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|. Abstract

Faithful and accurate transmission of the genetic information and maintenance of
genomic integrity requires DNA duplitan to proceed with remarkable fidelity. Excessive
or incomplete DNA replicatiarthat were not properly resolved by the ce#in resulin
genomic instability, developmental abnormalities, and cancer. Eukaryotic cells have
evolved a multitude of regulaty mechanisms that work in concert to ensure a timely and
accurate DNA replication and coordinate progression throtjmeSe. Failureotlimit
DNA replication to a single round per cell cycle res@itomerroneou®rigin re-firing
leading to rereplicabin. Excessiveereplicationis toxic to cells dudo the accumulation of
replication intermediates and stalled replication fpakel carlead to DNA breaks,
chromosomal abnormalities, apoptosis, senescence and tumorigenesis. Amongst the
regulatory mechasms thafjuardsagainst origin rdicensing is the degradatipduring S

phase of the cyclef key replicative factors via the ubiquitimoteasomal system.

Ubiquitin-mediated proteolysis is a highly regulated mechanisnctratolsthe
degradation of mst cellular proteins with remarkable timing and specifiéRL4°°™ E3
ubiquitin ligase plays a critical role in preventing excessive origliteasing in the same
S-phasehrough the degradation of the licensing factor Cifié histonemono-
methyltansferase SET8, aride CDK inhibitor p21 Our work shows thahe expression
of CDT2, the CRL4"?substrate adaptais elevated irmelanoma and head and neck
squamous cell carcinoma (HNSC@idits elevated expression in melanoma correlates
with poor mtient outcome. Inactivation of CRE2™, via CDT2 depletion or
pharma&ological inhibition usindLN4924 (Pevonedistat an inhibitor of the activity of

all cullin-based E3 ligasesuppresses melanoma proliferation through the induction of a



p21 and SET&lependent rereplication and senescewsshowed tha¥lLN4924
suppreses melanoma tumor growth irrespective of the BRAF/NRAS mutational status.
We havealsoshownthatMLN4924-induced toxicity bothin vitro andin vivo,is mediated
throughfailure to degadep21 or SET&luring Sphase We found thaMLN4924
synergizes witlthe BRAF kinase inhibitovemurafenilto suppress BRAF melanomias
vivo andis effective against vemurafeniiesistant melanomag/e have also shown that
MLN4924 inhibits andradio-sersitizesHPV-negative HNSCGn vivo. Subsequent
analysisdemonstratethat rereplication is sufficient to confer radiation sensitivity in

HNSCC.

My recentwork with ionizing radiatior(IR) identifiedrereplication as an
underlying mechanism for inducingtoyoxicity in a subset of cancer cells of various
epitkelial origins.l have shown that DNAloublestrand breaks (DSBs) are sufficient to
induce rereplication ithesecancer cellsThe DSB-induced rereplication, or DIRR,
correlates with IRnduced toxiciy in melanoma cellgnd is thus likely to impadhe
efficacy of radiotherapy in clinical settisgMechanistically, weshowthat DIRRdoes not
involve origin refiring, and likelyinitiated byunshieldedhyperresectedrokenDNA

ends invading nahomobgous sequences early irpBase.

In summaryusing vaious cancer model systenmy studieshave shown how
rereplication induction in cancer cells can exhibit-amthorigenic activities and
demonstrate that it mediates #f@cacy ofnew therapeutic amnts MLN4924), IR and

other DSBinducingchemotherapies
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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 itdaughter cells is integrébr maintaining genetic stability
and cellular viability. Excessévor incomplete DNA replication or failure testrict the
duplication ofthe genomeo a single roungber cell cycle can results in catastrophic
consequences du@s genomic instability, developmental abnormalities, and cancer.
Extensive studies have idi#fired anumberof key cell cycle regulators and molecular
processes that oversee and timely and accurate DNA replication and coordinate a smooth
progression thnagh S phas@.imas and Cook 2019; Marks, Fu, and Aladjem 20How
does the cell A Kk nimtiate@ DN re@icatioa?Wihat avéntieerkey t o

factors involved’And how does it limit DNA replication to a single roundrgell cycle?

Several studies have outlindte steps involved in thmitiation of DNA replication

in eukaryotic cell§Leonard and Mechali 201:3)1) Recognition of

| Origin recognition

replication origins: identification of the chromosomal loci where
ORC
Loading

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

recruitment of key DNAbinding proteins that serve as a platform He"mel licensing

factors

Origin licensing

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

- Pre-RC
== formation
Replisome

assembly
and

factors that activatthe replicativenelicase and facilitate DA Helicase

Helicase activation and origin firing: recruitment of additional

DNA
Polymerase

activation Helicase activation

unwinding and initiation of DNA synthesis. These distinct steps ™ and origin g

replication initiation(Figure 1.1)are briefly described below. e

Fork progression

Figure 1.1 Summary of the key
steps in DNA replication
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1.1. Origins of DNA Replication:

DNA replication is initiated at numerous and specific chromosomal loci in the
genome termedrigins of replication. The number and natureeglicationorigins 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
humangLeonard and Mechali 2013pue to the size of the eukaryotic genome, an
efficient and timely DNA replication requires the coordinatedctivation of multiple

origins per chromosome.

Unlike prokaryotes and loding yeasts, metazoan replication origins do not share a
unigue distinct consensus sequence, grstead are more plastic and exhibit high
heterogeneityFragkos et al. 2015However, 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, fRatoiEs
CpG islands, @uadruplexes, transcription start sites, strand asymmetry, origehG
repeated elements (OGRES), and regions of DNase hypersengiaitys, Fu, and
Aladjem 2017)It has been estimated thatly 20% of all metazoans potential origin sites
initiate replication in a given cell cycle, and origin choice appieog dictated primarily
by chromatin context and cell lineaf@ayrou et al. 2015Flexibility of origin usage, and
thepresece of excess fApassiveo or fAdormanto repl:i

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 replsiatss

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

1.2. EpigeneticRegulation of Replication Origins:

Open, and often transcriptionally active, chromatin structures are believed to be the
most favorable for orig of replication, and certain histone ptsinslational
modifications (PTMs) are strong predictors of origin utilization and play a majomrole i
regulating chromatin compaction. Histone phosphorylation was shown to correlate with
chromatin condensationhite histone acetylation leads to less compact and relaxed
chromatin due to the disruption of histeD&IA electrostatic interactionsShoaib et al.
2018) Recent genomwide studies have demonstrated that origin sites are associated with
local histone marks such as acetylated H4K5 and H4li#yzed by the histone
acetyltransferase HBO1, and methylated H4k&talyzed by histone methyltransferase
PR-Set7 (SET8)Sherstyuk, Shevchenko, and Zakian 2014; Shoaib 2048) Other
histone markerassociated with replication originsclude H3K4me1/2/3, H3K36me3,
H3K9ac, H3KL8ac, and H3K27a(Smith et al. 2016)It is important to notéhat most
findings regarding the role of histone features in chromatin structure result from genome
wide assoiation studies with cell cycle progressj@md are primarily correlativbutthe
precise mechanistic roles most histone PTMs play in chromatin
condensation/decondensati@md whether they dictate origin regulatroay require

further investigatior{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 preeplicative complegs(PreRCs) 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 P#ieC, which are orthologous in all eukaryotes|ude
the DNA-binding Origh Recognition Complex (ORC, six subunits OR&)lrepresenting
a scaffold that facilitate the recruitment of a conserved group of accessoiggrote
helicases, and polymerases that catalyze the initiation of DNA repli¢Meks, Fu, and
Aladjem 2017) At the end of mitosis and during the M/G1 transition, ORC directly binds
to openchromatin at replication origins, which as a result recruits two licensing factors: the
cell division cycle 6 (CDC6) and the CDGiependent trascript 1 (CDT1). Two inactive
hexamer replicative helicases (matiromosomal maintenance complex MGViRare
then loaded onto each replication origin to formpteRCs. The inactive MCM helicases
remain stably bound to DNA until the end of G1, andlwi# act i vat ed or Afire

phasgSheu, Kinney, and Stittan 2016; Limas and Cook 2019)

