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I. Abstract 

Faithful and accurate transmission of the genetic information and maintenance of 

genomic integrity requires DNA duplication to proceed with remarkable fidelity. Excessive 

or incomplete DNA replication, that were not properly resolved by the cell, can result in 

genomic instability, developmental abnormalities, and cancer. Eukaryotic cells have 

evolved a multitude of regulatory mechanisms that work in concert to ensure a timely and 

accurate DNA replication and coordinate progression through S-phase. Failure to limit 

DNA replication to a single round per cell cycle results from erroneous origin re-firing 

leading to rereplication. Excessive rereplication is toxic to cells due to the accumulation of 

replication intermediates and stalled replication forks, and can lead to DNA breaks, 

chromosomal abnormalities, apoptosis, senescence and tumorigenesis. Amongst the 

regulatory mechanisms that guards against origin re-licensing is the degradation, during S-

phase of the cycle, of key replicative factors via the ubiquitin proteasomal system.  

Ubiquitin-mediated proteolysis is a highly regulated mechanism that controls the 

degradation of most cellular proteins with remarkable timing and specificity. CRL4CDT2 E3 

ubiquitin ligase plays a critical role in preventing excessive origin re-licensing in the same 

S-phase through the degradation of the licensing factor CDT1, the histone mono-

methyltransferase SET8, and the CDK inhibitor p21. Our work shows that the expression 

of CDT2, the CRL4CDT2 substrate adaptor, is elevated in melanoma and head and neck 

squamous cell carcinoma (HNSCC), and its elevated expression in melanoma correlates 

with poor patient outcome. Inactivation of CRL4CDT2, via CDT2 depletion or 

pharmacological inhibition using MLN4924 (Pevonedistat), an inhibitor of the activity of 

all cullin-based E3 ligases, suppresses melanoma proliferation through the induction of a 
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p21 and SET8-dependent rereplication and senescence. We showed that MLN4924 

suppresses melanoma tumor growth irrespective of the BRAF/NRAS mutational status. 

We have also shown that MLN4924-induced toxicity, both in vitro and in vivo, is mediated 

through failure to degrade p21 or SET8 during S-phase. We found that MLN4924 

synergizes with the BRAF kinase inhibitor vemurafenib to suppress BRAF melanomas in 

vivo and is effective against vemurafenib-resistant melanomas. We have also shown that 

MLN4924 inhibits and radio-sensitizes HPV-negative HNSCC in vivo. Subsequent 

analysis demonstrates that rereplication is sufficient to confer radiation sensitivity in 

HNSCC.  

My recent work with ionizing radiation (IR) identified rereplication as an 

underlying mechanism for inducing cytotoxicity in a subset of cancer cells of various 

epithelial origins. I have shown that DNA double-strand breaks (DSBs) are sufficient to 

induce rereplication in these cancer cells. The DSB-induced rereplication, or DIRR, 

correlates with IR-induced toxicity in melanoma cells, and is thus likely to impact the 

efficacy of radiotherapy in clinical settings. Mechanistically, we show that DIRR does not 

involve origin re-firing, and likely initiated by unshielded, hyper-resected broken DNA 

ends invading non-homologous sequences early in S-phase.  

In summary, using various cancer model systems, my studies have shown how 

rereplication induction in cancer cells can exhibit anti-tumorigenic activities and 

demonstrate that it mediates the efficacy of new therapeutic agents (MLN4924), IR and 

other DSB-inducing chemotherapies. 
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1. Overview of DNA Replication Initiation In Eukaryotes 

Faithful duplication and accurate transmission of the genetic and epigenetic 

information from one cell to its daughter cells is integral for maintaining genetic stability 

and cellular viability. Excessive or incomplete DNA replication or failure to restrict the 

duplication of the genome to a single round per cell cycle can results in catastrophic 

consequences such as genomic instability, developmental abnormalities, and cancer. 

Extensive studies have identified a number of key cell cycle regulators and molecular 

processes that oversee and timely and accurate DNA replication and coordinate a smooth 

progression through S phase (Limas and Cook 2019; Marks, Fu, and Aladjem 2017). How 

does the cell ñknowò when and where to initiate DNA replication? What are the key 

factors involved? And how does it limit DNA replication to a single round per cell cycle?  

Several studies have outlined the steps involved in the initiation of DNA replication 

in eukaryotic cells (Leonard and Mechali 2013): (1) Recognition of 

replication origins: identification of the chromosomal loci where 

DNA replication is initiated; (2) Replication or origin licensing: 

recruitment of key DNA-binding proteins that serve as a platform 

for the loading of the replicative MCM2-7 helicase; and (3) 

Helicase activation and origin firing: recruitment of additional 

factors that activate the replicative helicase and facilitate DNA 

unwinding and initiation of DNA synthesis. These distinct steps in 

replication initiation (Figure 1.1) are briefly described below.  

Figure 1.1: Summary of the key 

steps in DNA replication 

initiation 



14 
 

1.1. Origins of DNA Replication:  

DNA replication is initiated at numerous and specific chromosomal loci in the 

genome termed origins of replication. The number and nature of replication origins needed 

for efficient genome duplication varies depending on the chromosome size. The small 

circular bacterial and archaeal chromosome usually contains a single replication origin, 

while the eukaryotic genome contains from 400 origins (as in yeasts) to up to 50,000 in 

humans (Leonard and Mechali 2013). Due to the size of the eukaryotic genome, an 

efficient and timely DNA replication requires the coordinated co-activation of multiple 

origins per chromosome.  

Unlike prokaryotes and budding yeasts, metazoan replication origins do not share a 

unique distinct consensus sequence, and, instead, are more plastic and exhibit high 

heterogeneity (Fragkos et al. 2015). However, DNA sequences are not the only 

determinant of replication initiation sites and highly activated replicative origins in 

vertebrates have been shown to share certain chromatin and epigenetic features, such as 

CpG islands, G-quadruplexes, transcription start sites, strand asymmetry, origin G-rich 

repeated elements (OGREs), and regions of DNase hypersensitivity (Marks, Fu, and 

Aladjem 2017). It has been estimated that only 20% of all metazoans potential origin sites 

initiate replication in a given cell cycle, and origin choice appears to be dictated primarily 

by chromatin context and cell lineage (Cayrou et al. 2015). Flexibility of origin usage, and 

the presence of excess ñpassiveò or ñdormantò replication origins, that are rarely used to 

initiate DNA replication, appear to play a role in genome preservation, and those passive 
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origins might act as backup initiation sites that can be activated during replication stress 

(Marks, Fu, and Aladjem 2017; Fragkos et al. 2015). 

1.2. Epigenetic Regulation of Replication Origins:  

Open, and often transcriptionally active, chromatin structures are believed to be the 

most favorable for origins of replication, and certain histone post-translational 

modifications (PTMs) are strong predictors of origin utilization and play a major role in 

regulating chromatin compaction. Histone phosphorylation was shown to correlate with 

chromatin condensation while histone acetylation leads to less compact and relaxed 

chromatin due to the disruption of histone-DNA electrostatic interactions (Shoaib et al. 

2018). Recent genome-wide studies have demonstrated that origin sites are associated with 

local histone marks such as acetylated H4K5 and H4K12 catalyzed by the histone 

acetyltransferase HBO1, and methylated H4K20 catalyzed by histone methyltransferase 

PR-Set7 (SET8) (Sherstyuk, Shevchenko, and Zakian 2014; Shoaib et al. 2018). Other 

histone markers associated with replication origins include H3K4me1/2/3, H3K36me3, 

H3K9ac, H3K18ac, and H3K27ac (Smith et al. 2016). It is important to note that most 

findings regarding the role of histone features in chromatin structure result from genome-

wide association studies with cell cycle progression, and are primarily correlative, but the 

precise mechanistic roles most histone PTMs play in chromatin 

condensation/decondensation, and whether they dictate origin regulation may require 

further investigation (Shoaib et al. 2018). 
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1.3. Origin Licensing: 

The licensing of replication origins refers to the stepwise assembly of a set of 

DNA-binding proteins to form pre-replicative complexes (Pre-RCs) at the various origin 

initiation sites starting from late mitosis and throughout the G1 phase of each cell cycle 

(Figure 1.1). Components of the Pre-RC, which are orthologous in all eukaryotes, include 

the DNA-binding Origin Recognition Complex (ORC, six subunits ORC1-6), representing 

a scaffold that facilitate the recruitment of a conserved group of accessory proteins, 

helicases, and polymerases that catalyze the initiation of DNA replication (Marks, Fu, and 

Aladjem 2017). At the end of mitosis and during the M/G1 transition, ORC directly binds 

to open chromatin at replication origins, which as a result recruits two licensing factors: the 

cell division cycle 6 (CDC6) and the CDC10-dependent transcript 1 (CDT1). Two inactive 

hexamer replicative helicases (mini-chromosomal maintenance complex MCM2-7) are 

then loaded onto each replication origin to form the pre-RCs. The inactive MCM helicases 

remain stably bound to DNA until the end of G1, and will be activated or ñfiredò in S-

phase (Sheu, Kinney, and Stillman 2016; Limas and Cook 2019).   

