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Abstract

Proper regulation of DNA replication ensures the faithful transmission of genetic material essential
for optimal cellular and organismal physiology. Central to this regulation is the activity of a set of
enzymes that induce or reverse posttranslational modifications of various proteins critical for the
initiation, progression, and termination of DNA replication. This is particularly important when
DNA replication proceeds in cancer cells with elevated rates of genomic instability and increased
proliferative capacities. Here, we describe how DNA replication in mammalian cells is regulated
via the activity of the ubiquitin-proteasome system as well as the consequence of derailed
ubiquitylation signaling involved in this important cellular activity.
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19.1 Introduction

Eukaryotic DNA replication is a highly regulated process that ensures the faithful
transmission of genetic material to daughter cells (Machida et al. 2005). The process is
coupled both with cell cycle progression and with the ability of cells to cope with various
intrinsic and extrinsic insults that constantly threaten the integrity of the genome. Various
repair mechanisms have evolved to cope with these insults, permitting the repair of various
lesions prior to the completion of DNA replication (Hustedt and Durocher 2016; Ganai and
Johansson 2016; Berti and Vindigni 2016). Critical to this regulation is the ability of cells to
sense environmental perturbations, to enforce appropriate checkpoints, and to activate a
number of cellular processes conductive of DNA repair prior to the initiation or resumption
of DNA replication. Posttranslational modifications of certain proteins play fundamental role
in the timely execution of most, if not all, of these cellular activities.
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Similar to many physiological processes in the cell, proper regulation of DNA replication is
governed through the balanced production and termination of key cellular proteins
controlling the various steps involved. DNA replication depends on key enzymatic activities
that are controlled through the action of cellular proteins and cofactors that are actively
synthesized, modified, or destroyed to achieve optimal activity. ATP-dependent protein
polyubiquitylation plays an important role in almost all physiological processes and in many
diseases including cancer owing to its role in the global regulation of protein turnover
(Schwartz and Ciechanover 2009; Hershko 2005; Amir et al. 2001; Glickman and
Ciechanover 2002; Kornitzer and Ciechanover 2000; Ciechanover and Schwartz 2002). The
highly coordinated and reversible process ensures timely downregulation of proteins via the
activity of the 26S proteasome, where the polyubiquitylated proteins, roughly 80% of all
intracellular proteins, are digested into small peptides, and ubiquitin molecules are recycled
(Skaar et al. 2014).

Proteasomal degradation through the ubiquitin-proteasome system (UPS) is triggered
following the covalent attachment of multiple ubiquitin molecules linked together through
lysine 48 (Lys-48) to substrate proteins (Teixeira and Reed 2013; Groll and Huber 2003).
Other forms of polyubiquitylation (e.g., linkage through Lys-63 of ubiquitin) do not result in
proteasomal degradation but regulate other functions, such as protein trafficking, protein-
protein interaction, and kinase activation (Yang et al. 2010; Behrends and Harper 2011).
Polyubiquitylation is comprised of three distinct and consecutive enzymatic steps (Fig.
19.1): ubiquitin activation by an E1 ubiquitin-activating enzyme, the transfer of the activated
ubiquitin to an E2 ubiquitin-conjugating enzyme (UBC), and the transfer of ubiquitin to the
substrate through the activity of an E3 ubiquitin ligase (Kornitzer and Ciechanover 2000;
Groll and Huber 2003; Glickman and Ciechanover 2002). This latter activity by E3 ubiquitin
ligases is particularly important as it confers specificity for the substrate to be targeted for
ubiquitylation (Fig. 19.1).

While polyubiquitylation is an efficient mechanism by which cellular proteins are eliminated
or madified, the process is reversible, and the removal of ubiquitin chains from substrate
proteins is carried by a class of highly specific cysteine proteases, collectively termed
“deubiquitinases” or “DUBs” (Fig. 19.1). DUBs hydrolyze the isopeptide bonds between the
e-amino group of lysine side chains of the target substrate and the C-terminal group of
ubiquitin or the peptide bond between the a.-amino group of the target protein and the C-
terminal of ubiquitin (Wilkinson 1997). DUBs play a pivotal role as regulators of the
turnover rate, activation, recycling, and localization of many proteins and thus are essential
for regulating several signaling pathways and for cellular homeostasis (Komander et al.
2009; Reyes-Turcu et al. 2009). The role of the UPS in controlling DNA replication
following replication stress and in response to DNA damage is described in excellent recent
reviews (Garcia-Rodriguez et al. 2016; Renaudin et al. 2016; Sommers et al. 2015). In this
chapter, we focus on protein ubiquitylation leading to proteasomal degradation or
modification of function of key proteins to control DNA replication, with an emphasis on
key E3 ubiquitin ligases and DUBs.
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19.2 Structure and Function of Cullin-RING Ubiquitin Ligases Controlling
DNA Replication

The Cullin-RING (Really mhteresting Aew Gene) E3 ubiquitin Ligases (CRLS) represent the
largest family of E3 ligases and are responsible for the ubiquitylation of approximately 20%
of total cellular proteins degraded through the proteasome (Soucy et al. 2009). The other
major E3 ligases belong to the HECT (Homologous to the £6-AP Carboxyl 7erminus)
domain containing E3 ubiquitin ligases (Li et al. 2008; Deshaies and Joazeiro 2009; Skaar et
al. 2014). CRLs play significant roles in various processes including cell cycle regulation,
cell proliferation, and tumorigenesis (Petroski and Deshaies 2005; Hotton and Callis 2008;
Bosu and Kipreos 2008). Family members include eight cullin proteins (cullins 1, 2, 3, 4A,
4B, 5, 7, and 9 (also known as PARC or p53-associated parkin-like cytoplasmic protein))
and a cullin-like protein ANAPC2 or APC2. The general description of the structure and
function of CRLs has been described in several excellent reviews (Chen et al. 2015; Lydeard
et al. 2013; Sarikas et al. 2011; Duda et al. 2011; Hua and Vierstra 2011; Lipkowitz and
Weissman 2011; Deshaies and Joazeiro 2009; Hotton and Callis 2008). The SCF (SKP1-
Cullin1-F-Box protein; also known as CRL1, Fig. 19.2) is one of the well-characterized
members of CRL ligases best known for its role in the regulation of cell cycle progression,
cellular proliferation, apoptosis, and differentiation (Nakayama and Nakayama 2005;
Welcker and Clurman 2008; Maser et al. 2007; Huang et al. 2010; Lee and Diehl 2014;
Duan et al. 2012). SCF recognizes and promotes the ubiquitylation and degradation of its
substrates through association with one of many substrate receptors (69 in mammalian
cells), collectively known as F-box proteins, constituting a large family of distinct SCF
ligases with varying specificity (Heo et al. 2016; Kipreos and Pagano 2000; Cardozo and
Pagano 2004; Skaar et al. 2013; Wang et al. 2014). These substrate receptors utilize their F-
box motifs to associate with the SKP1 (S-phase kinase-associated protein 1) bridge subunit
(Wang et al. 2014). The SKP1 subunit of the SCF ligase bridges the F-box proteins (along
with their cognate substrates) to the N-terminal domain of the cullin 1 subunit. The C-
terminal domain of cullin 1 interacts with a small RING domain protein (RBX1 or RBX2),
which is essential for the recruitment of E2 UBCs necessary for the polyubiquitylation of
substrates distend for proteolytic degradation (Fig. 19.2).