1.4. Histone Madification in Origin Licensing - H4K20 methylation:

In higher eltaryotes, loading adhe ORC complex and the rest of the licensing
factorsonto replication origins iassociated with local histone modificatsorather than a
unique consensus DNA sequence at origin sites. For instance, ORC1 was shown to contain
a bromeadjacent homology (BAH) domain that recognizes thmetihylated histone H4
at the lysine 20 residue (H4K20me2), a modification that was foube émriched at

origins of replicationKuo 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 cyetegressior{Kuo et al. 2012)
Depletion of the monmnethyltransferase SET8, which results in a geramde reduction

in H4K20 methylation, leads to defects in origin licengibignas and Cook 2019}t is
important to note that thmethylation ofH4K20 was foud to enhance MCMZ loading,
butthe histone mark alone was insufficient to defa functional replication origin

(Brustel et al. 207). On the other hand, excessive H4K20 methylation as a result of the
uncontrdled expression of SET8 results in-degulated origin licensing, and-replication

(discussed later in this chaptéitymas and Cook 2019)

The expression of the cocemponent®f thepre-RC is controlledbn the
transcriptional level by members of the E2F transcription factors, which are activated as a
resut of Cyclin D/CDK4-6 activity after mitogen stimulation. The activity of eaclyior
licensing factor is tightly regulated by various PTMs (phosphorylation and ubiquitylation)
to ensure timely and proper licensing and avoid premature or excessivélfinrag and

Cook 2019)

1.5. Helicase Activation and Origin Firing:

To ensure the timely and efficient DNA replication in higher eukaryotes, thdsisd
ori gi lcenseadbr ¢ hfi oughout G1, and ramgS3phaseat ed at di
Helicase activation or Aorigin firingo requi
establishes the replication fork machinery (promote the recruitmentyoshprdses and

accessory replication factors), and initiate DNA synthesis inieebtbnal fashion from

each originlLimas and Cook 2019As a result of the activity of-Bhase kinases, such as
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Cyclin-Dependent Kinase @DK?2) and Dbf4dependent CDC7 Kinase (DDK), additional

factors including CDC45, MCM10, and the GINS complex (SId5, Psfl, Psf2, Psf3) are

recruited to the inactive MCM hexanseo form the active helicase complex (CMG;
CDC45MCM-GINS) (Tanaka and Araki 2013; Sheu, Kinney, and Stillman 20Q6yin

firing requiresadditional factorssuch as TopBP1, Treslin, RECQL4, MCM10, and DNA

pol ymerase (Pol 0) . Finally, after the recru
fully activated and the bidirectional progression of the replication forks commence

both DNA strandgLimas and Cook 2019)

2. Negative Regulation of DNA Replication: The UbiquitinProteasome System
(UPS)

All proteins wihin the cell are maintained in a dymic 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 regulaing most cellular processes. Majatracellular proteolytic systems used in
protein homeostasis include (1) the eiykbsomal degradation pathway, (2) autophagy,

and (3) the ubiquitin proteolytic pathwé&gchwartz and Ciechanover 2009)

2.1. The Ubiquitin -Proteasome Proteolytic Pathway:

Ubiquitin-proteasomatlegradation is a highly regulated and irreversible process
that governs the dowrgalation 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 siegor multiple ubiquitin molecules to the targeted substrate

protein, (2) degradain of ubiquitylated or labeled substrates via the 26S proteasome
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complex(Schwartz and Ciechanover@®). Ubiquitin conjugation to the substrate occurs
in three consecutive enzymatic steps. (1) First, the ubiquitin moiety, a highly conserved
76ami no aci d @melty peapteidde b yactwatiig enByte. @b i qui t i n

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

Degradation by the

26S Proteasome \,\E])

\ E3 Ubiquitin
Ligase

Figure 1.2 Summarythe Ubiquitin

Proeasome Proteolytic Pathway
a highly selective E3 ubiquitin ligase which (3) mediate the covalent attachment of the
ubiquitin moiety to thesubstrate targeted for degradat{®thwartz and Ciechanover
2009) The resulting polyubiquitin chains feature at least five different topologies
depending on the ubiquitin lysinesidue used for chain extension (Figure 1.2). The
canonical Lys48inked ubiquitin chain, which adopts ightly packed conformation,
typically targets the substrate for degradation via the 26S proteasome. Other forms of

ubiquitin linkages (such as Lys6y411, Lys27, Lys29, Lys33, Lys63, Metl, and

monoubiquitylation) which can form different chains with vakgaconformations and
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configurations have also been implicated in4pooteolytic processes such as protein

interaction, activation, and localizatikiomander and Rape 2012; Kliza and Husnjak

2020; Akutsu, Dikic, and Bremm 201@lable 1).

Table 1Ubiquitin Linkage Types and physiological functions
(Akutsu, Dikic, and Bremm 2016)
Examplesof E3
. . : ligases with
Ub Linkage | Examples of physiological processes preference for this
linkage
K6 DNA damage response BRCA1
Cell cycle control, proteasomal degradation (leg
K11 APC/C
common)
K27 Nuclear translocation, DNA damage response | RNF168
K29 Whnt signaling Smurfl, UBE3C
K33 TCR signaling, postGolgi trafficking, kinase Cul3-KLHL20,
signaling AREL1
K48 Typical signaling for proteasomal degradation | SCF, EGAP
Endocytosis, protein traffickingnnate immunity,
K63 . _ TRAF6
NFkB signaling
innate immunity, NFKB signaling, angiogresas,
M1 Y J 9 angiog LUBAC
authophagy

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

the conjugating2 enzymes , while the E3 ubiquitin ligases &nown to confer substrate

specificity (Rieser, Cordier, and Walczak 201BBs are classified into at least twoima

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

While both E3s recruit the substrate and bring it into contact wshHE2CT E3 enzyme
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directly participate in the reaction gahsferring the ubiquitin moiety to thebsirate
(Skaar Pagan, and Pagano 201%he human genome contaat least 20 E2s and roughly
1000 E3 ligasedutonly a fewof these enzymedsave been characterizédchwartz and

Ciechanover 2009)