1.4. Histone Modification in Origin Licensing - H4K20 methylation: 

In higher eukaryotes, loading of the ORC complex and the rest of the licensing 

factors onto replication origins is associated with local histone modifications rather than a 

unique consensus DNA sequence at origin sites. For instance, ORC1 was shown to contain 

a bromo-adjacent homology (BAH) domain that recognizes the di-methylated histone H4 

at the lysine 20 residue (H4K20me2), a modification that was found to be enriched at 

origins of replication (Kuo et al. 2012). Mutation in the ORC1 BAH domain, which 
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abrogates the ability of ORC1 to recognize H4K20me2, decreases ORC1 loading and 

occupancy at replication origins and impairs cell cycle progression (Kuo et al. 2012). 

Depletion of the mono-methyltransferase SET8, which results in a genome-wide reduction 

in H4K20 methylation, leads to defects in origin licensing (Limas and Cook 2019). It is 

important to note that the methylation of H4K20 was found to enhance MCM2-7 loading, 

but the histone mark alone was insufficient to define a functional replication origin 

(Brustel et al. 2017). On the other hand, excessive H4K20 methylation as a result of the 

uncontrolled expression of SET8 results in de-regulated origin licensing, and re-replication 

(discussed later in this chapter) (Limas and Cook 2019).     

The expression of the core components of the pre-RC is controlled on the 

transcriptional level by members of the E2F transcription factors, which are activated as a 

result of Cyclin D/CDK4-6 activity after mitogen stimulation. The activity of each origin 

licensing factor is tightly regulated by various PTMs (phosphorylation and ubiquitylation) 

to ensure timely and proper licensing and avoid premature or excessive firing (Limas and 

Cook 2019). 

1.5. Helicase Activation and Origin Firing:  

To ensure the timely and efficient DNA replication in higher eukaryotes, thousands of 

origins are ñlicensedò throughout G1, and activated at different times during S-phase. 

Helicase activation or ñorigin firingò requires a series of phosphorylation events that 

establishes the replication fork machinery (promote the recruitment of polymerases and 

accessory replication factors), and initiate DNA synthesis in a bidirectional fashion from 

each origin (Limas and Cook 2019). As a result of the activity of S-phase kinases, such as 
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Cyclin-Dependent Kinase 2 (CDK2) and Dbf4-dependent CDC7 Kinase (DDK), additional 

factors including CDC45, MCM10, and the GINS complex (Sld5, Psf1, Psf2, Psf3) are 

recruited to the inactive MCM hexamers to form the active helicase complex (CMG; 

CDC45-MCM-GINS) (Tanaka and Araki 2013; Sheu, Kinney, and Stillman 2016). Origin 

firing requires additional factors, such as TopBP1, Treslin, RECQL4, MCM10, and DNA 

polymerase (Pol Ů). Finally, after the recruitment PCNA, RPA, and RFC, the replisome is 

fully activated and the bidirectional progression of the replication forks commences on 

both DNA strands (Limas and Cook 2019).  

2. Negative Regulation of DNA Replication: The Ubiquitin-Proteasome System 

(UPS) 

All proteins within the cell are maintained in a dynamic state and are continuously 

created, modified, and degraded with remarkable timing and specificity. Active and proper 

balancing between synthesis and degradation of cellular proteins is a primary mechanism 

in regulating most cellular processes. Major intracellular proteolytic systems used in 

protein homeostasis include (1) the endo-lysosomal degradation pathway, (2) autophagy, 

and (3) the ubiquitin proteolytic pathway (Schwartz and Ciechanover 2009) .  

2.1. The Ubiquitin -Proteasome Proteolytic Pathway:  

Ubiquitin-proteasomal degradation is a highly regulated and irreversible process 

that governs the downregulation of most cellular proteins (Figure 1.2). Ubiquitin 

proteolysis occurs in two major steps: (1) Ubiquitin conjugation or labeling via the 

covalent attachment of a single or multiple ubiquitin molecules to the targeted substrate 

protein, (2) degradation of ubiquitylated or labeled substrates via the 26S proteasome 



19 
 

complex (Schwartz and Ciechanover 2009). Ubiquitin conjugation to the substrate occurs 

in three consecutive enzymatic steps. (1) First, the ubiquitin moiety, a highly conserved 

76-amino acid polypeptide, is ñactivatedò by the E1 ubiquitin-activating enzyme. (2) 

Second, an E2 ubiquitin-conjugating enzyme carries or transfers the activated ubiquitin to 

a highly selective E3 ubiquitin ligase which (3) mediate the covalent attachment of the 

ubiquitin moiety to the substrate targeted for degradation (Schwartz and Ciechanover 

2009). The resulting polyubiquitin chains feature at least five different topologies 

depending on the ubiquitin lysine residue used for chain extension (Figure 1.2). The 

canonical Lys48-linked ubiquitin chain, which adopts a tightly packed conformation, 

typically targets the substrate for degradation via the 26S proteasome. Other forms of 

ubiquitin linkages (such as Lys6, Lys11, Lys27, Lys29, Lys33, Lys63, Met1, and 

monoubiquitylation) which can form different chains with variable conformations and 

Figure 1.2: Summary the Ubiquitin-

Proteasome Proteolytic Pathway 
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configurations have also been implicated in non-proteolytic processes such as protein 

interaction, activation, and localization (Komander and Rape 2012; Kliza and Husnjak 

2020; Akutsu, Dikic, and Bremm 2016) (Table 1).  

Table 1 Ubiquitin Linkage Types and physiological functions 

 (Akutsu, Dikic, and Bremm 2016) 

Ub Linkage Examples of physiological processes 

Examples of E3 

ligases with 

preference for this 

linkage 

K6 DNA damage response BRCA1 

K11 
Cell cycle control, proteasomal degradation (less 

common) 
APC/C 

K27 Nuclear translocation, DNA damage response RNF168 

K29 Wnt signaling Smurf1, UBE3C 

K33 
TCR signaling, post-Golgi trafficking, kinase 

signaling 

Cul3-KLHL20, 

AREL1 

K48 Typical signaling for proteasomal degradation SCF, E6AP 

K63 
Endocytosis, protein trafficking, innate immunity, 

NFkB signaling  
TRAF6 

M1 
innate immunity, NFkB signaling, angiognenesis, 

authophagy 
LUBAC 

 

The polyubiquitin chain architectures and linkages are thought to be determined by 

the conjugating E2 enzymes , while the E3 ubiquitin ligases are known to confer substrate 

specificity (Rieser, Cordier, and Walczak 2013). E3s are classified into at least two main 

types: HECT (Homology to E6AP C terminus) and RING (Really interesting new gene). 

While both E3s recruit the substrate and bring it into contact with E2s, HECT E3 enzyme 
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directly participate in the reaction of transferring the ubiquitin moiety to the substrate 

(Skaar, Pagan, and Pagano 2014). The human genome contains at least 20 E2s and roughly 

1000 E3 ligases, but only a few of these enzymes have been characterized (Schwartz and 

Ciechanover 2009).  