Three subfamilies (FBXW, FBXL, and FBXO) characterize the F-box proteins, depending
on whether they contain WD40 repeats (FBXW or FBW series), leucine-rich repeats (FBXL
or FBL series), or variable other or “catch-all” domains (FBXO or F-box only series) (Skaar
et al. 2014). Through their ability to assemble distinct SCF ligases, many of these F-box
proteins are involved in the regulation of DNA replication and cell cycle progression, and
their expression or activity is altered in human malignancies (Heo et al. 2016). For example,
the SCFSKP2 ybiquitin ligase (Fig. 19.2) composed of the core SCF ligase associating with
the substrate receptor and SKP2 (S-phase kinase-associated protein 2; also known as FBL1)
is an essential driver of cell cycle progression, primarily through impacting DNA replication
either directly or indirectly. SCFSKP2 directly controls DNA replication through its ability to
promote the timely ubiquitin-dependent degradation of several components of the pre-
replication complexes (pre-RCs) from mid-G1-phase (Fig. 19.3). This ensures that licensing
of replication origins occurs only from late M till mid-G1-phase of the cell cycle and is
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prevented from occurring again until cells complete the genome duplication and following
the segregation of daughter chromosomes in late M (Fig. 19.4; see below). SCFSKP2 3lso
activates DNA replication through activating cyclin-dependent kinases (CDKSs) primarily
through the ubiquitylation and degradation of negative CDK regulators (e.g., the CDK
inhibitors p21C!P1, p27KIP1 and p57KIP2). Later in the cell cycle, SCFSKP2 is also
responsible for the targeted proteolysis of positive regulators of CDKs (e.g., cyclin D1 and
cyclin A) to promote the handover of CDK activity from one CDK to the next (Fig. 19.4).
The latter activity ensures the availability of CDK molecules for assembling distinct cyclin-
CDK complexes for catalyzing various specific activities necessary for the irreversible
progression of the cell cycle. For example, the ubiquitin-dependent proteolysis of cyclin A
via the SCFSKP2 [igase ensures the availability of CDK1 molecules to assemble cyclin B-
CDKZ1 complexes essential for G2 progression. Likewise, the degradation of cyclin E,
mediated through the activity of the SCF ligase with the substrate receptor FBXW?7
(SCFFBXWTy following cyclin E phosphorylation by CDK2, ensures the availability of
CDK2 molecules to assemble cyclin A-CDK2 complexes necessary for S-phase progression
(Clurman et al. 1996; Koepp et al. 2001).

The other major E3 ubiquitin ligase regulating DNA replication is the APC/C (anaphase-
promoting complex/cyclosome) ubiquitin ligase (Fig. 19.2). This ubiquitin ligase utilizes the
APC2 cullin-like scaffold to assemble the largest multi-subunit CRL ligase in mammalian
cells (van Leuken et al. 2008). APC/C associates with one of two substrate adaptor proteins,
CDH1 and CDC?20, for recognizing and promoting the polyubiquitylation (both K48- and
K11-linked ubiquitin conjugation) of a large number of key drivers of cell cycle progression
(Visintin et al. 1997; Zachariae and Nasmyth 1999; Pines 2006). Unlike the SCF-FBX
ligases, which recognize the vast majority of target substrates through phosphorylation-
dependent sequence motifs or “phospho-degrons” within these substrates (Skaar et al. 2013),
APC/C ligases recognize proteins containing D-boxes and KEN-boxes, such as cyclin A and
cyclin B (Pfleger and Kirschner 2000; Pfleger et al. 2001). The assembly of APC/CCPC20 js
driven by CDK-mediated phosphorylation of CDC20 and is active primarily in mitosis
(Rahal and Amon 2008); this is critical for the initial targeted proteolysis of mitotic cyclins
and for exit from mitosis. Assembly of APC/CCPH1 on the other hand is stimulated through
dephosphorylation of the CDH1 subunit by the CDC14A phosphatase (Cdc14 in budding
yeast) and is active in late mitosis and though G1-phase of the cell cycle (Jaspersen et al.
1999; Robbins and Cross 2010; Sullivan and Morgan 2007). The oscillating activities of
APC/C ligases during the cell cycle, as described in more detail below, are critical for not
only controlling the timing of DNA replication but also for driving cell cycle progression
and for guarding against genomic instability and cancer development (van Leuken et al.
2008; Nakayama and Nakayama 2006).

19.3 Regulation of Origin Licensing via the UPS

The control of eukaryotic DNA replication begins at the end of mitosis and through the G1-
phase of the cell cycle, whereby the sequential binding of origin recognition complex

proteins (ORCs) followed by CDC6 and CDT1 loads the replicative helicase MCM2-7 onto
replication origins: the establishment of pre-RCs (Fig. 19.3). Origin licensing is inhibited by
CDK activity, which suppresses pre-RC formation either by promoting the phosphorylation-
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dependent nuclear exclusion of certain replication licensing factors (e.g., mammalian CDC6)
or through the targeted proteolysis of a number pre-RC components though the UPS (Zhu et
al. 2005). The degradation of SKP2 by the APC/CCPH! Jigase is particularly important for
the stabilization of key replication factors in late M- and G1-phases of eukaryotic cell cycles
(Fig. 19.4). For example, human ORC1, the largest subunit of ORC, is stable in G1 because
SKP2 is degraded by APC/CCPHL in G1 but is specifically degraded in S-phase cells via the
activity of the SCFSKP2 upiquitin ligase (Mendez et al. 2002; Tatsumi et al. 2003).
Drosophila ORC1 is paradoxically ubiquitylated and degraded via the APC/CFZr/CDH1 g3
ligase as cells exit mitosis and during G1 phase of the cell cycle, and this requires the non-
conserved N-terminal domain of ORC1 (Araki et al. 2003, 2005; Narbonne-Reveau et al.
2008). Thus, ORC would have had to finish its licensing activity (MCM2-7 loading) before
cells exit mitosis. The Drosgphila ORC1 protein reappears in late G1 following induction of
ORC1 RNA by E2F1 after the latter is activated by cyclin-CDK.

CDCS6, another protein important for MCM2-7 loading, is also regulated extensively by the
UPS. Yeast Cdcé6 is degraded via an SCFCUc4-dependent proteolytic pathway, while the
phosphorylation of mammalian CDC6 by increasing CDK activity in late G1 and in S-phase
triggers its relocalization to the cytoplasm, thereby preventing origin licensing from
occurring until CDK activity drops again in late mitosis (Aparicio et al. 1997; Tanaka et al.
1997; Fujita et al. 1999; Jiang et al. 1999; Petersen et al. 1999; Saha et al. 1998; Alexandrow
and Hamlin 2004). Ubiquitin-mediated proteolysis of mammalian CDC6 in G1 also controls
its abundance in G1 and in quiescent non-cycling cells. This is carried out by the APC/
CCDH1 Jigase and is mediated through interaction between the destruction box and KEN box
motifs of CDC6 and CDHL1 (Petersen et al. 2000). This too suggests that as with fly ORC1
above, the degradation of mammalian CDC6 in G1 implies that the licensing activity must
be completed before cells exit mitosis. The degradation of CDC6 by APC in G1 poses a
special problem for cells entering the cell cycle from GO. It turns out that CDCE6 is
phosphorylated by cyclin E/CDK2 in cells entering the cell cycle from quiescence, and this
inhibits APC/CCPHL.mediated proteolysis of CDC6 (Mailand and Diffley 2005). This
protection from ubiquitylation ensures that sufficient origins of replications are licensed
before cells enter S-phase (Fig. 19.3). Once cells enter S-phase, CDC6 is targeted for
ubiquitylation and degradation again, but this is mediated via the CRL4CPT2 Jigase (Clijsters
and Wolthuis 2014). Late in the cell cycle (in G2 and early M), CDCE6 is targeted for
proteolysis via the SCFCYCliNF [igase (Walter et al. 2016).