2.2. The Cullin-RING E3 Ubiquitin Ligases:

Cullin-RING E3 ubiquitin ligases (CRLS) represent the largest family of E3 ligases
andare involved in regulating various cellularocesses, includinggllular progression
through thecell cycle. CRLs contain four main subunits. The first subunit is the
evolutionary conserve@ullin scaffold, for which the human genome encodes 6 types
(CUL1Y, 2, 3, 4A, 4B, 5) and two atypical on€3L7, and 9). The second subunit, the
RING finger domain (RBX1 and/or RBX2 bound to two zinc atoms), interacts with the
Cullin at the Gterminus. One of foundaptor proteins (Skpl (Sphase kinasassociated
proten 1), Elongin B, Elongin C, or DDB1 (damad) DNA binding protein 1) represent
the third subunit. Each adaptor proteins interacts with a particular Cullin attdrenkhus.
For example, Skp1l typically interacts with CUL1 and CUL7, while DDBL1 is oftendinke
with CUL4A and 4B(Chen et al. @15) The E3 specificity is conferred by the fourth
subunit,the substrate recognition receptoy for which more than 400 proteins have been
identified in the human genome. These include -B®¥ proteins for CUL180 SOCs for
CRL2/5, more than 200 BTBsf&€RL3, and 90 DCAFs (DDB1 and Cuéésociated

Factors) for CRL4A/BChen et al. 2015)

Tumors can take advantage of the ubigyiioteasome system (UPS) to achieve

uncontrolled proliferation or resistes to apoptosiHeo, 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 progressj@roliferation, and survival. Proteinsctuas SKP2

and CUL4A are considered oncogerand 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 AChen et al. 2015)

Table 2. Exanples of Cullin-based E3 ubiquitin ligases

with an anti-cancer therapeutic potential

Examples of Adaptors and
Cullin Examples of substrates

Substrate Receptors

p21, p27, phosphorylated CDT1, cyclin

CuL1 S K P 2TrCPpFBW?7
mTOR, éMYC, ¢-JUN
CUL2/5 VHL HI F1U
CUL3 KEAP1 NRF2
CUL4A DDB2/CDT2 CDT1, p21, SETS,

Reference:(Soucy, Smith, and Rolfe 2009)

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

Cell cyde progression is primarily regulated by the activity and the levels of
variouscyclin-dependent kinases (CDKs), CBHteracting proteins, and CDK inhibitors
(Nakayama and Nakayama 200Bhe activity of each CDK is mediateg the presence
of its cyclin partner and the specific CDK inhibitand by certain protein modifications,

such as phosphorylation. The levels of cyclins, CDK inhibitors, #mer aell cycle
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regulators oscillate during each phase of the cell cycle asit of a delicate balance
between synthesis and proteolysis via the ((f&kayama and Nakayama 2006he E3
ubiquitin ligaseAPC/C complex(Anaphase Promoter Complex or Cyclosome) &G
(CRL1 or SKP1Cullin1-F-Box protein) and are among the best veblaracterized ligases
responsible for driving cell cycle progressiby impacting DNA replication and
controlling the periodic protegsis of cyclins and cell cycle regulatdisee and Diehl

2014; Chen et al. 2015; Abbas 2019)

2.4. APC/C E3 Ubiquitin Ligase:

APC/C (Anaphase promoting complex/cyclosomehéslargest multsubunitE3
ubiquitinligase whose activity is critical in regulating DNA replication and dridaly
cycle progressiofRobbins and Cross 2013PC/C interacts witltiwo main substrate
receptors CDC20 (during mitosis) and CDH1 (laiéosis and throughout G1 phase)
(Robbins and Cross 201®Mormal 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 propeitiation of DNA replication. By the
end of G1, APC/C is inactivatetlie to the rise in activity of its negative regulatstsh
as E2Fidependent transcription of the APC/C inhibitor EMI1 and Cych@EBK2. The

full inactivation of APC/C atthe G1/Strang i on i s regarded as a fApoi

phase entryLimas and Cook 2019)

2.5. SCPFKP2E3 Ligase:

The SCFXP2E3 ubiquitin ligase, which is composed of an SCF ligase associated

with the substrig receptor SKP2 (FBX1 or Sphase kinase associated protein 2), is
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arotheressential driver of DNA replication initiation and is directly involved in the
proteolysis of key components thie preRCs(Abbas andutta 2017) The timely
degradation of piRC components ensures that origin licensing occurs only from late
mitosis to G1 and is prevented during the rest of the cell cycles*XSC&lso promotes
DNA replication throughhe ubiquitinrdependent degratian of CDK inhibitors such as

p21, p27, and p57 (Table @bbas and Dutta 2017)

Since SCE*P2is responsible for the negative regulation of meaplication
initiation factors, the degradation of its substnateeptor SKP2 by APCKEH! during late
M and G1 is necessary to stabilize replicative factors and facpitef@C assembly. For
instance, ORC1, the largest subunit of the ORC complex, is targeted for degradation by
SCPFXP2 Therefore, ORC1 levels rematable in G1 where SKP2 is kdptv by
APC/C°PH! put is degraded in-Bhase when APC/C is inactive and SKP2 is st@hidas

and Dutta 2017)

2.5.1. CRL4°PT2 E3 Ubiquitin Ligase:

The CRL4P™ E3 ubiquitin ligase is an emerging major coordinator of cgtle
progression and genomiitstability (Abbas and Dutta 2011Recent studies have
demonstrated thcritical rolethe cullin 4basd E3 ubiquitin ligas€RL4°P™? plays in
preventing aberrant origin relicensing and preserving the integrity of the genome by
degrading positive regulators of origin licens{#dbas and Dutta 2011Jhe core
structureof cullin 4 E3 ligasess very similar to othecullin-based SCF ligasé€bliga and
Zhang 2007)CRLA4 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 adapiteip (DNA
damae-specific proteinl) responsible for binding one of many DCAFs, such as CDT2

(Higa and Zhang 2007)

CRL4°P™js a unique E3 ligase that recognizes its substrates (namely CDT1, p21,

and SET8) only when theyamteracting wth the chromatirbound PCNA (Proliferating
cell nuclear antigen) through a PIP box motif (PCIMferacting peptide, or PIP degron)
(Table 2)(Senga et al. 2006; Arias and Walter 2006; Abbas, Keaton, and Dutta 2013;
Abbas and Dutta 2011The chromatirfbound PCNA requirement of CRER™ substrate
recogniton thereforelini t s t he | i g-phase éngh reaporise tv dertay typge®
of DNA damagdgSenga et al. 2006; Arias and Walter 2006; Abbas, Keaton, and Dutta
2013; Abbas and Dutta 2011By promoting the degradation of these key replication
factors during Sphase, CRL4P 2 prevents replication relicensingtil DNA replicaion

and the subsequent chromosomal segregation are completed.

3. Negative Regulation of the PreRC Components to Prevent Rereplication

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

DNA replication initiation and the levaind activity of replicative factors, such as CDT1
and CDC6, throughout the cell cycle. This strict regulation aims to avert DNA re
redication by preventing any erroneouslieensing of the same DNA or licensing of
newly replicated DNA until the end of tosis. This timely regulation is mediated by the
activity ofthekey E3 ubiquitin ligasedescribed abovand driven by the oscillatinlevels

of CDKs throughout the cell cycle.