2.2. The Cullin-RING E3 Ubiquitin Ligases: 

Cullin-RING E3 ubiquitin ligases (CRLs) represent the largest family of E3 ligases 

and are involved in regulating various cellular processes, including cellular progression 

through the cell cycle. CRLs contain four main subunits. The first subunit is the 

evolutionary conserved Cullin scaffold, for which the human genome encodes 6 types 

(CUL1, 2, 3, 4A, 4B, 5) and two atypical ones (CUL7, and 9). The second subunit, the 

RING finger domain (RBX1 and/or RBX2 bound to two zinc atoms), interacts with the 

Cullin at the C-terminus. One of four adaptor proteins (Skp1 (S-phase kinase-associated 

protein 1), Elongin B, Elongin C, or DDB1 (damaged DNA binding protein 1) represent 

the third subunit. Each adaptor proteins interacts with a particular Cullin at the N-terminus. 

For example, Skp1 typically interacts with CUL1 and CUL7, while DDB1 is often linked 

with CUL4A and 4B (Chen et al. 2015). The E3 specificity is conferred by the fourth 

subunit, the substrate recognition receptor, for which more than 400 proteins have been 

identified in the human genome. These include 78 F-box proteins for CUL1, 80 SOCs for 

CRL2/5, more than 200 BTBs for CRL3, and 90 DCAFs (DDB1 and Cul4-associated 

Factors) for CRL4A/B (Chen et al. 2015).  

Tumors can take advantage of the ubiquitin-proteasome system (UPS) to achieve 

uncontrolled proliferation or resistance to apoptosis (Heo, Eki, and Abbas 2016). 
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Deregulations of CRLs have been shown to play a role in oncogenesis due to their central 

role in regulating cell cycle progression, proliferation, and survival. Proteins such as SKP2 

and CUL4A are considered oncogenic, and were found to be frequently overexpressed in 

tumors, while FBXW7 and VHL act as tumor suppressors and were found to be mutated or 

inactivated in tumors (Table 2)  (Chen et al. 2015).  

   

2.3. Key E3 Ubiquitin Ligases Involved in Regulation of DNA Replication: 

Cell cycle progression is primarily regulated by the activity and the levels of 

various cyclin-dependent kinases (CDKs), CDK-interacting proteins, and CDK inhibitors 

(Nakayama and Nakayama 2006). The activity of each CDK is mediated by the presence 

of its cyclin partner and the specific CDK inhibitor, and by certain protein modifications, 

such as phosphorylation. The levels of cyclins, CDK inhibitors, and other cell cycle 

Table 2. Examples of Cullin-based E3 ubiquitin ligases  

with an anti-cancer therapeutic potential  

Cullin  

Examples of Adaptors and 

Substrate Receptors 

Examples of substrates 

CUL1 SKP2, ɓ-TrCP, FBW7 

p21, p27, phosphorylated CDT1, cyclin E, 

mTOR, c-MYC, c-JUN 

CUL2/5 VHL HIF1Ŭ 

CUL3 KEAP1 NRF2 

CUL4A DDB2/CDT2 CDT1, p21, SET8, 

Reference: (Soucy, Smith, and Rolfe 2009) 
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regulators oscillate during each phase of the cell cycle as a result of a delicate balance 

between synthesis and proteolysis via the UPS (Nakayama and Nakayama 2006). The E3 

ubiquitin ligases APC/C complex (Anaphase Promoter Complex or Cyclosome) and SCF 

(CRL1 or SKP1-Cullin1-F-Box protein) and are among the best well-characterized ligases 

responsible for driving cell cycle progression by impacting DNA replication and 

controlling the periodic proteolysis of cyclins and cell cycle regulators (Lee and Diehl 

2014; Chen et al. 2015; Abbas 2019).  

2.4. APC/C E3 Ubiquitin Ligase: 

APC/C (Anaphase promoting complex/cyclosome) is the largest multi-subunit E3 

ubiquitin ligase whose activity is critical in regulating DNA replication and driving cell 

cycle progression (Robbins and Cross 2010). APC/C interacts with two main substrate 

receptors CDC20 (during mitosis) and CDH1 (late mitosis and throughout G1 phase) 

(Robbins and Cross 2010). Normal cell cycle progression requires APC/C to be active 

from late mitosis and inactive by the G1/S transition. APC/C is needed at early G1 to 

maintain a low CDK activity required for the proper initiation of DNA replication. By the 

end of G1, APC/C is inactivated due to the rise in activity of its negative regulators, such 

as E2F1-dependent transcription of the APC/C inhibitor EMI1 and Cyclin E-CDK2. The 

full inactivation of APC/C at the G1/S transition is regarded as a ñpoint of no returnò in S-

phase entry (Limas and Cook 2019).           

2.5. SCFSKP2 E3 Ligase: 

The SCFSKP2 E3 ubiquitin ligase, which is composed of an SCF ligase associated 

with the substrate receptor SKP2 (FBX-L1 or S-phase kinase associated protein 2), is 
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another essential driver of DNA replication initiation and is directly involved in the 

proteolysis of key components of the pre-RCs (Abbas and Dutta 2017). The timely 

degradation of pre-RC components ensures that origin licensing occurs only from late 

mitosis to G1 and is prevented during the rest of the cell cycle. SCFSKP2  also promotes 

DNA replication through the ubiquitin-dependent degradation of CDK inhibitors such as 

p21, p27, and p57 (Table 2) (Abbas and Dutta 2017).  

Since SCFSKP2 is responsible for the negative regulation of many replication 

initiation factors, the degradation of its substrate receptor SKP2 by APC/CCDH1 during late 

M and G1 is necessary to stabilize replicative factors and facilitate pre-RC assembly. For 

instance, ORC1, the largest subunit of the ORC complex, is targeted for degradation by 

SCFSKP2. Therefore, ORC1 levels remain stable in G1 where SKP2 is kept low by 

APC/CCDH1 but is degraded in S-phase when APC/C is inactive and SKP2 is stable (Abbas 

and Dutta 2017). 

2.5.1. CRL4CDT2 E3 Ubiquitin Ligase: 

The CRL4CDT2 E3 ubiquitin ligase is an emerging major coordinator of cell cycle 

progression and genomic instability (Abbas and Dutta 2011). Recent studies have 

demonstrated the critical role the cullin 4-based E3 ubiquitin ligase CRL4CDT2 plays in 

preventing aberrant origin relicensing and preserving the integrity of the genome by 

degrading positive regulators of origin licensing (Abbas and Dutta 2011). The core 

structure of cullin 4 E3 ligases is very similar to other cullin-based SCF ligases (Higa and 

Zhang 2007). CRL4 ligases are composed of a core Cullin 4 (A or B) scaffold protein 

attached to one Ring finger domain (RBX1 or RBX2) needed to bind the E2 conjugating 
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enzyme carrying the activated ubiquitin moiety, and a DDB1 adaptor protein (DNA 

damage-specific protein-1) responsible for binding one of many DCAFs, such as CDT2 

(Higa and Zhang 2007).  

CRL4CDT2 is a unique E3 ligase that recognizes its substrates (namely CDT1, p21, 

and SET8) only when they are interacting with the chromatin-bound PCNA (Proliferating 

cell nuclear antigen) through a PIP box motif (PCNA-interacting peptide, or PIP degron) 

(Table 2) (Senga et al. 2006; Arias and Walter 2006; Abbas, Keaton, and Dutta 2013; 

Abbas and Dutta 2011). The chromatin-bound PCNA requirement of CRL4CDT2 substrate 

recognition therefore limits the ligaseôs activity to S-phase and in response to certain types 

of DNA damage (Senga et al. 2006; Arias and Walter 2006; Abbas, Keaton, and Dutta 

2013; Abbas and Dutta 2011).   By promoting the degradation of these key replication 

factors during S-phase, CRL4CDT2 prevents replication relicensing until DNA replication 

and the subsequent chromosomal segregation are completed. 