The third protein important for loading MCM2-7 is CDT1. CDK kinase activity promotes
the ubiquitylation and degradation of CDT1 via the SCFSKP2 |igase at the G1/S transition of
the cell cycle, and this, along with the targeted proteolysis of CDT1 in S-phase via the
CRL4CDT2 [igase (see below), ensures that CDT1 is not available for relicensing origins of
replication in late G1 or in S-phase. Metazoans employ a second mechanism by which
CDT1 is inactivated in S-phase through interaction with and inhibition by Geminin
(Wohlschlegel et al. 2000; Tada et al. 2001). Geminin, however, is degraded in G1 through
the activity of the APC/C E3 ligase (McGarry and Kirschner 1998), which is associated with
low CDK activity. Origin licensing in cycling cells therefore can only proceed with low
CDK activity (Figs. 19.3 and 19.4).
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The mechanisms that maintain low CDK activity during late mitosis and in G1 are
themselves under the control of the UPS. For example, the APC/C ligase is responsible for
the decrease of mitotic CDK activity by promoting the ubiquitylation and degradation of the
mitotic cyclins A and B (den Elzen and Pines 2001). This is first mediated through APC/
CCDC20 \which promotes the degradation of cyclin A and cyclin B in prometaphase and
metaphase, respectively. As cells proceed in metaphase, the degradation of cyclin B is
mediated by APC/CCPHL ApC/CCPHI additionally suppresses CDK2 activity in late M and
in early G1 by promoting the degradation of the dual-specificity CDC25A phosphatase,
which catalyzes the removal of inhibitory phosphorylations on CDK2 (Donzelli et al. 2002).
Low CDK activity in late M and early G1 is also aided through the accumulation of elevated
levels of the CDK inhibitors (CKI) p21 and p27, which can bind to and inhibit CDK2 in
early G1 (Abbas and Dutta 2009). The protein levels of these two CDK inhibitors in G1 are
under the control of the SCFSKP2 Jigase, which is active only in late G1.

19.4 Feedback Control of Origin Licensing Through the UPS

The ubiquitylation reactions involved in regulating origin licensing function in “self-
regulating” networks with multiple feedbacks, whereby elevated CDK activity in mitosis
turns on specific ubiquitylation reactions that feedback to decrease CDK activity during late
mitosis and early G1 (Fig. 19.4). In both yeast and man, elevated G2 and mitotic CDK
activity renders the APC/CCPHI jnactive due to phosphorylation-dependent conformational
changes in CDH1 precluding assembly of the active ligase. However, exit from mitosis
requires inactivation of mitotic CDK, and this requires (a) targeted proteolysis of mitotic
cyclins via the APC/CCPHI (or its homologue in yeast APC/CHC) and (b) the stabilization
of the CDK inhibitor p21 (or its homologue in yeast, Sic1) through degradation of CDC20.
APC/CCDC20 targets p21 for proteasomal activity during mitosis (Shirayama et al. 1999;
Amador et al. 2007). APC/CCPC20 |igase also promotes (through an unknown mechanism)
the release of the yeast Cdc14 phosphatase from the nucleolus or the human CDC14A from
centrosomes (Mocciaro et al. 2010; Kaiser et al. 2002; Chen et al. 2016; Shirayama et al.
1999; Bembenek and Yu 2001). In yeast, Cdc14 dephosphorylates and activates the Cdhl/
Hctl subunit, which competes with and targets Cdc20 for ubiquitylation and proteolysis,
thereby assembling active APC/CCUNL/HCtl ang inactivating the APC/CC4¢20 Jigase
(Jaspersen et al. 1999; Robbins and Cross 2010; Sullivan and Morgan 2007). Thus, the
simultaneous activation of APC/CCPH1 and inactivation of APC/CCPC20 trigger CDK
inactivation, culminating in exit from mitosis. As cells progress through early G1-phase of
the cell cycle with low CDK activity, APC/CCPH promotes the degradation of SKP2
(Bashir et al. 2004; Wei et al. 2004), and this prevents the premature formation of the
SCFSKPZ complex and consequent destabilization of its ubiquitylation substrates p21 and
p27, thus maintaining low CDK activity (Fig. 19.4).

At the G1/S transition, cyclin E-CDK2 phosphorylates CDH1 leading to APC/CCPH1
inactivation (Cappell et al. 2016). In addition CDH1 binds to and is inhibited by the F-box
protein and early mitotic inhibitor 1 (EMI1), marking a “point of no return” driving cells
entry into S-phase (Cappell et al. 2016). As cells proceed through S-phase, the activity of
both APC/CCPHL and APC/CCDPC20 js kept low through interaction between EMI1 with
CDH1 or CDC20 (Cappell et al. 2016; Reimann et al. 2001). Inhibition of APC/CCPC20 py
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EMI1 is essential for the stabilization of mitotic cyclins A and B, thereby ensuring the
completion of DNA synthesis, prevention of DNA rereplication (see below), and progression
through G2-phase (Di Fiore and Pines 2007).

As CDK1 activity builds up, the APC/CCPC20 activity is increased in prometaphase through
the coordinated sequential phosphorylation of the APC3 and APCL1 subunits of the APC/C
ligase by CDK1 and the docking of CDC20 onto the APC/C ligase (Fujimitsu et al. 2016).
Yeast APC/CC4¢20 s similarly activated by mitotic Clb-CDK activity, and this is critical for
metaphase-anaphase transition (Rahal and Amon 2008). Elevated CDK1 activity in G2 and
in early mitosis is enhanced by the targeted ubiquitylation and degradation of the CDK1
tyrosine kinase and inhibitor Weel via the activity of an SCF ligase, which utilizes the -
transducin repeat-containing protein 1 (BTRCP1) as substrate recognition subunits
(SCFPTRCPL) (Watanabe et al. 2004). Interestingly, this same E3 ligase also promotes the
ubiquitylation and degradation of EMI1 (Guardavaccaro et al. 2003) and thus contributing to
the rising activity of APC/CCPC20 necessary for mitotic progression. This, along with the
targeted ubiquitylation and degradation of EMI1 via the SCFPTRCP [igase, ensures optimal
activity of APC/CCPC20 |igase activity to drive mitotic progression. Thus, fluctuating CDK
activity throughout the cell cycle, itself regulated through ubiquitin-mediated proteolysis,
ensures that the ubiquitylation machinery required for the irreversible progression through
the cell cycle is temporally coordinated with successive stabilization and destabilization of
key drivers of cell cycle progression.

19.5 Inhibition of Origin Relicensing and DNA Rereplication Through the

UPS

An extensive body of literature demonstrates a critical role for the UPS in restricting origin
licensing to late M- and early G1-phase of the cell cycle and thus preventing aberrant
relicensing and refiring of replication origins or rereplication (Fig. 19.3). As CDK activity
builds up in G1 cells, the phosphorylation of the tumor suppressor protein pRb, first by
cyclin D1/CDK4/6 and subsequently by cyclin E/CDKZ2, results in its dissociation from the
E2F1 transcription factor, which transactivates Geminin and dozen other genes essential for
S-phase progression (Wong et al. 2011). Increased Geminin transcription by E2F1 and
increased Geminin protein stability through cyclin E/CDK2-dependent suppression of
APC/CCPHI prevent origin relicensing by directly binding CDT1, which sterically hinders
its ability to recruit MCM2-7 complexes to origins of replication (Fig. 19.4). Second, and as
cells proceed through S-phase, E2F1-dependent transcription of cyclin A coupled with
enhanced protein stability of cyclin A due to inhibition of APC/CCPC20 by EMI1 causes
cyclin A-CDK2 activity to increase dramatically. Cyclin A/ICDK2 phosphorylates CDT1 at a
conserved N-terminal threonine residue (Thr-29) creating a phospho-degron that is
specifically recognized by SKP2, which is itself stabilized due to inhibition of the APC/
CCDHI activity in S-phase. The newly assembled SCFSXP2 promotes phospho-CDT1
ubiquitylation and degradation (Li et al. 2003 Li et al. 2004; Takeda et al. 2005). Thus,
increased EMI1 levels at the G1/S transition and throughout S-phase with the consequent
inhibition of APC/C ubiquitylation activity are critical for suppressing origin relicensing in
mammalian cells, both by inhibiting CDT1 activity by Geminin and by promoting its
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proteolysis by the CDK-dependent and SCFSKP2-mediated activity. Interestingly, alleviating
Geminin-mediated suppression of CDT1, or inhibiting cyclin A-dependent proteolytic
degradation of CDT1 via the SCFSKP2 Jigase alone, is sufficient to promote origin
relicensing and rereplication in certain cancer cell types. This, however, is insufficient to
induce rereplication in some other cancer cell types or in non-cancer cells (Zhu and
Depamphilis 2009; Benamar et al. 2016; Machida and Dutta 2007). Inhibition of EMI1 (e.g.,
by short-interfering RNAs (siRNA)) on the other hand is sufficient to trigger robust
rereplication both in cancer and non-cancer cells (Machida and Dutta 2007; Benamar et al.
2016). Thus, APC/C activity in S-phase inhibits origin licensing through the timely
inhibition and degradation of CDT1 (Sivaprasad et al. 2007).