S
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3.1. CDKLevels

Origin licensing and the sequential assembly off®@s (ORCs, CDG, CDT1,
MCM2-7) begins at the end of mitosis and continue through G1 (Figure 1.1). The
phosphorylation of piRCs components by CDKInibits origin licensing by either
promoting the nuclear export of phosphorylated licensing factors, such as CDCB6, or by
facilitating their proteolysis via the UPS. Therefore, in order for origin licensing to proceed
normally, CDK activity must remain lovierom late mitosis to the end of G1, CDK activity
is maintained low due to the increased levels of CDK inhibitors (supBlaand p27) and
the activity of the APC/EPH E3 ligase which promotes the degradation of mitotic Cyclins
(A and B) and the CDC25AhmsphataséAbbas and Dutta 20178y the end of G1 and
through Sphase, CDK activity is restored due to thadtivation of itsnegative regulators.
At the end of G1, CDK inhibitors p21 and p27 are targeted for degradation }"8CF
and p21 is also degraded irpBase by CRL% 2 (Elzen and Pines 2001; Abbas and Dutta
2009) By the end of G1, incread levels of CDK lad 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 origHiagensing éuch a€£MI1 and Geminin) and drive

S-phase entry and progressi@uch ayclin E) (Abbas and Dutta 2017)

End of Mitosis G1 Phase S Phase
; . >
Origin recognition Origin licensing Helicase activation and origin firing
— e - — :""__ — I N
SET8 .
— CDT1
ORC ) CDT1 CDC6 Set8
g CDC6
= MCMm2-7 0@
Geminin o

p21

Figure 1.3DNA 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 cytopla@vailand and Diffley 2005)Thisprevents
relicensing until the leus of CDK are downn mitosis Studies have also shown that
CDC6is degraded by APC/®"!in G1 (Figure 1.3)but this is inhibited followindts
phosphorylabn by Cyclin E/CDK2(Mailand and Diffey 2005) During Sphase,
chromatinbound CDCS6 is tarded for degradation via the CRE22 E3 ligase via its
interaction with PCNAClijsters and Wolthuis 2014}igure 13). CDC6 is also
ubiquitylated by SC#°"F E3 ligase in G2 and early mitosis, and this degradation was
shown to be critical in preventing-replication(Clijsters and Wolthuis 2014; ®ter 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 origgticensing(Abbas
and Dutta 2017)At the G1/S transition, CDTit phosphorylated by CDK (Cyclin
A/CDK2),c r e a tphosghedee gt on 0 mot i f recognized by SKP
proteolysis by SC#P?E3 ligase(Liu et al. 2004)Figure 1.3). The activity of SKP2d
the subsequent phosphorylation mediated proteoly<idfl is facilitatedoy the
inhibition of APC/C activitythroughEMI1 (early mitotic inhibitor 1)t this stage of the

cell cycle.

During Sphase, CDT1 is ubiquitylated via the CRPZ ligase(Senga et al. 2006)

(Figure 1.3) As mentioned aboveCRL4PT? recognizes the chromativound CDT1
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through its interaction with PCNA via a PIP (PCN#eracting peptide) motif or PIP
degron(Abbas, Keaton, and Dutta 2018RL4®">-mediated proteolysis of CDT1 is
found in all eukaryotes, except fouddingyeast who appesto lack an ortholog o£DT2
(Zaidi et al. 2008)Studies havehown that the inhibition of the CRE2™>-mediated
degradation of CDT1 isufficient to induce reeplication and genomic instability,
highlighting the critical importance this regulatory mechanism glapseventng origin-

re-licensing angpromotingheathy cell cycle progressiofbbas and Dutta 2017)

CDT1 acivity is also inhibited in Sohase through the interaction watsmall
protein called gminin (Figure 1.3)The binding of geminin to CDT4terically hinders the
loading of a seconkelicase at the same replication origin §itada et al. 2001; Abbas
and Dutta 2017)Geminin levels are maintained lowG1 by the APC/EH! ligase. By
the end of G1, due to the increase ilFE8ependent transcription and CBHediated
suppression of the APCM, Geminin levels are restored and remain stable until the end
of mitosis, where it is degraded after the rgsace of APC/€PH! ligase and remains low

throughout G{McGarry and Kirschner 1998)
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4. The Consequenes of Deregulated Origin Licensing: DNA Rereplication

4.1. DNA Re-replication

As mentioned earliegukaryotic cells have evolved multiple mechanisms to strictly
regulate replication faors and ensure that DNA sequences are duplicated once and only
once per cell cycle. Due to the large size of the mammalian genegph@s® progression
takes several hows and a single molecular mechanism is not sufficient to prevent all
possible instanaeof relicensing. The presence of a multitude of regulatory mechanisms
that operate in a parallel fashion aim to minimize the probability of origicarsing in
case ae mechanism is compromised. Failure to preveiritiation of DNA replication,
or origin refiring, results in rereplication and genomic instability (Figure 1.4). On the
other hand, failure to properly assempite-RCs at sufficient replication origingnhibits

cell proliferation and reswdin growth arrest. The consequences efagication can be

_— —_—
@ Normal DNA "’ Normal - @

replication | progression

DNA Re-replication Senescence

> 4 o -

2

= %
B A \ U ég

Replication fork

Figure 1.4 Schematic depicting DNAe-replication, resulting from an abnormai re
initiation of DNA replication within the same cell division cycle.
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devastating to the cell and inclusialled andcollapsed replication forks, chromosome
breakage, DNA breaks, mutagenesis, gene amplification, apoptosscence, and
oncogenesigLiontos et al. 2007; Bui andi2019; Truong and Wu 2011; Abbas, Keaton,
and Dutta 2013)Deregulated expressiaf replication initiationproteinshas been
observed irseveral human malignanciesydthe overexpression of several of thessd to
the transformation of premalignactlls and promote tumorigenesisvivo (Bui and Li

2019; Liontos et al. 2007)

4.2. Perturbations that Result in Rereplication:

Rereplication has been shown to be induced pharmacologically or through genetic
manipulations oproteins thatontrol origin licensing. Excessive origin licensing caused
by the overgpression of CDT1 or depletion of its negative reguiatgemininor CDT2),
has been shown to cause deleterious effesulting from the accumulation of DNA
damage, cell cycle checkpoint activation, and apop{ddéibas and Dutta 2011; W. Zhu
and Dutta 2006; Abbas, Keaton, and Dutta 20$8)dies have shown that the inadiiva
of CDT1degradation vi&CFXP2 which requires CDT1 phosphorylation by cyclin A
CDK2, however, ignsufficient toinduce rereplicatiofpresumably due to the fact that
CDT1 is still degraded by CREB™ (Takeda, Parvin, and Dutta 2009n G2 where
CDT1 reaccumulates and the levels of CDKs are tggmjnin-mediated inhibition of
CDTL1 is particularly important in preventinglieensing and rdiring of already
replicated DNA(Machidaand Dutta 2007)Rereplication was also shown to be induced in
cells with the overexpression a stable mutant of CDC6, or inactivatits E3 ligase

SCFYCINF particularity in the absence géminin(Walter et al. 2016)
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In addition to CDTland CDC6 another CRL%°™? target whose degradation is
essential in geventing rereplication is the momoethyltransferase SET8 (Bet7)(Abbas
et al. 2010; Tardat et al. 201®igure 1.3). Chromatibound SET8 is normally targeted
for degradation by CRL%™ at the G1/S transition and duringpBase. Expression of a
CRL4°PT2insensitive, nordegradable, but catalytitaactive form of SET8 is sufficient

to induce robust rereplication in multiple cell linddbas 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 astdt of rereplication is a small molecule inhibitor called
MLN4924 (Pevonedistat or TAR24, from Millennium pharmaceuticals, Inc.).