3. Negative Regulation of the Pre-RC Components to Prevent Rereplication  

Eukaryotic cells have evolved multiple mechanisms to maintain a tight control on 

DNA replication initiation and the level and activity of replicative factors, such as CDT1 

and CDC6, throughout the cell cycle. This strict regulation aims to avert DNA re-

replication by preventing any erroneous re-licensing of the same DNA or licensing of 

newly replicated DNA until the end of mitosis. This timely regulation is mediated by the 

activity of the key E3 ubiquitin ligases described above and driven by the oscillating levels 

of CDKs throughout the cell cycle.  
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3.1. CDK Levels 

Origin licensing and the sequential assembly of Pre-RCs (ORCs, CDC6, CDT1, 

MCM2-7) begins at the end of mitosis and continue through G1 (Figure 1.1). The 

phosphorylation of pre-RCs components by CDK inhibits origin licensing by either 

promoting the nuclear export of phosphorylated licensing factors, such as CDC6, or by 

facilitating their proteolysis via the UPS. Therefore, in order for origin licensing to proceed 

normally, CDK activity must remain low. From late mitosis to the end of G1, CDK activity 

is maintained low due to the increased levels of CDK inhibitors (such as p21 and p27) and 

the activity of the APC/CCDH1 E3 ligase which promotes the degradation of mitotic Cyclins 

(A and B) and the CDC25A phosphatase (Abbas and Dutta 2017). By the end of G1 and 

through S-phase, CDK activity is restored due to the inactivation of its negative regulators. 

At the end of G1, CDK inhibitors p21 and p27 are targeted for degradation by SCFSKP2, 

and p21 is also degraded in S-phase by CRL4CDT2 (Elzen and Pines 2001; Abbas and Dutta 

2009). By the end of G1, increased levels of CDK lead to the phosphorylation of pRb (by 

Cyclin D1/CDK4 and 6, and Cyclin E/CDK2), which promotes the transcription of E2F1 

target genes needed to prevent origin re-licensing (such as EMI1 and Geminin) and drive 

S-phase entry and progression (such as Cyclin E) (Abbas and Dutta 2017).  

Figure 1.3 DNA Replication initiation regulation by CRLs  

(modified from: Abbas and Dutta, 2017). 
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3.2. CDC6 

Starting from the G1/S transition, mammalian CDC6 is phosphorylated by CDK, 

triggering its nuclear export to the cytoplasm (Mailand and Diffley 2005). This prevents 

relicensing until the levels of CDK are down in mitosis. Studies have also shown that 

CDC6 is degraded by APC/CCDH1 in G1 (Figure 1.3), but this is inhibited following its 

phosphorylation by Cyclin E/CDK2 (Mailand and Diffley 2005). During S-phase, 

chromatin-bound CDC6 is targeted for degradation via the CRL4CDT2 E3 ligase via its 

interaction with PCNA (Clijsters and Wolthuis 2014) (Figure 1.3). CDC6 is also 

ubiquitylated by SCFCyclinF E3 ligase in G2 and early mitosis, and this degradation was 

shown to be critical in preventing re-replication (Clijsters and Wolthuis 2014; Walter et al. 

2016).   

3.3. CDT1 

CDT1 is another key factor in origin licensing and helicase loading. The timely 

degradation or inhibition of CDT1 activity is critical to prevent origin-relicensing (Abbas 

and Dutta 2017). At the G1/S transition, CDT1 is phosphorylated by CDK (Cyclin 

A/CDK2), creating a ñphospho-degronò motif recognized by SKP2, which promotes its 

proteolysis by SCFSKP2 E3 ligase (Liu et al. 2004) (Figure 1.3). The activity of SKP2 and 

the subsequent phosphorylation mediated proteolysis of CDT1 is facilitated by the 

inhibition of APC/C activity through EMI1 (early mitotic inhibitor 1) at this stage of the 

cell cycle.  

During S-phase, CDT1 is ubiquitylated via the CRL4CDT2 ligase (Senga et al. 2006) 

(Figure 1.3). As mentioned above, CRL4CDT2 recognizes the chromatin-bound CDT1 
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through its interaction with PCNA via a PIP (PCNA-interacting peptide) motif or PIP 

degron (Abbas, Keaton, and Dutta 2013). CRL4CDT2-mediated proteolysis of CDT1 is 

found in all eukaryotes, except for budding yeast who appears to lack an ortholog of CDT2 

(Zaidi et al. 2008). Studies have shown that the inhibition of the CRL4CDT2-mediated 

degradation of CDT1 is sufficient to induce re-replication and genomic instability, 

highlighting the critical importance this regulatory mechanism plays in preventing origin-

re-licensing and promoting healthy cell cycle progression (Abbas and Dutta 2017).     

CDT1 activity is also inhibited in S-phase through the interaction with a small 

protein called geminin (Figure 1.3). The binding of geminin to CDT1 sterically hinders the 

loading of a second helicase at the same replication origin site (Tada et al. 2001; Abbas 

and Dutta 2017). Geminin levels are maintained low in G1 by the APC/CCDH1 ligase. By 

the end of G1, due to the increase in E2F1-dependent transcription and CDK-mediated 

suppression of the APC/CCDH1, Geminin levels are restored and remain stable until the end 

of mitosis, where it is degraded after the resurgence of APC/CCDH1 ligase and remains low 

throughout G1 (McGarry and Kirschner 1998). 
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4. The Consequences of Deregulated Origin Licensing: DNA Rereplication 

4.1. DNA Re-replication  

As mentioned earlier, eukaryotic cells have evolved multiple mechanisms to strictly 

regulate replication factors and ensure that DNA sequences are duplicated once and only 

once per cell cycle. Due to the large size of the mammalian genome, S-phase progression 

takes several hours and a single molecular mechanism is not sufficient to prevent all 

possible instances of re-licensing. The presence of a multitude of regulatory mechanisms 

that operate in a parallel fashion aim to minimize the probability of origin re-licensing in 

case one mechanism is compromised. Failure to prevent re-initiation of DNA replication, 

or origin re-firing, results in re-replication and genomic instability (Figure 1.4). On the 

other hand, failure to properly assemble pre-RCs at sufficient replication origins inhibits 

cell proliferation and results in growth arrest. The consequences of re-replication can be 

Figure 1.4 Schematic depicting DNA re-replication, resulting from an abnormal re-

initiation of DNA replication within the same cell division cycle.  
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devastating to the cell and include stalled and collapsed replication forks, chromosome 

breakage, DNA breaks, mutagenesis, gene amplification, apoptosis, senescence, and 

oncogenesis (Liontos et al. 2007; Bui and Li 2019; Truong and Wu 2011; Abbas, Keaton, 

and Dutta 2013). Deregulated expression of replication initiation proteins has been 

observed in several human malignancies, and the overexpression of several of these lead to 

the transformation of premalignant cells and promote tumorigenesis in vivo (Bui and Li 

2019; Liontos et al. 2007). 

4.2. Perturbations that Result in Re-replication:  

Rereplication has been shown to be induced pharmacologically or through genetic 

manipulations of proteins that control origin licensing. Excessive origin licensing caused 

by the overexpression of CDT1 or depletion of its negative regulators (geminin or CDT2), 

has been shown to cause deleterious effects resulting from the accumulation of DNA 

damage, cell cycle checkpoint activation, and apoptosis (Abbas and Dutta 2011; W. Zhu 

and Dutta 2006; Abbas, Keaton, and Dutta 2013). Studies have shown that the inactivation 

of CDT1 degradation via SCFSKP2, which requires CDT1 phosphorylation by cyclin A-

CDK2, however, is insufficient to induce rereplication, presumably due to the fact that 

CDT1 is still degraded by CRL4CDT2 (Takeda, Parvin, and Dutta 2005).  In G2 where 

CDT1 reaccumulates and the levels of CDKs are high, geminin-mediated inhibition of 

CDT1 is particularly important in preventing re-licensing and re-firing of already 

replicated DNA (Machida and Dutta 2007). Rereplication was also shown to be induced in 

cells with the overexpression a stable mutant of CDC6, or inactivation of its E3 ligase 

SCFCyclinF, particularity in the absence of geminin (Walter et al. 2016).    
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In addition to CDT1 and CDC6, another CRL4CDT2 target whose degradation is 

essential in preventing rereplication is the mono-methyltransferase SET8 (Pr-Set7) (Abbas 

et al. 2010; Tardat et al. 2010) (Figure 1.3). Chromatin-bound SET8 is normally targeted 

for degradation by CRL4CDT2 at the G1/S transition and during S-phase. Expression of a 

CRL4CDT2-insensitive, non-degradable, but catalytically active form of SET8 is sufficient 

to induce robust rereplication in multiple cell lines (Abbas et al. 2010; Tardat et al. 2010).    