Whereas the SCFSKP2 |igase promotes the degradation of cyclin A/ICDK2-phosphorylated
soluble CDTL1 in S-phase, the ubiquitylation and degradation of chromatin-bound CDT1 in
S-phase occur through a phosphorylation-independent mechanism that requires the activity
of the CRL4CPT2 ybiquitin ligase (Nishitani et al. 2006; Arias and Walter 2006; Senga et al.
2006; Jin et al. 2006). The overall composition and architecture of CRL4 ligases are very
similar to CRL1 ligases (Fig. 19.2) (Angers et al. 2006; Higa and Zhang 2007). The core
complex is composed of one of two E3 ubiquitin ligases (cullin 4A or cullin 4B), DDB1
(DNA damage-specific protein-1), which is a bridge protein analogous to the SKP1 subunit
in CRL1, and functions to bridge one of many substrate receptors (also known as DCAFs;
DDB1 and cullin 4 associated factors) to the cullin subunit, and through that to RBX1 or
RBX2, required for the recruitment of E2 UBCs. DCAFs include at least 49 family members
of WD motif-rich proteins that function to recruit substrates to the CRL4 ligase similar to
the function of the F-box proteins in the CRL1 ligases (Angers et al. 2006; He et al. 2006;
Higa et al. 2006; Jin et al. 2006). CRL4 is emerging as a master regulator of genome
stability, and recent findings suggest that it orchestrates a variety of physiological processes,
particularly those related to chromatin regulation and genomic stability (Jackson and Xiong
2009). The substrate adaptor CDT2 assembles with CRL4 to form a rather unique E3
ubiquitin ligase that does not recognize CDT1 (or several other ubiquitylation substrates)
directly but specifically recognizes the substrate when it interacts with proliferating cell
nuclear antigen (PCNA) (Arias and Walter 2006; Senga et al. 2006). PCNA, the processivity
factor for DNA polymerase 8, serves this role as an accessory factor for recognition by
CDT2 only when PCNA is bound to chromatin, a condition that is established only in S-
phase and following certain types of DNA damage (Havens and Walter 2011; Abbas and
Dutta 2011; Abbas et al. 2013). Thus DNA damage is another stimulus that uses this
pathway to degrade CDT1 and other replication factors (Higa et al. 2003).

The interaction between CDT1 and PCNA occurs through a specialized PCNA-interacting
protein (PIP) box matif. This PIP box, commonly referred to as the “PIP degron,” is a
modified version of the PIP box motif utilized by many PCNA-interacting proteins; in that it
contains, in addition to the canonical sequence (Q-X-X-(I/L/M)-X-X-(F/Y)-(F/Y)),
conserved threonine and aspartic acid residues at positions 5 and 6, respectively, as well as a
basic amino acid residue C-terminal of the PIP box (at position +4) and a second basic
amino acid residue at position +3 or +5 (or both) (Abbas et al. 2010; Havens and Walter
2011; Michishita et al. 2011; Havens and Walter 2009). The importance of CRL4CPT2.
mediated ubiquitylation and degradation of CDT1 is manifested by the fact that cells from
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various organisms that are deficient in cullin 4, DDB1, or CDT2 exhibit rereplication and
genomic instability reminiscent to that seen in cells overexpressing CDT1 (Jin et al. 2006;
Lovejoy et al. 2006; Vaziri et al. 2003; Tatsumi et al. 2006; Zhong et al. 2003; Kim et al.
2008; Sansam et al. 2006), and this is associated with double-strand DNA breaks,
rereplication, and activation of the ATM and ATR-dependent checkpoints (Zhu et al. 2004;
Zhu and Dutta 2006), which can be partially suppressed by co-depletion of CDT1 (Lovejoy
et al. 2006). The ubiquitylation-dependent proteolysis of CDT1 via CRL4CPT2 js a feature
of all eukaryotes except for budding yeast, where the CDT1-MCM complexes are exported
to the cytoplasm (Tanaka and Diffley 2002; Devault et al. 2002). This is likely due to the fact
that although budding yeast contains orthologs for cullin 4 and DDBL, they lack an
identifiable ortholog for CDT2 (Zaidi et al. 2008).

Synchronization experiments in human cancer cells have shown that the levels of CDT1
protein begin to degrease as cells enter S-phase but re-accumulate late in S-phase and reach
significantly higher levels in G2 (Abbas et al. 2010). In late S and in G2 cells, CDT1 is
protected from CRL4PT2-mediated ubiquitylation and degradation through two
phosphorylation-dependent and distinct mechanisms. The first one employs the
phosphorylation of CDT1 by the stress-activated mitogen-activated protein kinases (MAPK)
p38 and JNK precluding recognition by CRL4¢PT2 (Chandrasekaran et al. 2011). The
second mechanism is dependent on CDK1-dependent phosphorylation of CDT1 preventing
its recruitment to chromatin (Rizzardi et al. 2015). Just as the ubiquitylation and degradation
of CDT1 in S-phase are critical for preventing rereplication and cell cycle progression, its re-
accumulation in late S and in G2 is equally important for cell cycle progression, although its
role in G2 is not fully understood (Rizzardi et al. 2015). Although the steady state level and
protein half-life of CDT1 are clearly increased in late S and in G2 cells, a recent report
suggests that its abundance particularly in G2-phase is also under the control of another E3
ubiquitin ligase, the SCFFBXO31 |igase (Johansson et al. 2014). In this study, the authors
demonstrated that depletion of cancer cells of the substrate adaptor and putative tumor
suppressor FBXO31 protein by siRNA induces low levels of DNA rereplication (7.6% vs.
4.6% in control cells), which is insufficient to inhibit growth (Johansson et al. 2014). It
remains unclear however, how the stabilized CDTL1 in these G2 cells gain access to
chromatin to trigger rereplication in the presence of elevated CDK1 activity. An interesting
possibility is that the loss of SCFFBX031 activity in tumors lacking FBX031 or with
FBXO031 inactivating mutations may result in a minute amount of rereplication that do not
interfere with proliferation but are sufficient to induce gene amplification and/or genome
instability exacerbating the tumorigenic phenotype (Green et al. 2010).