MLN 4924, an adenosine sulfamate derivative, is aifirstass, selective inhibitor of the
Neddylation Activating EnzymeNAE1) required for various cellular processesluding

the activation of Cullifbased E3 ubiquitin ligas€Soucy, Smith, and Rolfe 2009)

4.3.1. Neddylation:

The activation of CRLs requés a PTM termed Neddylation, which is the covalent
attachment of a ubiquitiiike moiety NEDD8 (neural precursor cell expressed,
develgpmentally dowrregulated 8) to the Cullin scaffold. Similar to ubiquitylation,
neddylation requires a thretep enzymat process which includes: (1) ATdependent
Aactivati ono of NEBEQ@mEng énhymeEL NAELxforiggRD 8
NAE-NEDDS thicester. (2) The activated NEDDS8 is then transferred to an E2 conjugating

enzyme (UBC12 or UBEZ2F). (3) Finally, NEDDS8 isvalently attached to the target
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substrate (such as thet€@minus of a cullin protein) through a NEDIE3 ligaseChen et

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

Structural studies have shown that the neddylatiaulths causes a
conformational change in the-tdrminus that brings the E2 enzyme in close pnityi to
the substrate to facilitate ubiquitin transfBuda et al. 2008)Neddylation is increasingly
becoming an attractive anticancer target due to recent studies showing the levels of
catalytic neddylation enzymes are upregulated iers¢liluman cancers associated with

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

4.3.2. MLN4924

MLN4924 has been shown to selectively inhibit NAE1 by forming a covalent
adduct with NEDD8which preverd the formation of the NAENEDDS thioester bond
(Soucy, Smith, and Rolfe 20Q9nhibition of NAE1, and thus CRLSs, results in the
accumulation of CRIlubiquitylationsubstrates. Due to the regulatory roles CRL ligases
play in DNA replication, repair, and cell cycle progression, the disnuatitheir activity
by MLN4924 led to the disruption offghase, induction of rereplication, accumulation of
DNA damage, senescence, and cell d€aducy, Smith, and Rolfe 200NILN4924 dso
exhibited strong antiumor activity in mouse models and is currently in multiple clinical
trials for hematologic and solid malignanc{&oucy, Smith, and Rolfe 2008pLcy 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 toDNA rereplication. Several studies have shown that the induction of DNA
rereplication leads to the activation of cell cycle checkpoints to prevent genom
instabilities and protect cells against potentially harmful replication interme{iatesng

and Wu 2011)

4.4.1. DNA Damageand Checkpoints Activation:

In mammalian cells, rereplication induced affd&dT1 overexpression, or the
depletion ofgemininor CDT2 was shown to result in an increase of H2AX
phosphorylationsuggesting the generation of DNA lesions including ssDNA and DSBs
(Archambault et al. 2005; Liu et al. 2007; Benamar .€2@16; Vanderdys et al. 2018)

Several studies have shown that, upon Cdtl overexpressiorb&BA ssDNA is

Assembly of Pre-RC

l¢— Cdtl overexpression

. J

Re-assembly of Pre-

RC
Origin
Refiring
¥ Inhibition of Rereplication Cell Cycle Arrest,
Rereplication » Apoptosis,
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MCM-mediated DNA
unwinding uncoupled
from DNA synthesis
4
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Accumulation of
heckpoint . . .
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Rereplication Forks - Deficiency in rereplication and Tumorigenesis
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Y
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Fork collapse |—’| DSBs ‘47 & L
collisions

Figure 1.5: ATR-mediated Sphase 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 thenM@istedunscheduled
DNA unwinding of relicensed origins that may exceee ttate 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 eventwélibyvied by ATM
activation that act synergistically with ATR to ateells in G2/MLiu et al. 2007) As
shown in Xenopus egg extracts, DSBesubsequently generated at a later stage as a
result of heado-tail collisions of replication forks chasing each other or when new forks
encounter O&izaki fragments leading to the accumulation of DNA fragm@asidson,

Li, and Blow 2006; Liu et al. 200{}Jigure 1.5).

Both ATM ard 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 2008nactivation of ATRCHK1, butnot ATM/CHK2, was shown
to lead to extensive rereplicati@iniu et al. 2007) The inhibition of the expsssion of
factors involved in ATR activation, such R&D17 and ATRinteracting protein (ATRIP),
reducedCHK1 phosphorylation induced ByDT1 overexpression, caused more
rereplication in U2@, and was sufficient to induce rereplication in cell lines, sach a
A549, that are otherwise resistant to rereplication inducedlyl-overexpression. These
findings highlight the role ATRnediated Shase checkpoint activation plays in early
detection ad prevention of rereplication beyond licensing control, and isistamt with
the observations that rereplication is more profound in Al€Rcient cells where it leads

to more checkpoint activation and severe DNA les{tuns et al. 2007)
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In budding yeast, it has been shown that the itoliof rereplication by disrupting
pre-RC formation (by interferig with cdc6 proteolysis, MCM nuclear exclusion, or
ORC2/6 phosphorylation) leads to cell cycle arregkD®3 activation, and halted nuclear
division (Archambault et al. 2005 his rereplication is furthestimulated in the absence
of the ATR homologudecl(Archambault etla2005) In higher eukaryotes,
overexpression of licensing factors such &'C, CDC6, or Cyclin A triggers the
activation of the ATM/ATR/®GK2 DNA damage checkpoint pathway that sbmactivate
p53 and the DK2 inhibitor p21 tosuppress rereplicatiqiVaziri et al. 2003)In addition,
it was also shown th&DK2 inactivationduring Sphase leads to an unexpected MCM
loading onto chromatin followed by the activation of the ATM/APE3 pathway (an
intraeS-phase checkpoint) néed to suppress rereplicatibri. Zhu et al. 2004)
Rereplication induced by thlgeminindepletion triggers the activation of the G2/M
checkpoint leading to the inhibition of Cyclin BX&1 activity via CGHK1 and MC25C in

a p53independent mannéw. Zhu, Chen, and Dutta 2004)

ATR-mediated checkpoint activation, whether as alteg CDT1 overexpression
or following DNA damage, was also shown to indir®®1 dephosphorylation, potentially
as a result of ATRnediated ©K downregulation. OT1 overexpression in cells
expressing shRNA againsBR was shown to result in substantialejglication in certain
tumor cell lines, suchs T98G and A549, that are otherwise resistant to rereplication
induced after OT1 overexpressiofLiu et al. 2007)RBL1is likely to inhibit DNA
replication via multiple mechanisms. HypbosphorylatedRB1 binds to E2F transcription

factor family aml inhibits the transcription of replicativiactors including DNA
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polymerases, ORC1, MCMEDC6 and MT1, or cell cycle proteins such aPKs and

cyclins(Liu et al. 2007; Yoshida and Inoue Z)Qeone et al. 1998; Helin 1998)fter

DNA damageRB1 interacts with PCNA and disrupts its replicative role potentially as a

means to free PCNA to relocalize to DNA break difasgus et al. 2004 RB1

additionally interacts with MCM7 and DNA polymerdde and rel ocalizes to
origins after DNA damag@vni et al. 2003; Gladden and Diehl 20038hese findings

collectively show the rol&B1 plays in preventing rereplication as a result of ATR

checkpoint activation.