4.3. Pharmacological Induction of Rereplication 

One of the most common examples of pharmacological agents causing anti-

proliferative effect in cancer as a result of rereplication is a small molecule inhibitor called 

MLN4924 (Pevonedistat or TAK-924, from Millennium pharmaceuticals, Inc.). 

MLN4924, an adenosine sulfamate derivative, is a first-in-class, selective inhibitor of the 

Neddylation Activating Enzyme (NAE1) required for various cellular processes, including 

the activation of Cullin-based E3 ubiquitin ligases (Soucy, Smith, and Rolfe 2009).   

4.3.1. Neddylation: 

The activation of CRLs requires a PTM termed Neddylation, which is the covalent 

attachment of a ubiquitin-like moiety NEDD8 (neural precursor cell expressed, 

developmentally down-regulated 8) to the Cullin scaffold. Similar to ubiquitylation, 

neddylation requires a three-step enzymatic process which includes: (1) ATP-dependent 

ñactivationò of NEDD8 through a NEDD8-activating enzyme E1 (NAE1) forming an 

NAE-NEDD8 thioester. (2) The activated NEDD8 is then transferred to an E2 conjugating 

enzyme (UBC12 or UBE2F). (3) Finally, NEDD8 is covalently attached to the target 
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substrate (such as the C-terminus of a cullin protein) through a NEDD8-E3 ligase (Chen et 

al. 2015; Soucy, Smith, and Rolfe 2009).  

Structural studies have shown that the neddylation of cullins causes a 

conformational change in the N-terminus that brings the E2 enzyme in close proximity to 

the substrate to facilitate ubiquitin transfer (Duda et al. 2008). Neddylation is increasingly 

becoming an attractive anticancer target due to recent studies showing the levels of 

catalytic neddylation enzymes are upregulated in several human cancers associated with 

poor survival (e.g. breast, lung, glioblastoma, and liver cancers) (Zhou and Jia 2020).         

4.3.2. MLN4924 

MLN4924 has been shown to selectively inhibit NAE1 by forming a covalent 

adduct with NEDD8, which prevents the formation of the NAE-NEDD8 thioester bond 

(Soucy, Smith, and Rolfe 2009). Inhibition of NAE1, and thus CRLs, results in the 

accumulation of CRL ubiquitylation substrates. Due to the regulatory roles CRL ligases 

play in DNA replication, repair, and cell cycle progression, the disruption of their activity 

by MLN4924 led to the disruption of S-phase, induction of rereplication, accumulation of 

DNA damage, senescence, and cell death (Soucy, Smith, and Rolfe 2009). MLN4924 also 

exhibited strong anti-tumor activity in mouse models and is currently in multiple clinical 

trials for hematologic and solid malignancies (Soucy, Smith, and Rolfe 2009; Soucy et al. 

2009; Abbas and Dutta 2017). 
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4.4. Consequences of DNA Rereplication: 

DNA replication is a critical step in cellular development and cells are highly 

sensitive and intolerant to any event, however rare, that disrupts this delicate process and 

leads to DNA rereplication. Several studies have shown that the induction of DNA 

rereplication leads to the activation of cell cycle checkpoints to prevent genomic 

instabilities and protect cells against potentially harmful replication intermediates (Truong 

and Wu 2011).  

4.4.1. DNA Damage and Checkpoints Activation: 

In mammalian cells, rereplication induced after CDT1 overexpression, or the 

depletion of geminin or CDT2 was shown to result in an increase of H2AX 

phosphorylation, suggesting the generation of DNA lesions including ssDNA and DSBs 

(Archambault et al. 2005; Liu et al. 2007; Benamar et al. 2016; Vanderdys et al. 2018). 

Several studies have shown that, upon Cdt1 overexpression, RPA-bound ssDNA is 

Figure 1.5: ATR-mediated S-phase checkpoint prevents rereplication caused by 

deregulated origin licensing. Adapted from (Truong and Wu 2011). 
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detected at an early stage and is generated as a result of the MCM-mediated unscheduled 

DNA unwinding of re-licensed origins that may exceed the rate or capacity of available 

DNA polymerases. This ssDNA formation serves as an early signal that triggers ATR 

checkpoint activation to prevent further rereplication, and is eventually followed by ATM 

activation that act synergistically with ATR to arrest cells in G2/M (Liu et al. 2007). As 

shown in Xenopus egg extracts, DSBs are subsequently generated at a later stage as a 

result of head-to-tail collisions of replication forks chasing each other or when new forks 

encounter Okazaki fragments leading to the accumulation of DNA fragments (Davidson, 

Li, and Blow 2006; Liu et al. 2007) (Figure 1.5). 

Both ATM and ATR are important checkpoint kinases that play overlapping but 

non-redundant roles in detecting abnormal DNA lesions. While ATM is activated as a 

result of DSBs, ATR responds primarily to accumulation of ssDNA at stalled forks 

(Cimprich and Cortez 2008). Inactivation of ATR/CHK1, but not ATM/CHK2, was shown 

to lead to extensive rereplication (Liu et al. 2007). The inhibition of the expression of 

factors involved in ATR activation, such as RAD17 and ATR-interacting protein (ATRIP), 

reduced CHK1 phosphorylation induced by CDT1 overexpression, caused more 

rereplication in U2OS, and was sufficient to induce rereplication in cell lines, such as 

A549, that are otherwise resistant to rereplication induced by CDT1-overexpression. These 

findings highlight the role ATR-mediated S-phase checkpoint activation plays in early 

detection and prevention of rereplication beyond licensing control, and is consistent with 

the observations that rereplication is more profound in ATR-deficient cells where it leads 

to more checkpoint activation and severe DNA lesions (Liu et al. 2007).  
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 In budding yeast, it has been shown that the induction of rereplication by disrupting 

pre-RC formation (by interfering with cdc6 proteolysis, MCM nuclear exclusion, or 

ORC2/6 phosphorylation) leads to cell cycle arrest, RAD53 activation, and halted nuclear 

division (Archambault et al. 2005). This rereplication is further stimulated in the absence 

of the ATR homologue Mec1 (Archambault et al. 2005). In higher eukaryotes, 

overexpression of licensing factors such as CDT1, CDC6, or Cyclin A triggers the 

activation of the ATM/ATR/CHK2 DNA damage checkpoint pathway that aims to activate 

p53 and the CDK2 inhibitor p21 to suppress rereplication (Vaziri et al. 2003). In addition, 

it was also shown that CDK2 inactivation during S-phase leads to an unexpected MCM 

loading onto chromatin followed by the activation of the ATM/ATR-p53 pathway (an 

intra-S-phase checkpoint) needed to suppress rereplication (Y. Zhu et al. 2004). 

Rereplication induced by the geminin depletion triggers the activation of the G2/M 

checkpoint leading to the inhibition of Cyclin B/CDK1 activity via CHK1 and CDC25C in 

a p53-independent manner (W. Zhu, Chen, and Dutta 2004).  

ATR-mediated checkpoint activation, whether as a result of CDT1 overexpression 

or following DNA damage, was also shown to induce RB1 dephosphorylation, potentially 

as a result of ATR-mediated CDK downregulation. CDT1 overexpression in cells 

expressing shRNA against RB1 was shown to result in substantial rereplication in certain 

tumor cell lines, such as T98G and A549, that are otherwise resistant to rereplication 

induced after CDT1 overexpression (Liu et al. 2007). RB1 is likely to inhibit DNA 

replication via multiple mechanisms. Hypo-phosphorylated RB1 binds to E2F transcription 

factor family and inhibits the transcription of replicative factors including DNA 
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polymerases, ORC1, MCMs, CDC6, and CDT1, or cell cycle proteins such as CDKs and 

cyclins (Liu et al. 2007; Yoshida and Inoue 2004; Leone et al. 1998; Helin 1998). After 

DNA damage, RB1 interacts with PCNA and disrupts its replicative role potentially as a 

means to free PCNA to relocalize to DNA break sites (Angus et al. 2004). RB1 

additionally interacts with MCM7 and DNA polymerase Ŭ, and relocalizes to replication 

origins after DNA damage (Avni et al. 2003; Gladden and Diehl 2003). These findings 

collectively show the role RB1 plays in preventing rereplication as a result of ATR 

checkpoint activation.   