In addition to CDT1, the CRL4CPT2 |igase promotes the ubiquitylation of several other
proteins whose proteolysis in S-phase is critical for preventing origin relicensing and DNA
rereplication. These include the CDK inhibitor p21, the histone H4 methyltransferase SET8
and CDC6 (Abbas et al. 2008, 2010; Nishitani et al. 2008; Kim et al. 2008; Tardat et al.
2010; Centore et al. 2010; Oda et al. 2010; Jorgensen et al. 2011; Clijsters and Wolthuis
2014). Ubiquitin-dependent degradation of p21 in S-phase via the CRL4CPT2 |igase is
critical for ensuring elevated CDK activity necessary for S-phase progression and for
promoting DNA replication by freeing PCNA from inhibitory p21 (Abbas and Dutta 2009).
Recent evidence also demonstrates that increased p21 stability downstream of CRL4CPT2
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inhibition stimulates rereplication in cancer cells, presumably due to suppression of CDK
activity, a condition compatible with origin licensing (Kim et al. 2008; Benamar et al. 2016).
Because these studies utilized the overexpression of a mutant p21 protein, which fails to
interact with PCNA — a PIP degron mutant of p21 — these rereplicating cells are able to
replicate DNA free from p21-mediated suppression of PCNA. Although ectopic expression
of PIP degron mutant p21 induces only minor rereplication, the p21 protein is required for
rereplication induced by CDT2 depletion (Benamar et al. 2016). Unlike the case for p21, the
expression of PIP degron mutant of SET8, but not wild type SET8, induces robust
rereplication, and this required the catalytic activity of this enigmatic methyltransferase
(Abbas et al. 2010; Tardat et al. 2010). SET8 is also required for DNA rereplication in cells
depleted of CDT2 (Benamar et al. 2016). SET8, also known as PR-SET?7, is an enzyme that
deposits a single methyl group on lysine 20 of nucleosomal histone 4 (H4K20me1)
(Nishioka et al. 2002; Xiao et al. 2005). H4K20 can also be di- and tri-methylated
(H4K20me2/3), but this is carried out by the SUV4-20H1 and SUV4-20H2 histone
methyltransferases, which utilize H4K20mel as substrate (Schotta et al. 2008). How SET8
promotes rereplication following CRL4CPT2 inactivation is not entirely clear, but likely
dependent on its ability to mono-methylate H4K20 at replication origins (Tardat et al. 2010).
In fact, tethering SET8 to a specific genomic locus permitted loading of pre-RC proteins on
chromatin and induced rereplication from that site. Interestingly, the rereplication phenotype
associated with ectopic expression of PIP degron mutant SET8 was correlated with
increased di- and tri-methylation of H4K20 with a concurrent reduction of H4K20mel and
required SUV4-20H1 and SUV4-20H2 (Abbas et al. 2010; Beck et al. 2012). Consistent
with this, it was shown that the ability of SET8 to nucleate origins of replication is mediated
through SUV4-20H1- and SUV4-20H2-dependent recruitment of ORC1 and the ORC-
associated protein (ORCA) proteins to chromatin and that both of these proteins are capable
of binding H4K20me2/3 in vitro (Beck et al. 2012). Intriguingly, CRL4PT2-mediated
proteolytic degradation of SET8 is critical for S—G2 cell cycle progression and for proper
chromatin condensation, and inactivation of this pathway in cancer cells results not only in
the induction of rereplication, but also in the repression of histone gene transcription and the
consequent chromatin decondensation as well as repression of E2F1-driven gene expression
(Abbas et al. 2010). These latter toxicities are likely mediated through enrichment of the
repressive chromatin marks (H4K20me2/3) at the promoters of these genes (Abbas et al.
2010). Thus, cell viability is critically dependent on CRL4CPT2.dependent downregulation
of SET8 in S-phase for the maintenance of a stable epigenetic state. In M-phase SET8
protein is phosphorylated at Ser-29 by cyclin B/ICDK1 from prometaphase to early
anaphase, preceding the accumulation of H4K20mel (Wu et al. 2010). This phosphorylation
is reversed in late M-phase by the CDC14 phosphatase, which is activated by APC/CCPC20,
SET8 dephosphorylation renders the protein subject to proteolytic degradation via APC/
CCDH1 which facilitates mitotic progression (Wu et al. 2010).

As discussed above, CDC6 is another pre-RC component, which is targeted for
ubiquitylation and degradation in S-phase via the CRL4PT2 |igase, and this is dependent on
a conserved PIP degron contained near its N-terminus (Clijsters and Wolthuis 2014).
However, although CDC6 depletion prevented rereplication induced by CDT2 depletion, it is
not clear whether failure to degrade CDC6 via this ligase is sufficient to induce rereplication.
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As mentioned above, CDC6 is also ubiquitylated and degraded via the SCFCYClinF [igase in
G2- and in early M-phase, and this is also critical for preventing DNA rereplication as the
depletion of cyclin F or the expression of a stable mutant form of CDC6 promotes
rereplication and genome stability in cells lacking Geminin (Walter et al. 2016). Finally, in
Drosophila melanogaster, CRL4CPT2 also promotes the ubiquitylation and degradation of
the transcription factor E2f1, and this is dependent on E2f1 interaction with PCNA through a
PIP degron, which is not conserved in human E2F1 protein (Shibutani et al. 2008). From
these studies, it is becoming abundantly clear that the CRL4PT2 [igase is a major inhibitor
of origin licensing in S- and G2-phase of the cell cycle and does so through the degradation
of key positive regulators of origin activity via their specialized interaction with chromatin-
bound PCNA.

19.6 Targeting the Ubiquitylation Machinery Controlling DNA Replication

Licensing for Therapeutic Gain

Deregulated origin licensing can have serious consequences. On one hand, failure of the
ordered assembly of pre-RCs on sufficient origins of replications in late M and in G1
inhibits cell proliferation. This is demonstrated by the fact that targeted knockout or
knockdown of many of the pre-RC components in various eukaryotes interferes with
viability, and thus some of these components, e.g., the MCM2-7 helicases, are considered
promising chemotherapeutic targets in cancer (Lei 2005; Simon and Schwacha 2014). On
the other hand, excessive origin licensing can result in DNA rereplication, which is
deleterious to cells owing to the accumulation of replication intermediates and collapsed
replication forks (Abbas et al. 2013). Substantial evidence shows that induction of
rereplication in cancer cells through genetic manipulation (e.g., by depletion of Geminin,
EMI1, or CDT2) results in growth inhibition through the accumulation of DNA damage, cell
cycle checkpoint activation, and the induction of growth arrest and/or cell death (Zhu et al.
2005, 2004; Abbas and Dutta 2011; Abbas et al. 2013;Zhu and Dutta 2006). The first
indication showing that pharmacological induction of rereplication is associated with
inhibitory antiproliferation activity came from the accidental discovery that a small
molecule, called MLN4924, designed to inhibit protein neddylation, inhibits the
proliferation of human cancer cell lines and is associated with DNA rereplication (Soucy et
al. 2009; Lin et al. 2010; Wei et al. 2012; Jazaeri et al. 2013). Neddylation of cullins is a
posttranslational modification necessary for the activity of cullin-RING ligases. A small
protein called NEDDS8 is covalently attached to target protein substrate by an enzyme
cascade system similar to ubiquitylation (Merlet et al. 2009). MLN4924 (also known as
pevonedistat), currently in multiple clinical trials for hematologic (NCT00722488,
NCT00911066) and solid (NCT01011530) malignancies, inhibits the NEDD8-activating
enzyme (NAE), which catalyzes the first step in this enzymatic cascade, and its ability to
suppress cullin neddylation and induction of rereplication suggested that the anticancer
activity of this investigational drug is mediated through the suppression of CRL4CPT2 and
the stabilization of its ubiquitylation substrate CDT1 (Soucy et al. 2009). Subsequent
studies, however, demonstrated that MLN4924, in addition to inhibiting all CRLs, inhibits a
number of signal transduction pathways critical for cell proliferation, including the NFxB,
AKT, and mTOR signal transduction pathways (Soucy et al. 2009; Lin et al. 2010; Milhollen
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et al. 2010, 2011; Gu et al. 2014; Godbersen et al. 2014; Li et al. 20144, b). We have
recently shown that the stabilization of the CRL4CPT2 substrates SET8 and p21 is critical for
the induction of DNA rereplication and senescence in melanoma cells treated with
MLN4924 (Benamar et al. 2016). In particular, melanoma cells with hypomorphic
expression of either of these two proteins are resistant to MLN4924-induced rereplication
and senescence in culture, and, more importantly, tumor xenografts of these melanoma lines
are refractory to inhibition by MLN4924 in nude mice. Interestingly, MLN4924 induces
rereplication only in cancer cells but not in nonmalignant primary cells, suggesting that
normal cells and tissues may be protected from the toxicity induced by this agent (Benamar
et al. 2016). Thus, MLN4924 represents the first compound with anticancer activity, which
selectively inhibits cancer cell proliferation through the induction of rereplication (Nawrocki
et al. 2012; Zhao and Sun 2013; Tanaka et al. 2013; Zhao et al. 2014; Jiang and Jia 2015;
Benamar et al. 2016).