ATR activation in reponse to DNA rereplication is essential to prevent ggno
instability. ATR-mediated S phase checkpoint protects against rereplication either directly
through phosphorylation of replicative factors or indirectly through its downstream
effectors p53 an&B1 (Truong and Wu 2011As such, ATRmediated checkpoint serves
as a replicativeurveillance machinery that keeps rereplication to a minimum and protects
against replication errors that lead to origiffireng and fork collision during normal cell
cycle, and allows checkpoimediated repair to remove duplicated sequences and repair
rereplicationassociated lesions. Both ATBnd ATM-mediated G2/M checkpoints
ensures repair of DNA lesions, establishes normal licensing control, and prevents over
replicated DNA from being carrigtirough mitosigLiu 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 cancssies and was shown to promote malignancies. CDT1 andsCDC
overexpression has been documented instoall cell lung tumors, colon cancer, mantle
cell ymphoma, and head and neck carcino(fasakaidos et al. 2004; Pinyol et al. 2006;
Liontos et al. 2007)A set of analysis in 75 cases of ramall cell lung carcinomas
showved that at least 40% of tumors have overexpressiodflGind CDC6
independently, and this observation is likely due to the upregulation of their transcription
activator E2F1 in tumor@arakaids et al. 2004)Additional studies have shown that
certain nortumorigenic cell lines, such as mouse embryonic fibroblasts NIH3T3, readily
form tumors in mice after CDT1 overexpression. These cejdayed numerous
structural chromosomal abnormalitiggnslocations, inversions, and mutati¢Asentson
et al. 2002; Seo et al. 20089)DC6 and CDT1 expression levels in different precancerous
and cancerous stages of colbmg, and hea@ndneck tumors, showed a twWold mMRNA
increase in hyperplasia and at least ffmld increase in the protein levels in dysplasia and
carcinoma compared to adjacent normal tissues. No correlation, however, was observed
between Ki67 prolifeation index and the elevated expression of these ftfimntos et
al. 2007) These results suggest that the overexpression of licensing factors may driver

tumorigenesis and not only represent a mere bypradustreased proliferation.

Unscheduled DNA replicatiomduced as a result of overexpression of licensing
factors or the expression of various oncogenes Gbg.25A Cyclin E andHRAS''?) at

pre-cancerous stages activates the cell cycle checkpointh@mNA damage response,
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which activates senescence apptosis to protect against harmful rereplication
associated DNA lesions. The loss of this antitumor barrier under those conditions was
shown to promotes tumorigeneéigartkova et al. 2005; 2006; Di Micco et al. 2006yr
instance, the loss of p53 or inactivatiof the p53/p14(ARF) pathway was often observed
in tumas with unbalanced licensing signature characterized by overexpresSiQT &f
andCDC6 (Pinyol et al. 2006)These studies highlight that the loss of replaratontrol,
either as a result of oncogenes or deregdlarigin licensing, is a common phenomenon at

the early stages of tumorigenesis.

Deregulated licensing control atfteresulting rereplication is shown to carry an
oncogenic potential and is readdipserved at the early stages of tumorigen@sisong
and Wu 2011)The rereplkationinduced genomic instability and the accumulation of
DNA lesions and mutations that disrupt checkpoint activation can abrogate the cellular

anti-tumor barrier and promote tumorigengdisuong and Wu 2011)
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1. Abstract

Ubiquitin-mediated proteolytic degradation is a highly regulated prabass
ensures selective and timely turnovenadst cellulamproteinsnecessary to maintain
proper cell homeostasis and preserve genomic integrity. The €RIE3 ubiquitin ligase
is emerging as a master regulator of cell proliferation involved proteatiamst aberrant
DNA replication and maintaining healthy cell cycle progression. The timely ERt-4
mediated proteolysis of its substrates CDT1, p21, and SET8 is critical to pexeessive
origin relicensingduring the same-Bhasdeadingto rereplicéion, a lethal phenomenon
that results in various forms of genomic instabilities, senescence, and ap@piosigrk
showsthat the CRL4P"? substrate adaptor, CDT2, is elevatedutaneousnelanoma and
its expressiororrelates with poor overall and dasefree survival We showed that
CRL4°PT2jnactivation, via CDT2 depletion or pharmacological inhibition using
MLN4924, a specific inhibito of neddylation that is required for the activity of all cullin
based E3 ligases, suppress melanoma proliferdtrongh the induction of a p2and
SET8dependent rereplication and senescevWefound that transient exposure of at least
12 hours tdVILN 4924is sufficient to irreversibly inhibit cell proliferation and induce
rereplication and senescence in melanoetis,dut not in immortalized melanocytes.
Using melanoma cell lines with hypomorphic deletiohp21 or SET8, wahowedhat
MLN4924-inducel toxicity is mediated through the CRE%?-mediated stabilization of
p21 or SET8n vitro and in nude miceMLN4924 inhibits melanoma tumor growth
irrespective of BRAF/NRAS mutational status and synergizes with BRAF kinase inhibitor

PLX4720 to suppress B melanoma# vivo. In addition, PLX472@esistant
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melanomas remain sensitiveNth. N4924-induced growth suppressi and rereplication.
Collectively, our resultshowthatMLN4924-induced toxicityin melanomas mediated
primarily through thelisruption d the CRL4°P™2-p21/SET8 degradation axiand its
therapeutic efficacy can benefit a broad patient populationdmgjundividual with

tumors that relapsed from conventiomamurafenittherapy.
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2. Introduction:

2.1. Melanoma

Melanoma is one of the most aggressive forms of skin cano@aést to affect at
least 100,00@ewly diagnosegatients and cause 6,880aths in the United States alone
in 2020(PDQ Adult Treatment Editorial Board 200%)is the most common cancer
amongyoung adults (ages 25 to 2®)e third most common cancers among malas is
responsible for the vast majority of all skin cancer degitiéer et al. 2019; PDQ Adult
Treatment Editorial Board 200Zven though atient with a primary local tumor have a
five-year survival rate of 99% drops significantly tdetweenl 9% and25% after

metastasiy A Cancer Facts and Figureso 2020;