 ATR activation in response to DNA rereplication is essential to prevent genomic 

instability. ATR-mediated S phase checkpoint protects against rereplication either directly 

through phosphorylation of replicative factors or indirectly through its downstream 

effectors p53 and RB1 (Truong and Wu 2011). As such, ATR-mediated checkpoint serves 

as a replicative surveillance machinery that keeps rereplication to a minimum and protects 

against replication errors that lead to origin re-firing and fork collision during normal cell 

cycle, and allows checkpoint-mediated repair to remove duplicated sequences and repair 

rereplication-associated lesions. Both ATR- and ATM-mediated G2/M checkpoints 

ensures repair of DNA lesions, establishes normal licensing control, and prevents over-

replicated DNA from being carried through mitosis (Liu et al. 2007; W. Zhu and Dutta 

2006).  
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5. DNA Rereplication and Tumorigenesis        

Deregulated overexpression of replication licensing regulators has been readily 

observed in many cancer types and was shown to promote malignancies. CDT1 and CDC6 

overexpression has been documented in non-small cell lung tumors, colon cancer, mantle 

cell lymphoma, and head and neck carcinomas (Karakaidos et al. 2004; Pinyol et al. 2006; 

Liontos et al. 2007). A set of analysis in 75 cases of non-small cell lung carcinomas 

showed that at least 40% of tumors have overexpression of CDT1 and CDC6 

independently, and this observation is likely due to the upregulation of their transcription 

activator E2F1 in tumors (Karakaidos et al. 2004). Additional studies have shown that 

certain non-tumorigenic cell lines, such as mouse embryonic fibroblasts NIH3T3, readily 

form tumors in mice after CDT1 overexpression. These cells displayed numerous 

structural chromosomal abnormalities, translocations, inversions, and mutations (Arentson 

et al. 2002; Seo et al. 2005). CDC6 and CDT1 expression levels in different precancerous 

and cancerous stages of colon, lung, and head-and-neck tumors, showed a two-fold mRNA 

increase in hyperplasia and at least four-fold increase in the protein levels in dysplasia and 

carcinoma compared to adjacent normal tissues. No correlation, however, was observed 

between Ki67 proliferation index and the elevated expression of these factors (Liontos et 

al. 2007). These results suggest that the overexpression of licensing factors may driver 

tumorigenesis and not only represent a mere byproduct of increased proliferation.  

Unscheduled DNA replication induced as a result of overexpression of licensing 

factors or the expression of various oncogenes (e.g. CDC25A, Cyclin E and HRASV12) at 

pre-cancerous stages activates the cell cycle checkpoints and the DNA damage response, 
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which activates senescence and apoptosis to protect against harmful rereplication-

associated DNA lesions. The loss of this antitumor barrier under those conditions was 

shown to promotes tumorigenesis (Bartkova et al. 2005; 2006; Di Micco et al. 2006). For 

instance, the loss of p53 or inactivation of the p53/p14(ARF) pathway was often observed 

in tumors with unbalanced licensing signature characterized by overexpression of CDT1 

and CDC6 (Pinyol et al. 2006). These studies highlight that the loss of replication control, 

either as a result of oncogenes or deregulated origin licensing, is a common phenomenon at 

the early stages of tumorigenesis.  

Deregulated licensing control and the resulting rereplication is shown to carry an 

oncogenic potential and is readily observed at the early stages of tumorigenesis (Truong 

and Wu 2011). The rereplication-induced genomic instability and the accumulation of 

DNA lesions and mutations that disrupt checkpoint activation can abrogate the cellular 

anti-tumor barrier and promote tumorigenesis (Truong and Wu 2011). 
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1. Abstract 

Ubiquitin-mediated proteolytic degradation is a highly regulated process that 

ensures selective and timely turnover of most cellular proteins necessary to maintain 

proper cell homeostasis and preserve genomic integrity. The CRL4CDT2 E3 ubiquitin ligase 

is emerging as a master regulator of cell proliferation involved protecting against aberrant 

DNA replication and maintaining healthy cell cycle progression. The timely CRL4CDT2-

mediated proteolysis of its substrates CDT1, p21, and SET8 is critical to prevent excessive 

origin relicensing during the same S-phase leading to rereplication, a lethal phenomenon 

that results in various forms of genomic instabilities, senescence, and apoptosis. Our work 

shows that the CRL4CDT2 substrate adaptor, CDT2, is elevated in cutaneous melanoma and 

its expression correlates with poor overall and disease-free survival. We showed that 

CRL4CDT2 inactivation, via CDT2 depletion or pharmacological inhibition using 

MLN4924, a specific inhibitor of neddylation that is required for the activity of all cullin-

based E3 ligases, suppress melanoma proliferation through the induction of a p21- and 

SET8-dependent rereplication and senescence. We found that transient exposure of at least 

12 hours to MLN4924 is sufficient to irreversibly inhibit cell proliferation and induce 

rereplication and senescence in melanoma cells, but not in immortalized melanocytes. 

Using melanoma cell lines with hypomorphic deletions of p21 or SET8, we showed that 

MLN4924-induced toxicity is mediated through the CRL4CDT2-mediated stabilization of 

p21 or SET8 in vitro and in nude mice. MLN4924 inhibits melanoma tumor growth 

irrespective of BRAF/NRAS mutational status and synergizes with BRAF kinase inhibitor 

PLX4720 to suppress BRAF melanomas in vivo. In addition, PLX4720-resistant 
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melanomas remain sensitive to MLN4924-induced growth suppression and rereplication. 

Collectively, our results show that MLN4924-induced toxicity in melanoma is mediated 

primarily through the disruption of the CRL4CDT2-p21/SET8 degradation axis, and its 

therapeutic efficacy can benefit a broad patient population including individual with 

tumors that relapsed from conventional vemurafenib therapy.  
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2. Introduction:  

2.1. Melanoma 

Melanoma is one of the most aggressive forms of skin cancer estimated to affect at 

least 100,000 newly diagnosed patients and cause 6,850 deaths in the United States alone 

in 2020 (PDQ Adult Treatment Editorial Board 2002). It is the most common cancer 

among young adults (ages 25 to 29), the third most common cancers among males, and is 

responsible for the vast majority of all skin cancer deaths (Miller et al. 2019; PDQ Adult 

Treatment Editorial Board 2002). Even though patient with a primary local tumor have a 

five-year survival rate of 99%, it drops significantly to between 19% and 25% after 

metastasis (ñCancer Facts and Figuresò 2020; Miller et al. 2019).  

 Over half of melanoma cases have an activating mutation in the BRAF 

serine/threonine kinase, with V600E being the most common, while 15-25% of melanomas 

have a mutation in NRAS (Davies and Samuels 2010). Both BRAF and NRAS are 

involved in the MAPK/ERK signaling pathway (RAS-RAF-MEK-MAPK) whose 

activation stimulates cell proliferation, survival, and inhibits cell death. NRAS also 

activates the PI3K (phosphatidyl-inositol 3-kinase) pathway (Solus and Kraft 2013). 

Certain melanomas have additional and less prevalent mutations in the genes encoding 

SCF receptor tyrosine kinase (KIT), neurofibromin (NF1), or GNAQ/GNA11, all of which 

interact with the MAPK pathway.  In addition, 20-40% of melanoma cases have a loss or 

reduced expression of the tumor suppressor and phosphatase PTEN (phosphatase and 

tensin homologue). Inactivating mutations in CDKN2A (p16) and loss of p53 both were 

found to cooperate with NRAS-mutated melanoma cases (Solus and Kraft 2013).   
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 Patients harboring the BRAF-V600E mutations provide a therapeutic target with 

BRAF/MEK inhibitors such as vemurafenib (PLX4032), a low molecular weight molecule 

that binds to the ATP-binding site of BRAF-V600E kinase and inhibits its activity. Patients 

treated with vemurafenib show a median progression-free survival of 7 months with a 

median overall survival rate of up to 14 months (Garbe and Eigentler 2018). Despite their 

rapid clinical results, most BRAF/MEK inhibitors are associated with high rates of 

resistance in the majority of patients. Due to the significant therapeutic resistance, and the 

absence of valid inhibitors against non-BRAF melanomas (Goldinger et al. 2013), it is 

critical to identify alternative therapeutic approaches against melanoma tumors irrespective 

of their mutational status. 