Although specific inhibitors for CRL4CPT?2 Jigases are yet to be developed, specific
inhibitors of the other major E3 ligase controlling DNA replication, SCFSKP2, already exist
and exhibit potent anticancer activity in nude mice (Chan et al. 2013). However, because
SKP2 promotes the degradation of many other proteins in addition to the ones that impact
DNA replication, it is unclear whether such antitumor activity is dependent on dysregulated
DNA replication. An image-based high- throughput screening for compounds with the
ability to induce rereplication selectively in cancer cells has identified other small molecules
that selectively inhibit cancer cell proliferation (Zhu et al. 2011). However, whether these
compounds exhibit antitumor activity or induce rereplication via targeting components or the
UPS remains to be determined.

19.7 Regulation of DNA Synthesis via the UPS

Whereas the role of the UPS for controlling origin licensing and entry of cells into S-phase
is well established, its role in regulating ongoing DNA replication and in coordinating the
associated chromatin dynamics in unperturbed cells is just beginning to be appreciated. The
latter is accomplished through the activity of histone proteins, histone chaperones,
nucleosome-remodeling complexes, histone and DNA methylation-binding proteins, and
chromatin-modifying enzymes. Together, these factors facilitate nucleosomal disassembly
ahead of incoming replication forks and promote their reassembly following their passage.
Many of these proteins and protein complexes are regulated through the UPS, and several
excellent recent reviews describe these activities in details (Garcia-Rodriguez et al. 2016;
Talbert and Henikoff 2017; Henikoff 2016; Almouzni and Cedar 2016). In this section, we
focus on the role of the UPS in regulating replication initiation, progression, and
termination.

A high-resolution proteome-wide mass spectrometry-based identification of ubiquitylated
peptides in unperturbed cells identified many components of the replication machinery as
substrates for ubiquitin modification, although in some cases this is not associated with
proteasomal degradation (Wagner et al. 2011). These include components of various
complexes regulating DNA replication, such as the MCM2-7 helicase, GINS, and replication
factor C (RFC) clamp loader complexes. In addition, almost all DNA polymerases and their
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associated factors had detectable ubiquitylated peptides identified in this screen. Although
the individual components coordinating these ubiquitylation events and their functional
significance remain to be defined, this study suggests that ubiquitylation plays an important
role in regulating DNA replication and its fidelity. Not all of these ubiquitylation events are
associated with proteolysis of the DNA replication factors. For example, the two subunits of
the mammalian DNA polymerase &, p66 and p12, undergo non-proteolytic ubiquitylation
during S-phase that is thought to regulate protein-protein interactions within the polymerase
complex or with other replication factors (Liu and Warbrick 2006). Following DNA damage,
the p12 subunit is degraded through a PCNA-dependent ubiquitylation via the CRL4CDT2
ligase, and this is critical for inhibiting fork progression (Terai et al. 2013). Similarly, the S.
pombe Pol2, the catalytic subunit of polymerase e, which is responsible for leading strand
synthesis, undergoes ubiquitin-dependent proteolysis, and this is mediated via the SCFP°f3
ligase (Roseaulin et al. 2013). Because the catalytic subunit of polymerase & (responsible
for lagging strand synthesis) remains stable, despite undergoing ubiquitylation, the results
suggest that DNA synthesis of the leading strand requires a “fresh” supply of DNA
polymerase, whereas the synthesis of the discontinuous lagging strand does not (Roseaulin
et al. 2013). This example highlights the complexity in the mechanisms regulating the
abundance and activity of replication factors through the UPS in response to various stimuli.
Minichromosome maintenance protein 10 (MCMZ10) is another important DNA replication
protein, which undergoes non-proteolytic ubiquitylation (Das-Bradoo et al. 2006). MCM10
is dispensable for the assembly of the MCM2-7 replicative helicase but facilitates strand
separation during the early stages of replication initiation (Kanke et al. 2012; van Deursen et
al. 2012; Thu and Bielinsky 2013). In fission yeast, Mcm10/Cdc23 was shown to function
after pre-RC assembly and facilitates Cdc45 chromatin binding (Gregan et al. 2003). The
budding yeast Mcm10 protein was also suggested to play a role in replication elongation
through interacting with and stabilization of the catalytic subunit of DNA polymerase a
(POL1) (Ricke and Bielinsky 2004). Similarly, mammalian MCM10 interacts with and
stabilizes the catalytic subunit of DNA polymerase a (p180) and is essential for efficient
DNA synthesis (Chattopadhyay and Bielinsky 2007; Zhu et al. 2007). In G1- and in S-phase,
MCM10 is monoubiquitylated at two residues, and this promotes its interaction with PCNA,
which may be important for the release of polymerase a and the recruitment of polymerase
& necessary for the extension of Okazaki fragments (Das-Bradoo et al. 2006; Thu and
Bielinsky 2013). The identity of the E3 ligase responsible for MCM10 monoubiquitylation
is currently unknown. MCMZ10 is also subject to ubiquitylation-dependent proteolysis via the
CRLA4VBREP E3 Jigase, both in unperturbed cells and following exposure to UV, although the
biological significance of this regulation remains elusive (Kaur et al. 2012; Romani et al.
2015).

Perhaps the most prominent example where the regulation of DNA replication involves
coordination between proteolytic and non-proteolytic ubiquitylation machineries concerns
the enigmatic PCNA protein (Fig. 19.5). PCNA is a homotrimeric ring-shaped protein
complex that functions as a platform for coordinating the activity of many proteins involved
in DNA replication, repair, and chromatin-related transactions (Ulrich and Takahashi 2013;
Choe and Moldovan 2017). PCNA has long been shown to undergo DNA damage-induced
monoubiquitylation at a conserved lysine residue (Lys-164), and this is critical to recruit
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translesion Y-family DNA polymerases for bypassing replication-stalling DNA lesions by
translesion DNA synthesis (TLS) (Yang et al. 2013). This recruitment is dependent on the
enhanced interaction of TLS polymerases with the modified PCNA through their ubiquitin-
binding domains (Bienko et al. 2005; Plosky et al. 2006). PCNA monoubiquitylation at
Lys-164 is catalyzed by the Rad18 E3 ligase and mediated by the E2 Rad6. The
monoubiquitin moiety can be converted to Lys-63-linked polyubiquitylation by a
heterodimeric E2, Ubc13-Mms2, to initiate an error-free pathway of repair, template
switching, which uses the newly replicated sister chromatid as a template for replication
(Hedglin and Benkovic 2015; Branzei 2011). Rad18, however, is not the only E3 ligase that
can monoubiquitylate PCNA at Lys-64 as this modification can still be detected in the
absence of functional Rad18 (Simpson et al. 2006). Consistent with this, two other E3
ligases, RNF8 and CRL4CPT2 were shown to promote PCNA monoubiquitylation (Zhang et
al. 2008; Terai et al. 2010). Intriguingly, PCNA undergoes monoubiquitylation in normal
replicating cells and without exposure to external stresses (Frampton et al. 2006; Leach and
Michael 2005; Terai et al. 2010). Although the role of this ubiquitylation in unperturbed
DNA replication is not clear, PCNA monoubiquitylation appears to be important for efficient
DNA replication and for promoting TLS that may be necessary to cope with replication-
associated stress (Leach and Michael 2005; Terai et al. 2010).