Over half of melanoma cases have an activating mutation in the BRAF
saine/threonin&kinase, with V60OE being the most common, while2586 of melanomas
havea mutation in NRASDavies and Samuels 2018oth BRAF and NRAS are
involvedin the MAPK/ERKSsignalingpathway (RASRAF-MEK-MAPK) whose
activation stimulatecell proliferation survival and inhibits cell deatiNRAS also
activates the PI3K (phosphatidylositol 3kinase) pathwaySolus and Kraft 2013)
Certain mehnomas havedditional and less prevalemutationsn the genes encoding
SCF receptor tyrosine kinase (KIT), neurofibromin (NFt)GNAQGNAL11, all of which
interact with the MAPK pathwayln addition, 2640% of melanoma cases have a loss or
reduced exgession of the tumor suppressor and phosphatase PTEN (phosphatase and
tensin homologue). Inactivating mutations in CDKN2A (p16) and 658 both were

found to cooperate witNRAS-mutated melanoma casgolus and Kraft 2013)
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Patients harboring the BRA¥600E mutatios provide a thegeutic target with
BRAF/MEK inhibitors such agsemurafeniPLX4032), a low molecular weight molecule
that binds to ta ATP-binding site of BRAFVE600E kinase and inhibits its activity. Patients
treated withvemurafenibshow a median progressifiee survial of 7 months with a
median overall survival rate of up to 14 mont@srbe and Eigentler 201&)espite their
rapid clinical results, most BRAF/MEK inhibitors are associated with high oates
resistance in the majorityf patientsDue to the significant therapeutic resistance, and the
absence of valid inhibitors against .BRAF melanomagGoldinger et al. 2013}t is
critical to identify alternative therautic approachesgainst melanoma tumarsespective

of their mutational status

2.2. DNA Replication Regulation via the Ubiquitin Proteasome System

Eukaryotic cells have evolved multiple mechanismséntain healthy cell cycle
progression and preserve gamo integrity.Ubiquitin-mediated proteolysis via the 26S
proteasomes ahighly regulatectellular process that govern the degradation of most
cellular proteingGlickman and Ciechanover 2002he CRL4P™ ubiquitin ligases one
of the keyE3 ubiquitin ligase involved in cell cycfgogression, DNA replication, and
DNA repair. Recent studies have demtrated the critical role this E3 ligase plays in the
proteolysis of positive regulators thfe initiation of DNA replicatiorsuch as CDT1
(Abbas and Dutta 2011; Alas, Keaton, and Dutta 2018RL4P™2 also targets for
degradation p21 and SET8 irpBase to prevent DNA rereplicatiarSubstrate recognition
of CRL4°P™2requires the interaction with the chromatiound PCNA which limits the

ligase activity to Sohaseand particular instances of DNA damg@enga et al. 2006;
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Arias and Walter 2006; Abbas, Keaton, and Dutta 2013; Abbas and Dutta Z0isl ¥trict
andtimely CRL4AP™-mediated proteolysis of these substrates is critical to limit DNA
replication to a single round per cell cycle and prevent errorreplisation reinitiation
which leads to rereplicatiomhe consequences of rereplication is often leth#hé cell

and leads to multiple forms of genomic instabilities including DNA breaks, gene
amplification, collapsed replication forks, chromosome breakage, senesnédnce a
apoptosigLiontos et al. 2007; Bui and Li 2019; Tng and Wu 2011; Abbas, Keaton, and

Dutta 2013)

Excessive origimelicensing leading taereplication can be triggered through the
deregulated expression of licensing factors, such as the overexpression of CDT1, or
inactivation of CRI4“P™? through he downregulation of CDT@\bbas, Keaton, and Dutta
2013; Jin et al. 2006)CRL4°P™ can be inactivated pharmacologically usirgnzall
molecule inhibitor calledLN4924 (pevonedistat)The activation of Cullirbased E3
ubiquitin ligases ragjres a ubiquitinatiodike process termed Neddylation, which involves
the covalent attachment of the ubiguiike NEDD8 moiety (neural precursor cell
expressed, developmentally dowegulated 8) and is involved in various cellular
processedMLN4924 isa potent inhibitorof the neddylation activation enzyr(ldAE1)
whichinterrupts the activity of all CRIbased E3 ligases including CRI™? (Soucy et all.
2009; Merlet et al. 2009T he inativation of CRL4 activity by MLN4924 is toxic to
cancer cells in vitro and in vivo and resultghe accumulation of DNA damage and cell
deathand is currently in multiple clinical trials for hematologic and solid malignancies

(NCT00722488, NCT00911066,0401011530)Soucy et al. 2009; Lin et al. 201M)
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addition to inactivating CRimediated poteolysis, MLN4924 was found to inhibit various
ot her pathways including NFaB, -difcdl, and
studies are needed to furthercover the underlying mechanisms that contributes to

ML N 4 9 2fficacy in melanom@Godbersen et al. 2014; @ual. 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 ththe substrate adapter CDT2 is overexpressed in
malignant melanoma and its high expression cateslwith poor patient outcome. We also
show that the inactivation of CREZ™ by CDT2 knockdown oMLN4924 treatment
inhibits melanoma proliferatioregardless of the BRAF/NRAS mutational status]
induces rereplication and senescence is dependeng stathility of p21 and SET8Ve
also demonstrate that the efficacyMitN4924 in vivois dependent on the expression of
p21 or SET8 independentiJhese results suggest tI@RL4CT inactivationrepreserd
the primary mechanism &LN4924-mediatedoxicity in melanoma. We also shawat
MLN4924 synergizes with the BRAF inhibitor vemurafenib against melanoma tumors
vivo harboring this mutation BRAfE and is toxic to melanoma cell lines that are

resistant to vemurafenib treatment.

mT OR
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3. Results:

3.1. The Expression ofCDT2 is Elevated inMelanoma andServesas aNegative
Prognostic Marker

The most common and significant driver genatterations in cutaneous melanoma
occur in both the MAPK and PI3K signaling pathwaysth ofwhich affect gene
expression pmotng survival, cell cycle entry, proliferation and other respoiiSetus
and Kraft 2013)We searched a series of gene expression databases itodoentify
previously uncharacterized melanosyzecificalterations in genes involved in cell cycle
progression and DNA replicatiatownstream of the MAPK/PI3K pathwayEhe
identification ofnew melanomapecific deregulated genes could provide additiona
insight into melanomagenesgomotenovel molecular markers that facilitate the
development of more efficient prognostic assaysl identiy potential druggable targets

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

Using a publicly available database that examined the RNA exprgssiilas
from 45 primary melanoma, 18 benign skin neamd 7 normal skin tissu¢§alantov et al.
2005) we found that the levels of CDT2 to be elevated in 84% of melanoma samples
compared tahe nonmadignant nevi and normal skin tissu@sg. 2.1A-B). This
observation was not specific to melanoas&CDT2 was also overexpsed in additional
malignancies including pancreatic, brain, lung, breast, cervical and gastric {Datas
not shown)By examining the CDT2 expression levels ideaabasef 471 primary and
metastatic melanomas as part of Thec&a Genome Atlas (TCGAgvailable at

cBioPortal(Cerami et al. 2012; Gao et al. 2018 found that elevated expression levels
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of CDT2 correlates witlpoorclinical outcome and lower probability of both overall and

diseasdree survival(Fig. 2.1C-D).

