2012, 62, 259–279. [CrossRef]
17. Gaubitz, C.; Liu, X.; Magrino, J.; Stone, N.P.; Landeck, J.; Hedglin, M.; Kelch, B.A. Structure of the human clamp loader reveals an

autoinhibited conformation of a substrate-bound AAA+ switch. Proc. Natl. Acad. Sci. USA 2020, 117, 23571–23580. [CrossRef]
[PubMed]

18. Kelch, B.A. Review: The lord of the rings: Structure and mechanism of the sliding clamp loader. Biopolymers 2016, 105, 532–546.
[CrossRef] [PubMed]

19. Kang, M.S.; Ryu, E.; Lee, S.W.; Park, J.; Ha, N.Y.; Ra, J.S.; Kim, Y.J.; Kim, J.; Abdel-Rahman, M.; Park, S.H.; et al. Regulation of
PCNA cycling on replicating DNA by RFC and RFC-like complexes. Nat. Commun. 2019, 10, 1–16. [CrossRef]

20. Hedglin, M.; Aitha, M.; Benkovic, S.J. Monitoring the Retention of Human Proliferating Cell Nuclear Antigen at Primer/Template
Junctions by Proteins That Bind Single-Stranded DNA. Biochemistry 2017, 56, 3415–3421. [CrossRef] [PubMed]

21. Hedglin, M.; Perumal, S.K.; Hu, Z.; Benkovic, S. Stepwise assembly of the human replicative polymerase holoenzyme. Elife 2013,
2, e00278. [CrossRef] [PubMed]

22. Ben-Aroya, S.; Koren, A.; Liefshitz, B.; Steinlauf, R.; Kupiec, M. ELG1, a yeast gene required for genome stability, forms a complex
related to replication factor C. Proc. Natl. Acad. Sci. USA 2003, 100, 9906–9911. [CrossRef] [PubMed]

23. Yu, C.; Gan, H.; Han, J.; Zhou, Z.X.; Jia, S.; Chabes, A.; Farrugia, G.; Ordog, T.; Zhang, Z. Strand-Specific Analysis Shows
Protein Binding at Replication Forks and PCNA Unloading from Lagging Strands when Forks Stall. Mol. Cell 2014, 56, 551–563.
[CrossRef] [PubMed]

24. Liu, H.W.; Bouchoux, C.; Panarotto, M.; Kakui, Y.; Patel, H.; Uhlmann, F. Division of Labor between PCNA Loaders in DNA
Replication and Sister Chromatid Cohesion Establishment. Mol. Cell 2020, 78, 725–738.e4. [CrossRef] [PubMed]

25. Lee, B.-G.; Roig, M.B.; Jansma, M.; Petela, N.; Metson, J.; Nasmyth, K.; Löwe, J.; Johnson, C.; Gali, V.K.V.K.; Takahashi, T.S.;
et al. ELG1, a yeast gene required for genome stability, forms a complex related to replication factor C. Mol. Cell 2016, 10, 2420.
[CrossRef]

http://doi.org/10.1093/femsre/fuaa038
http://doi.org/10.1534/genetics.112.145219
http://www.ncbi.nlm.nih.gov/pubmed/23547164
http://doi.org/10.1093/femsyr/fow084
http://www.ncbi.nlm.nih.gov/pubmed/27664980
http://doi.org/10.1038/s12276-020-00533-3
http://www.ncbi.nlm.nih.gov/pubmed/33339954
http://doi.org/10.3390/genes8020052
http://www.ncbi.nlm.nih.gov/pubmed/28134787
http://doi.org/10.1016/j.jmb.2011.12.018
http://www.ncbi.nlm.nih.gov/pubmed/22197378
http://doi.org/10.1111/j.1365-2958.2008.06150.x
http://doi.org/10.1128/MCB.15.9.4661
http://www.ncbi.nlm.nih.gov/pubmed/7651383
http://doi.org/10.1073/pnas.90.23.11014
http://www.ncbi.nlm.nih.gov/pubmed/8248204
http://doi.org/10.1073/pnas.93.13.6521
http://www.ncbi.nlm.nih.gov/pubmed/8692848
http://doi.org/10.1038/nature02585
http://doi.org/10.1074/jbc.275.19.14541
http://doi.org/10.1007/978-94-007-4572-8_14
http://doi.org/10.1073/pnas.2007437117
http://www.ncbi.nlm.nih.gov/pubmed/32907938
http://doi.org/10.1002/bip.22827
http://www.ncbi.nlm.nih.gov/pubmed/26918303
http://doi.org/10.1038/s41467-019-10376-w
http://doi.org/10.1021/acs.biochem.7b00386
http://www.ncbi.nlm.nih.gov/pubmed/28590137
http://doi.org/10.7554/eLife.00278
http://www.ncbi.nlm.nih.gov/pubmed/23577232
http://doi.org/10.1073/pnas.1633757100
http://www.ncbi.nlm.nih.gov/pubmed/12909721
http://doi.org/10.1016/j.molcel.2014.09.017
http://www.ncbi.nlm.nih.gov/pubmed/25449133
http://doi.org/10.1016/j.molcel.2020.03.017
http://www.ncbi.nlm.nih.gov/pubmed/32277910
http://doi.org/10.1038/s41467-019-10376-w


Genes 2021, 12, 1812 16 of 23

26. Johnson, C.; Gali, V.K.; Takahashi, T.S.; Kubota, T. PCNA Retention on DNA into G2/M Phase Causes Genome Instability in Cells
Lacking Elg1. Cell Rep. 2016, 16, 684–695. [CrossRef]