2.2. DNA Replication Regulation via the Ubiquitin Proteasome System 

 Eukaryotic cells have evolved multiple mechanisms to maintain healthy cell cycle 

progression and preserve genomic integrity. Ubiquitin-mediated proteolysis via the 26S 

proteasome is a highly regulated cellular process that govern the degradation of most 

cellular proteins (Glickman and Ciechanover 2002). The CRL4CDT2 ubiquitin ligase is one 

of the key E3 ubiquitin ligase involved in cell cycle progression, DNA replication, and 

DNA repair. Recent studies have demonstrated the critical role this E3 ligase plays in the 

proteolysis of positive regulators of the initiation of DNA replication such as CDT1 

(Abbas and Dutta 2011; Abbas, Keaton, and Dutta 2013). CRL4CDT2 also targets for 

degradation p21 and SET8 in S-phase to prevent DNA rereplication.. Substrate recognition 

of CRL4CDT2 requires the interaction with the chromatin-bound PCNA which limits the 

ligase activity to S-phase and particular instances of DNA damage (Senga et al. 2006; 
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Arias and Walter 2006; Abbas, Keaton, and Dutta 2013; Abbas and Dutta 2011). This strict 

and timely CRL4CDT2-mediated proteolysis of these substrates is critical to limit DNA 

replication to a single round per cell cycle and prevent erroneous replication re-initiation 

which leads to rereplication. The consequences of rereplication is often lethal to the cell 

and leads to multiple forms of genomic instabilities including DNA breaks, gene 

amplification, collapsed replication forks, chromosome breakage, senescence and 

apoptosis (Liontos et al. 2007; Bui and Li 2019; Truong and Wu 2011; Abbas, Keaton, and 

Dutta 2013).      

 Excessive origin relicensing leading to rereplication can be triggered through the 

deregulated expression of licensing factors, such as the overexpression of CDT1, or 

inactivation of CRL4CDT2 through the downregulation of CDT2 (Abbas, Keaton, and Dutta 

2013; Jin et al. 2006).  CRL4CDT2 can be inactivated pharmacologically using a small 

molecule inhibitor called MLN4924 (pevonedistat). The activation of Cullin-based E3 

ubiquitin ligases requires a ubiquitination-like process termed Neddylation, which involves 

the covalent attachment of the ubiquitin-like NEDD8 moiety (neural precursor cell 

expressed, developmentally down-regulated 8) and is involved in various cellular 

processes. MLN4924 is a potent inhibitor of the neddylation activation enzyme (NAE1) 

which interrupts the activity of all CRL-based E3 ligases including CRL4CDT2 (Soucy et al. 

2009; Merlet et al. 2009). The inactivation of CRL4 activity by MLN4924 is toxic to 

cancer cells in vitro and in vivo and results in the accumulation of DNA damage and cell 

death and is currently in multiple clinical trials for hematologic and solid malignancies 

(NCT00722488, NCT00911066, NCT01011530) (Soucy et al. 2009; Lin et al. 2010). In 
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addition to inactivating CRL-mediated proteolysis, MLN4924 was found to inhibit various 

other pathways including NFəB, ATK, and mTOR. However, additional pre-clinical 

studies are needed to further uncover the underlying mechanisms that contributes to 

MLN4924ôs efficacy in melanoma (Godbersen et al. 2014; Gu et al. 2014; L. Li et al. 

2014; H. Li et al. 2014; Milhollen et al. 2011; 2010; Soucy et al. 2009).   

2.3. Overview of Key Findings: 

 In this chapter, we show that the substrate adapter CDT2 is overexpressed in 

malignant melanoma and its high expression correlates with poor patient outcome. We also 

show that the inactivation of CRL4CDT2 by CDT2 knockdown or MLN4924 treatment 

inhibits melanoma proliferation regardless of the BRAF/NRAS mutational status, and 

induces rereplication and senescence is dependent on the stability of p21 and SET8. We 

also demonstrate that the efficacy of MLN4924 in vivo is dependent on the expression of 

p21 or SET8 independently. These results suggest that CRL4CDT2 inactivation represents 

the primary mechanism of MLN4924-mediated toxicity in melanoma. We also show that 

MLN4924 synergizes with the BRAF inhibitor vemurafenib against melanoma tumors in 

vivo harboring this mutation BRAFV600E, and is toxic to melanoma cell lines that are 

resistant to vemurafenib treatment.     
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3. Results:  

3.1. The Expression of CDT2 is Elevated in Melanoma and Serves as a Negative 

Prognostic Marker  

The most common and significant driver genetic alterations in cutaneous melanoma 

occur in both the MAPK and PI3K signaling pathways, both of which affect gene 

expression promoting survival, cell cycle entry, proliferation and other responses (Solus 

and Kraft 2013). We searched a series of gene expression databases in order to identify 

previously uncharacterized melanoma-specific alterations in genes involved in cell cycle 

progression and DNA replication downstream of the MAPK/PI3K pathways. The 

identification of new melanoma-specific deregulated genes could provide additional 

insight into melanomagenesis, promote novel molecular markers that facilitate the 

development of more efficient prognostic assays, and identify potential druggable targets 

outside of the MAPK/PI3K pathways to overcome acquired resistance in melanoma.            

 Using a publicly available database that examined the RNA expression profiles 

from 45 primary melanoma, 18 benign skin nevi, and 7 normal skin tissues (Talantov et al. 

2005), we found that the levels of CDT2 to be elevated in 84% of melanoma samples 

compared to the non-malignant nevi and normal skin tissues (Fig. 2.1A-B). This 

observation was not specific to melanoma as CDT2 was also overexpressed in additional 

malignancies including pancreatic, brain, lung, breast, cervical and gastric tumors (Data 

not shown). By examining the CDT2 expression levels in a database of 471 primary and 

metastatic melanomas as part of The Cancer Genome Atlas (TCGA) available at 

cBioPortal (Cerami et al. 2012; Gao et al. 2013), we found that elevated expression levels 
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of CDT2 correlates with poor clinical outcome and lower probability of both overall and 

disease-free survival (Fig. 2.1C-D).      

 Furthermore, we looked at the CDT2 protein expression levels in a human tissue 

microarray (TMA). In this in situ analysis, we examined 138 melanoma samples derived 

from 100 patients (58 males and 42 females aged between 23 and 90) including 8 primary 

tumors and 92 metastatic melanomas compared to a set of non-malignant nevi tissues. We 

found that 117 out of 138 melanoma samples (84.7%) have significant elevation of nuclear 

CDT2 levels, which was more significant in the metastatic samples compared to the 

primary cutaneous melanomas, and was not detectable in the benign nevi (Fig. 2.1E-G). To 

test if the elevated CDT2 protein levels, similar to its mRNA expression, can be considered 

as an indicator of poor prognosis, we compared the CDT2 levels with the proliferative 

marker Ki-67 whose reactivity was shown to be a predictor of histological malignancy in 

melanoma (Moretti et al. 2001). We found a statistically significant positive correlation 

between CDT2 and Ki67 staining (r = 0.447, p < 0.01) (Fig. 2.1H). These results show that 

CDT2 is overexpressed in melanoma, in both the mRNA and the protein levels, and its 

expression can serve as a negative prognostic factor and a predictor of poor clinical 

outcome.            

 

 



58 
 

 



59 
 

Figure 2.1: The Expression of CDT2 is Elevated in Melanoma and Serves as a 

Negative Prognostic Marker 

A-B. mRNA Expression level of CDT2 in a set of cutaneous melanoma samples (45) 

compared to normal skin (A) or melanoma precursors (B) from a publicly available dataset 

at Oncomine (Talantov et al. 2005). 