In mammalian cells, two E3 ubiquitin ligases, SNF2 histone linker plant homeodomain
RING helicase (SHPRH) and helicase-like transcription factor (HLTF), promote the Lys-63-
linked polyubiquitylation at Lys-164 to suppress PCNA-dependent TLS and mutagenesis
(Unk et al. 2008; Motegi et al. 2008). This latter activity is aided by the activity of the DUB
USP7, which deubiquitylates and stabilizes HLTF and Rad18, promoting template switching
through interaction between the unubiquitylated Rad18 and HLTF (Qing et al. 2011; Zeman
et al. 2014). In response to replication stress, USP7 also deubiquitylates and stabilizes both
Rad18 (so that it can monoubiquitylate PCNA) and the TLS polymerase, polymerase eta
(POL-m), and this facilitates the bypass of lesions through the error-prone TLS pathway
(Qian et al. 2015; Zlatanou et al. 2016). Another E3 ubiquitin ligase, the TNF receptor-
associated factor (TRAF)-interacting protein (TRIP), and its homologue in Drosophila, “no
pole” or NOPO, promotes the Lys-63-polyubiquitylation of POL-m), and this stimulates TLS
by promoting the localization of POL-n to nuclear foci (Wallace et al. 2014). Intriguingly,
Rad18 itself undergoes monoubiquitylation, and this prevents its interaction with SHPRH or
HLTF and at the same time suppresses its ability to promote PCNA monoubiquitylation and
TLS (Lin et al. 2011; Moldovan and D’Andrea 2011; Zeman et al. 2014). Kashiwaba et al.
have additionally shown that USP7 can deubiquitylate PCNA, but this is not coupled to
DNA replication and likely plays a role in DNA repair (Kashiwaba et al. 2015).

Just as it is important to initiate TLS in the face of replication-associated fork stalling, it is
critical that the TLS activity is restricted to prevent increased mutations caused by low-
fidelity polymerases. Two potential mechanisms ensure that TLS activity is restrained in
cells (Fig. 19.5). The first involves the ubiquitin-dependent inhibition of TLS polymerases
via both proteolytic and non-proteolytic ubiquitylation of TLS polymerases. For example,
POL-m undergoes ubiquitylation-dependent proteolysis via the E3 ligase activity of MDM2
(Jung et al. 2012). On the other hand, the E3 ligase PIRH2 monoubiquitylates POL-n to
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suppress its interaction with monoubiquitylated PCNA (Jung et al. 2010, 2011). In both
cases, this results in suppression of POL-n-dependent TLS.

Homologues of the TLS polymerases in yeast also undergo ubiquitin-dependent proteolysis.
For example, both Rad30 (the S. cerevisiae homologue of POL-n) and Rev1 undergo cell
cycle-dependent proteolysis to limit mutagenic activity, and in the case of Rad30, this is
mediated via the SCF ubiquitin ligase with the F-box protein Ufol (Waters and Walker
2006; Skoneczna et al. 2007; Plachta et al. 2015). The second, and perhaps more important,
mechanism restraining TLS activity is mediated through deubiquitylation of
monoubiquitylated PCNA via the USP1 isopeptidase (Huang et al. 2006). An interesting
study has recently shown that the deubiquitylation of mammalian PCNA, at least in the
context of DNA damage induced by ultraviolet irradiation (UV), is aided by the
deubiquitylating activity of USP10. In response to UV irradiation, USP10 is recruited to
PCNA following its ISGylation by the ubiquitin-like modifier ISG15 (Park et al. 2014).
Following deubiquitylation by USP10 and the release of POL-m, PCNA is de-ISGylated by
UBP43, which renders PCNA available for reloading the replicative DNA polymerases and
the resumption of DNA replication. Surprisingly, inactivation of Ubp10, the deubiquitinase
for PCNA monoubiquitylation in yeast, does not appear to cause increased mutagenesis,
arguing that other mechanisms contribute to inhibiting TLS-induced mutagenesis in yeast
(Gallego-Sanchez et al. 2012).

In addition to PCNA monoubiquitylation at Lys-164, large-scale studies have identified
additional lysine residues on PCNA that are ubiquitylated, but the E2/E3 enzymes carrying
these ubiquitylation events and their biological functions are yet to be determined (Mclintyre
and Woodgate 2015). PCNA is also subject to extensive regulation through the ubiquitin-
related SUMOQylation pathway, and this is critical to suppress spontaneous and DNA
damage-induced homologous recombination and help unload PCNA during DNA replication
(Zilio et al. 2017; Garcia-Rodriguez et al. 2016). In this case, ubiquitylation and
SUMOylation of the same protein and at the same residue appear to be tightly coordinating
for ensuring optimal activity for this important multifunctional protein.

Termination of DNA replication is also regulated via the UPS (Fig. 19.6). Replication
termination is initiated upon the convergence of replications forks, and this is triggered by
the disassembly of the replicative helicase complex CMG (CDC45-MCM-GINS) DNA. The
mechanism underlying replisome disassembly is not entirely clear, but two recent studies in
yeast and in Xenopus laevis egg extracts provided the first insights into how replication
termination is achieved (Maric et al. 2014; Moreno et al. 2014). Both studies have shown
that the disassembly of the CMG complex is dependent on Lys-48-linked polyubiquitylation
of the MCM?7 subunit of the MCM2-7 complex, and this triggers its recognition by the
ubiquitin-dependent segregase Cdc48 (also known as p97), a AAA+ adenosine
triphosphatase (ATPase) that forms a hexameric ring, which undergoes conformational
changes upon ATP hydrolysis to drive protein unfolding (Maric et al. 2014; Moreno et al.
2014; Barthelme et al. 2014). This results in the translocation of the MCM?7 subunit through
the p97 hexameric ring and the opening of the MCM2-7 ring allowing DNA exit and
replication termination (Bell 2014; Lengronne and Pasero 2014). Mcm7 polyubiquitylation
in S. cerevisiae is catalyzed by the activity of the SCF E3 ligase and the F-box protein Dia2,
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which has been previously shown to localize to the replisome (Maric et al. 2014; Moreno et
al. 2014; Morohashi et al. 2009). Although SCFPia2 jnactivation prevents CMG disassembly
and results in its retention on chromatin causing replication defects consistent with
inhibition of replication termination, blocking Mcm7 proteolysis does not do so, arguing that
Mcm?7 polyubiquitylation is most important for its extraction from the Mcm2-7 complex and
unloading of the Mcm2-7 ring (Maric et al. 2014; Moreno et al. 2014). The role of MCM7
polyubiquitylation in replisome disassembly and replication termination is conserved in
higher eukaryotes, but this was recently shown to be mediated through the activity of the
CRL2M ybiquitin ligase (Dewar et al. 2017).

19.8 Summary and Concluding Remarks

The last few decades have witnessed an extensive understanding of the role of the UPS in
regulating almost all aspect of cell physiology, and in many cases, deregulation of key
regulators of this ubiquitous regulatory system contributes to disease development. This
regulation is even more important for cellular processes that are dependent on the efficient
temporal and spatial interplay between many factors and is subject to endogenous and
external perturbations, as is the case for the regulation of eukaryotic DNA replication. While
many factors influencing DNA replication undergo extensive regulation through the UPS
leading to proteasomal degradation, non-proteolytic ubiquitin signaling coordinating
protein-protein interactions is being subjected to increasing scrutiny. Various components of
the UPS operate with extensive crosstalk and feedback mechanisms as well as interactions
with other posttranslational modifications, and together, they provide a complex network of
protein-protein communications to control the specificity and robustness of DNA replication
and cell cycle control. When faced with stresses that impact the replication machinery and
threaten the fidelity of DNA replication, for example, when replication forks encounter
replication-stalling lesions, cells must be able to quickly respond and adopt the appropriate
measures to cope with these stresses. The dynamic and reversible activities associated with
the UPS allow the cell to adjust to these insults. Even in the absence of these stresses, the
non-proteolytic as well as proteolytic mechanisms ensure that DNA replication proceed
unperturbed with exquisite accuracy. The diversity in the specificity of the various E2-E3
pairs in conjugating various polymers of ubiquitin chains on target substrates adds another
layer of complexity that will require more effort to fully understand and appreciate. Key
regulators, such as the APC/C, CRL4CPT2 and SCF ubiquitin ligases, and the USP7 and
USP1 deubiquitinases, dominate the scene and regulate the steady state levels or activities of
many proteins controlling DNA replication and cell cycle progression. They are also
important for regulating appropriate cellular responses to perturbations by activating cellular
checkpoints. It is therefore understandable that significant research is targeting some of
these key regulators for therapeutic gain, but this will require a greater understanding of the
molecular and biochemical details and structural information of these regulators.
Proteomewide studies suggest that we are yet to understand the functional significance of
new ubiquitin modifications of many replication-associated factors. The development of
novel techniques for genome editing and for gain- or loss-of-function screens as well as the
development of new protocols for enriching for and identifying various ubiquitin
modifications will no doubt be great assets for making these discoveries.
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Fig. 19.1.
Schematic of the various steps involved in the ubiquitylation of protein substrates via the