27. Kubota, T.; Nishimura, K.; Kanemaki, M.T.; Donaldson, A.D. The Elg1 Replication Factor C-like Complex Functions in PCNA
Unloading during DNA Replication. Mol. Cell 2013, 50, 273–280. [CrossRef]

28. Scholes, D.T.; Banerjee, M.; Bowen, B.; Curcio, M.J. Multiple regulators of Ty1 transposition in Saccharomyces cerevisiae have
conserved roles in genome maintenance. Genetics 2001, 159, 1449–1465. [CrossRef]

29. Bellaoui, M.; Chang, M.; Ou, J.; Xu, H.; Boone, C.; Brown, G.W. Elg1 forms an alternative RFC complex important for DNA
replication and genome integrity. EMBO J. 2003, 22, 4304–4313. [CrossRef] [PubMed]

30. Huang, M.-E.; Riot, A.-G.; Nicolas, A.; Kolodner, R.D. A genomewide screen in Saccharomyces cerevisiae for genes that suppress
the accumulation of mutations. Proc. Natl. Acad. Sci. USA 2003, 100, 11529–11534. [CrossRef]

31. Smith, S.; Hwang, J.-Y.; Banerjee, S.; Majeed, A.; Gupta, A.; Myung, K. Mutator genes for suppression of gross chromosomal
rearrangements identified by a genome wide screening in Saccharomyces cerevisiae. Proc. Natl. Acad. Sci. USA 2004, 101,
9039–9044. [CrossRef]

32. Smolikov, S.; Mazor, Y.; Krauskopf, A. ELG1, a regulator of genome stability, has a role in telomere length regulation and in
silencing. Proc. Natl. Acad. Sci. USA 2004, 101, 1656–1661. [CrossRef]

33. Ogiwara, H.; Ui, A.; Enomoto, T.; Seki, M. Role of Elg1 protein in double strand break repair. Nucleic Acids Res. 2007, 35, 353–362.
[CrossRef]

34. Askree, S.H.; Yehuda, T.; Smolikov, S.; Gurevich, R.; Hawk, J.; Coker, C.; Krauskopf, A.; Kupiec, M.; McEachern, M.J. A genome-
wide screen for Saccharomyces cerevisiae deletion mutants that affect telomere length. Proc. Natl. Acad. Sci. USA 2004, 101,
8658–8663. [CrossRef] [PubMed]

35. Gazy, I.; Liefshitz, B.; Bronstein, A.; Parnas, O.; Atias, N.; Sharan, R.; Kupiec, M. A genetic screen for high copy number
suppressors of the synthetic lethality between elg1∆ and srs2∆ in yeast. G3 Genes Genomes Genet. 2013, 3, 917–926. [CrossRef]

36. Gazy, I.; Liefshitz, B.; Parnas, O.; Kupiec, M. Elg1, a central player in genome stability. Mutat. Res. Rev. Mutat. Res. 2015, 763,
267–279. [CrossRef]

37. Davidson, M.B.; Brown, G.W. The N- and C-termini of Elg1 contribute to the maintenance of genome stability. DNA Repair.
(Amst). 2008, 7, 1221–1232. [CrossRef] [PubMed]

38. Alvaro, D.; Lisby, M.; Rothstein, R. Genome-wide analysis of Rad52 foci reveals diverse mechanisms impacting recombination.
PLoS Genet. 2007, 3, e228. [CrossRef] [PubMed]

39. Arbel, M.; Bronstein, A.; Sau, S.; Liefshitz, B.; Kupiec, M. Access to pcna by srs2 and elg1 controls the choice between alternative
repair pathways in saccharomyces cerevisiae. MBio 2020, 11, e00705-20. [CrossRef]

40. Bylund, G.O.; Majka, J.; Burgers, P.M.J. Overproduction and Purification of RFC-Related Clamp Loaders and PCNA-Related
Clamps from Saccharomyces cerevisiae. In Methods in Enzymology; Elsevier: Amsterdam, The Netherlands, 2006; Volume 409.

41. Ho, B.; Baryshnikova, A.; Brown, G.W. Unification of Protein Abundance Datasets Yields a Quantitative Saccharomyces cerevisiae
Proteome. Cell Syst. 2018, 6. [CrossRef]

42. Kang, S.; Warner, M.D.; Bell, S.P. Multiple Functions for Mcm2-7 ATPase Motifs during Replication Initiation. Mol. Cell 2018, 6,
192–205.e3. [CrossRef]

43. Kubota, T.; Myung, K.; Donaldson, A.D. Is PCNA unloading the central function of the Elg1/ ATAD5 replication factor C-like
complex? Cell Cycle 2014, 55, 655–665. [CrossRef] [PubMed]

44. Parnas, O.; Zipin-Roitman, A.; Pfander, B.; Liefshitz, B.; Mazor, Y.; Ben-Aroya, S.; Jentsch, S.; Kupiec, M. Elg1, an alternative
subunit of the RFC clamp loader, preferentially interacts with SUMOylated PCNA. EMBO J. 2010, 29, 2611–2622. [CrossRef]
[PubMed]

45. Shemesh, K.; Sebesta, M.; Pacesa, M.; Sau, S.; Bronstein, A.; Parnas, O.; Liefshitz, B.; Venclovas, Č.; Krejci, L.; Kupiec, M.
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