C-D. Survival curves representing overall survival (C) or disease-free survival (D) in 

patients with cutaneous melanoma stratified by CDT2 mRNA expression level. Red curves 

represent the group with the high CDT2 expressors (>0.23z), while the blue curve 

represents the low expressors (<0.23z). M= median survival (months), n = sample size 

(patient number). Data is publicly available from TCGA.       

E-F. Representative tissue microarray (TMA) images (E) of melanoma (primary and 

metastatic), or nonmalignant nevi, samples stained for CDT2. Relative quantification of 

CDT2 expression in cutaneous melanoma samples compared to nevi is shown in the box 

plot in F.  

G. Relative quantification of CDT2 expression from the TMA cohort in primary compared 

to metastatic samples.  

H. Dot plot showing the correlation between CDT2 expression from the TMA set in E 

compared to Ki67 expression derived from the same set co-stained with Ki-67 
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3.2. CDT2 Is Required for Melanoma Cell Proliferation and I ts Depletion Results 

in Rereplication and Senescence  

CDT2, the substrate adapter of the CRL4CDT2 E3 ubiquitin ligase, has been shown 

to be involved in the negative regulation of replication factors to prevent excessive DNA 

replication and the maintenance of proper S phase progression (Abbas, Keaton, and Dutta 

2013; Jin et al. 2006). Activating mutations in the mitogenic pathways, such as BRAF and 

NRAS which are common in melanoma, were shown to result in oncogene-induced 

replication stress by increasing origin firing and generating asymmetric replication forks 

(Di Micco et al. 2006). We hypothesized that the elevated expression of CDT2 observed in 

melanoma tissues serves as a way to alleviate the oncogene-induced replication stress and 

maintain proper growth of tumor cells.      

 To test this hypothesis, we showed that siRNA-mediated silencing of the CDT2 

expression suppressed cell proliferation in a panel of 9 melanoma cells with various 

mutational background, including the BRAF-mutant DM93 cells (Fig. 2.2A and data not 

shown). Flow cytometry analysis, using propidium iodide as a DNA marker, revealed that 

silencing CDT2 results in an increase in the population of cells with more than 4N DNA 

content, indicative of rereplication, in the same melanoma panel (Fig. 2.2B, D). Cell cycle 

analysis following a one-hour pulsing with bromodeoxyuridine (BrdU) confirmed the 

presence of a significant rereplication population (57%) post CDT2 knockdown in DM93 

(Fig. 2.2C). A small apoptotic population was also observed in both flow cytometry 

analyses in multiple cell lines represented by a population of cells with less than G1 DNA 

content.   
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 Oncogene-induced replication stress and DNA hyper replication were shown to 

result in increased DNA damage and cellular senescence (Gaillard, García-Muse, and 

Aguilera 2015; Di Micco et al. 2006; Tu et al. 2011). Using ɓ-galactosidase (ɓ-gal) 

staining assay, we showed that depletion of CDT2 resulted in significant increase of ɓ-gal 

staining indicative of senescence in the majority of the melanoma cells tested (Fig. 2.2Fï

G). 28 to 48hrs following the siRNA-mediated knockdown of CDT2 in a set of melanoma 

cells, the protein levels of the CRL4CDT2 degradation substrates such as p21 and SET8 was 

increased. This was accompanied with an increase in DNA damage (ɔH2AX) and 

checkpoint markers (phosphorylation of CHK1 and CHK2) (Fig. 2.2E) These results 

suggest that CDT2 is required for the proliferation of melanoma cells, regardless of their 

mutational background, and its depletion results in DNA rereplication, DNA damage and 

cellular senescence.   
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Figure 2.2: CDT2 Is Required for Melanoma Cell Proliferation and Its Depletion 

Results in Rereplication and Senescence 

A. Growth curve showing the impact of deletion of CDT2 by siRNA on the proliferation 

rate of DM93 melanoma cells. Immunoblot showing the expression level of CDT2 post 

knockdown (inset)   

B. Flow cytometry profile showing the cell cycle distribution in DM93 cells after 

transfection with siGl2 (control) and siCDT2. Propedium iodide (PI) used as a marker for 

DNA content (FL2 - x-axis).   

C. Flow cytometry profile of DM93 cells showing BrdU incorporation post transfection 

with siGl2 (control) or siCDT2. Cells were pulsed with BrdU one hour before harvesting 

and then stained with BrdU antibody and 7-AAD (DNA marker). 

D. Histogram showing the impact of CDT2 knockdown on the rereplication induction in a 

panel of melanoma cells. Rereplication analyzed 72 hours post transfection with siRNA 

and quantified with flow cytometry (PI staining).   

E. Immunoblotting showing the expression level of various proteins at 24 or 48 hours post 

transfection with siCDT2.  

F-G. Histogram (F) showing the impact of CDT2 knockdown on the percentage of cells 

undergoing senescence in a panel of melanoma cells. Senescence was quantified using ɓ-

gal staining as shown in the DM93 representative images in G. 

Results in A, D, F represent the average of 3 independent experiments +/- SD. P-values 

were calculated using Studentôs t-test. 
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3.3. Rereplication and Senescence induced after CDT2 Inactivation in Melanoma 

Require p21 and SET8 

CRL4CDT2 is an important barrier to excessive origin relicensing leading to DNA 

rereplication (Abbas and Dutta 2011). We tested if the observed rereplication and 

senescence induced in melanoma cells is dependent on the CRL4CDT2 substrates. siRNA-

mediated depletion of CDT1, p21, or SET8 in two melanoma cells lines (DM93 and 

VMM39) significantly inhibited the rereplication and senescence induced after CDT2 

depletion. While the knockdown of p21 or SET8 did not significantly impair cell cycle 

distribution, CDT1 depletion increases the G1 population suggesting its role in S-phase 

entry (Fig. 2.3A-B, and data not shown). Therefore CDT1, p21, and SET8 are all required 

for rereplication and senescence induced after CDT2 depletion.  

DNA Rereplication observed in mammalian cells and in other higher eukaryotes, 

such as zebrafish and C. elegans, in many cases has been attributed to failure to degrade 

CDT1 by SCFSKP2 and/or CRL4CDT2 (Abbas and Dutta 2011; Abbas, Keaton, and Dutta 

2013). Consistent with the literature, ectopic expression of CDT1 induced rereplication in 

melanoma cells. However, we observed that the overexpression of SCFSKP2-resistant CDT1 

mutant (CDT1ȹCY) induced more robust rereplication than the overexpression of wild type 

CDT1 (wt-CDT1) or CRL4CDT2-resistant CDT1 mutant (CDT1ȹPIP) in melanoma (Fig. 

2.3C). Consistently, the depletion of the APC ubiquitin ligase inhibitor EMI1, which 

results in the stabilization of Cyclin A (required for SCFSKP2 mediated degradation of 

CDT1) and the CDT1 inhibitor geminin, induced rereplication in melanoma cells. Geminin 

depletion induced rereplication in U2OS and in Cal27 head and neck squamous cell 

carcinoma cells but failed to do so in DM93 and VMM39 melanoma cells (Fig. 2.3D-E). 
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These results suggest that CDT1 is regulated in melanoma cells primarily by the Cyclin A-

dependent SCFSKP2-mediated proteolysis.       

In addition, we tested if the stabilization of the other two CRL4CDT2 substrates (p21 

and SET8) is sufficient to induce rereplication and senescence in melanoma. Ectopic 

expression of both wild type p21 and SET8 did not induce rereplication or senescence in 

melanoma cells (Fig. 2.3F-G). However, stable overexpression of the or CRL4CDT2-

resistant non-degradable SET8 (SET8ȹPIP), and not the catalytically inactive protein 

(SET8ȹPIP-CD) resulted in robust rereplication and senescence in DM93 and VMM39 (Fig. 

2.3F-G). On the other hand, overexpression of stable p21 (p21ȹPIP) was sufficient to induce 

senescence, but not rereplication, and was associated with an intra-S-phase growth arrest in 

both DM93 and VMM39 cells. Therefore, deregulated SET8 expression is required and 

sufficient to promote rereplication and senescence in melanoma cells after CDT2 

inactivation.  
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