UPS. Ubiquitin (Ub) is conjugated to various ubiquitylation substrates through various
linkages to form monoubiquitylated (mono-Ub), lys-48-linked polyubiquitylated (K48 poly-
Ub), lys-63-linked polyubiquitylated, and branched polyubiquitylated (branched poly-ub)
species. Other forms of ubiquitin linkages are not shown. The process begins with ubiquitin
first activated and bound through a thioester bond by the ubiquitin-activating enzyme (E1).
Activated ubiquitin is subsequently transferred to one of several ubiquitin-conjugating
enzymes (E2) through another thioester bond. An E3 ubiquitin ligase (E3) then promotes the
transfer of ubiquitin to the target substrate through interaction with the E2-charged ubiquitin,
whereby a covalent isopeptide bond is formed between the C-terminus of ubiquitin and a
specific lysine residue on the substrate. Elongation of the ubiquitin chain is effected when
the C-terminus of another ubiquitin moiety is linked to one of seven lysine residues (e.g.,
K48) or the fist methionine residue (M1) on the first ubiquitin. Polyubiquitylation through
K48 or the less common K29 linkages targets the ubiquitylated substrate for proteasomal
degradation via the 26S proteasome. Other polyubiquitylation linkages (e.g., K63) serve
non-proteolytic functions. Ubiquitin and polyubiquitin chains can be removed from the
substrates through the activity of one of many highly specific cysteine proteases, called
deubiquitylating enzymes (DUBS), which can cleave both the isopeptide bond between the
ubiquitin and e-amino group of the lysine on the substrate or on ubiquitin (in a polyubiquitin
chain) or the peptide bond between ubiquitin and the N-terminal methionine of ubiquitin
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Fig. 19.2.
Molecular architecture of the three multi-subunit E3 ubiquitin ligases controlling DNA

rereplication and their activity during the cell cycle. The schematic illustrates the general
architecture of the APC/C (CDC20 or CDH1), cullin 1 (SCF), and cullin 4 (CRL4) E3
ubiquitin ligases. Ubiquitin molecules (red circles) are transferred to the substrate (blue
ribbons) through the activity of one of the three E3 ubiquitin ligase complexes (made of a
cullin or cullin-like subunit (light green), a bridge protein(s) (cyan), substrate adaptors (royal
blue), and small RING protein (orange)) and E2 conjugating enzymes (baby blue). Multiple
proteins bridge the substrate receptors CDC20 or CDH1 to the APC2 scaffold subunit of the
APC/C ligase. SKP1 and DDBL1 (damage-specific DNA-binding protein 1) bridge the
substrate receptors SKP2 and CDT2 to the cullin 1 or cullin 4 (A or B) of the SCFSKP2 or
CRL4CDT2 E3 Jigases, respectively. CRL4CPT2 recognizes its ubiquitylation substrates when
bound to chromatin-bound trimeric proliferating cell nuclear antigen (PCNA), encircling
DNA (black helix). G first gap phase of the cell cycle, S DNA synthesis phase, G2 second
gap phase of the cell cycle, M mitosis

Adv Exp Med Biol. Author manuscript; available in PMC 2018 May 03.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Abbas and Dutta

Page 32

y

Mitosis; G1 phase | S phase

ORC recruitment —  Helicase recruitment —— Helicase activation —

=~ SEe~v=GE

<®coT A7SETS OCDCB

™. Late G2/M

Fig. 19.3.
Control of MCM2-7 loading via the UPS. The APC/CCdM! |igase promotes MCM2-7

loading in late M and in G1 by degrading Geminin. However, APC/CCd also appears to
limit the abundance of certain licensing factors like Drosophila ORC1 and mammalian
CDC6 in G1, narrowing to late M-phase the window in the cell cycle when there is enough
ORC, CDCS6, and active CDT1 available to load MCM2-7 on origins. The E3 ubiquitin
ligases, SCFSKP2 and CRL4CPT2 [imit the abundance of key proteins involved in MCM2-7
loading (pre-RC assembly) in the S-, G2-, and early M-phases of the cell cycle. The SCF
ubiquitin ligase also utilizes the substrate recognition subunit cyclin F (SCFCYClinF: reg
aashed lines) to suppress origin relicensing by promoting the ubiquitylation and degradation
of CDC6 in late G2- and early M-phase of the cell cycle
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Fig. 19.4.
UPS control of DNA replication via direct and indirect mechanisms. MCM2-7 is loaded

(Pre-RCs established) in late M (and perhaps early G1)-phase of the cell cycle and is
prevented from being loaded again from the G4/S transition until the latest part of the next
mitosis. This regulation is dependent primarily on the activity of CDK, which is maintained
at low levels through late mitosis and G4 through the activity of APC/CCPHI ubiquitin
ligase. CDK activity peaks again in late G1 and at the G1/S transition through the activity of
the SCFSKF2 Jigase, which promotes the proteolysis of negative regulators of CDK2. CDK2
activity remains high in S-phase through the targeted proteolysis of p21 via CRL4CPT2,
Such elevated levels of CDK suppress pre-RC in late G1 and in S and prevent aberrant origin
relicensing and DNA rereplication. All three E3 ligases also directly control the abundance
of pre-RC proteins such that replication occurs only once in the cell cycle. The circuit
receives transcriptional input from the E2F1 transcription factor, which in addition to
promoting S-phase entry into the cycle through upregulation of cyclin E and the consequent
elevation of cyclin E/CDK?2 activity provides a negative feedback control to shut down the
activity of APC/C ligase (via EMI1 upregulation) and inactivation of CDT1 (via Geminin
upregulation). This ensures that cells proceed in S-phase without aberrant licensing. Green
arrows, positive regulation. Red lines, negative regulation
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Fig. 19.5.
Control of PCNA ubiquitylation and its role in normal DNA replication and following

replication stress. The trimeric PCNA is subject to monoubiquitylation via the activity of
multiple E3 ligases both in unperturbed cells (via CRL4-CDT2 E3 ligase) and following
replication stresses via Rad18/Rad5 E2/E3 or RNF8 E3 ligase. PCNA monoubiquitylation is
essential for the recruitment of Y-family DNA polymerases, such as DNA polymerase eta,
and this is critical for translesion DNA synthesis (TLS). This is reversed by the action of the
deubiquitylating enzymes USP1 and USP7 (Orange). The monoubiquitin on PCNA at
Lys-164 (K164) can be extended by the Rad5 E3 ligase and heterodimeric Ubc13/Mms2 in
yeast or through the activity of the HLTF and SHPRH E3 ligases in mammals to form K63-
linked polyubiquitin chain, and this promotes template switching and minimizes
mutagenesis due to excessive activity of TLS polymerases. Other E3 ligases, MDM2 and
PRH2, limit the activity of TLS polymerases to limit error-prone TLS either via the targeted
proteolysis of TLS polymerase eta (MDMZ2) or ubiquitin-dependent suppression of its
activity (PRH2)

Adv Exp Med Biol. Author manuscript; available in PMC 2018 May 03.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Abbas and Dutta

Page 35

s @ s
W

Converging replication forks

Cdc48/p94

QRN
R

0 A 0%

Cdc48/p94 ub

Fig. 19.6.
Control of replication termination in S. cerevisiae via the activity of the SCFP1a2 E3

ubiquitin ligase. A model depicting the K-48-polyubiquitylation of Mcm7 by the SCFPia2
E3 ubiquitin ligase in S. cerevisiae (CRL2-" E3 ubiquitin ligase in metazoans) at the sites
of converging replication forks, followed by its extraction from the MCM2-7 helicase by the
activity of the p97 chaperon, leading to the replisome disassembly and replication
termination. GINS and CDC25, components of the CMG helicase complex, are also shown
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