Furthermorewe lookedat the CDT2 potein expression levein a humartissue
microarray(TMA). In thisin situanalysis 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 mastatic melanomas compalrto a set ohion-malignantnevi tissues. We
found thatl17 out of 138nelanoma sampl€84.7%)have significant elevation ofuclear
CDT2 levels which was more significant in the metastatic samples compared to the
primary cutaneous melanomaand was niodetectable in thbenignnevi (Fig. 2.1E-G). To
testif the elevated CDT2 protein levelsimilar to its mMRNA expressionan be considered
as an indicator of poor prognosige compared the CDT2 levels with the proliferati
marker Ki67 whose reactiwtwas shown to be a predictor of histological malignancy in
melanomgMoretti et al. 2001)We found a statisticallgignificantpositivecorrelation
between CDT2and Ki67 stainindr = 0.447,p < 0.01) (Fig. 2.H). These results show that
CDT2is overexpressed imelanomain both the mRNA and the protein levels, aisd
expressiorcan serve as a negative prognostic factor and a predictor oflpocal

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

Negative Prognostic Marker

A-B. mMRNA Expression level of CDT2 in a set of cutaneous melanoma samples (45)
compared to normal skif®) or melanoma precursors (B) froerpublicly available dataset
atOncoming(Talantov et al. 2005)

C-D. Survival curves representing overall survival (C) or disdiasesurvival (D) in
patients with cutaneous melanoma stratified by CBIRINA expression level. Red cawy
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. Representativiassiue microarray TMA) imagesE) of melanomgprimary and
metastatic)or nonmalignanhevi, samples stained for CDTRelative quantification of
CDT2 expression in cutaneous melanoma samples compared to nevi is shown in the box

plotin F.

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

to metastatic samples.

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

compared to Ki67 expression derived from the same sstiagoed with Ki67
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3.2. CDT2 Is Required for Melanoma Cell Proliferation and Its Depletion Results
in Rereplication and Senescence

CDT2, the substrate adapter of the CR¥™4 E3 ubiquitin ligase, has been shown
to be involved in the negative regulation of replication factorsaegnt excessive DNA
replication and the maintenance of proper S phase progrésséibas, Keaton, and Dutta
2013; Jin et al. 2006 Activating mutations ithe mitogenic pathways, such as BRAF and
NRAS which are common in melanoma, were shown to result in oncageuneed
refdication stress by increasing origin firing and generating asymmetric replication forks
(Di Micco et al. 2006)We hypothesizathat the elevatedxpression of CDT2 observed in
melanoma tissues serves as a way to alleviate the onemgleroed replication stress and

maintain proper growth of tumor cells.

To test this hypothesis, we showed that siRik@diated silencing of theDT2
expression qupressed cell proliferation in a panel of 9 melanoma cells with various
mutational background, including the BRARutant DM93 cellgFig. 2.2A anddata not
shown).Flow cytometry analysis, using propidium iodide as a DNA marker, revdaed
silencing CDP results in anncrease irthe populationof cellswith more than 4N DNA
content,ndicative ofrereplication, in the same melanoma pdfrel. 2.2, D). Cell cycle
analysis following a on@our pulsing wittbromodeoxyridine (BrdU) corfirmed the
presencef a significant rereplication population (57%) post CDT2 knockdown in DM93
(Fig. 2.20). A small apoptotic population was also observed in both flow cytometry
analyses in multiple cell lines represented by a population of cells watthiass G1 DNA

content.
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Oncogenenduced replication stress and DNA hyper replication were shown to
result in increased DNA damage and cellular senesd&aibard, GarciaMuse, and
Aguilera 2015; Di Micco et al. 2006; Tu et al. 201d¥ingb-g al act ogal) dase (b
stainingassay we showed that depletion of-gaCLDT2 r es.
staining irdicative of senescence in the majority of the melanoma cells {Este@. 2
G). 28 to 48hrs following the siRNAnediated knockdown of CDT2 in a set of melanoma
cells, the protein levels of the CRE4™ degradation substrates such as p21 and SET8 was
increased. This was accompanied with an increa
checkpoint markers (phosphorylation of CHK1 and CHK?2) (FigeRThese results
suggest that CDT is required for the proliferation of melanoma cells, regardless of their
mutational bakground, 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 Proliferaion and Its Depletion

Results in Rereplication and Senescence

A. Growth curve showinghe impact of deletion of CDT2 by siRNA on the proliferation
rate of DM93 melanoma cellsnmunoblot showing the expression level of CDT2 post

knockdown (inset)

B. Flow cytometry profile showing the cell cycle distribution in DM%3Is after
transfectiorwith siGI2 (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 siGI2 (control) or siCDT2. Cells wempulsed with BrdU onbour before harvesting
and then stained with BrdU antibody andZ&AD (DNA marker).

D. Histogram showing the impact of CDT2 knockdown on the rereplication induction in a
panel of melanoma cells. Rereplication analyzed 72 hours pastéction with SIRNA

and quantified with flow cytometry (Pl staining).

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

transfection with siCDT2.

F-G. Histogram F) showing the impact of CDT2 knockdown on fiercentage of cells
undegoi ng senescence in a panel of melanoma ce

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

Results in A, D, F represent the average of 3 independent experimea. Hvalues

were calculated using Stedd stest
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3.3. Rereplication and Senescence induced after CDT2 Inactivation in Melanoma
Require p21 and SET8

CRL4°PT2js an importanbarrierto excessive origin relicensirigading to DNA
rereplication(Abbas and Dutta 2011)Ve tested if th@bservedereplication and
senescence induced in melanoma cells is dependent on &' CRsubstrates. SIRNA
mediateddepletionof CDT1, p21, or SET8in two melanoma cells lines (DM93 and
VMMS39) significantly inhibited the rereplication and senescence induced after CDT2
depletion While the knockdown of p21 or SET8 did not significanthpair cell cycle
distribution, CDT1 depletion increas¢éhe G1 population suggesting its role iplsase
entry (Fig. 23A-B, and data not shownfherefore CDT1, p21, and SET8 alerequired

for rereplication and senescence induced after CDT2 depletion.

DNA Rereplication obserd in mammalian cells and other higher eukaryotes,
such as zebrafish ai@l elegansin many casebas been attributed failure todegrade
CDT1by SCFXP2andor CRL4“P™? (Abbas and Dutta 2011; Abbas, Keaton, and Dutta
2013) Consistent with the literature, ectopic expression of CDT1 indrereglication in
melanoma cells. However enobserved that the overexpression of $€#resistant CDT1
mutant (CDT#° Y induced more robust rereplication than elverexpression of wild type
CDT1 (WtCDT1) or CRL4P %resistant CDT1 mutant (CDTL ) Ih melanoma(Fig.
2.3C) Consistently, the depletion of the APC ubiquitin ligase inhibitor EMI1, which
results in the sibilization of Cyclin A (required for SCEP2mediated degradation of
CDT1) and the CDT1 inhibitageminin induced rereplication in melananeells Geminin
depletioninduced rereplication in U20S amdCal27head and necg&gquamous cell

carcinoma cells bufailed to do so in DM93 and VMM39 melanoma céHgy. 2.3DE).
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These results suggest that CDT1 is regulated in melanoma cells prinyatiy 6yclin A

dependent SCIEP2mediated proteolysis.

In addition, we tested if the stabilization of the ottveo CRL4P™2 substrategp21
and SET8) is sufficient to induce rereplication and senescence in meldadoyc
expression of botwild type p21 and SET8 did not induce rereplication or senescence in
melanoma cell§Fig. 2.3FG). However, stable overesgssion of the or CRIA ™
resistant norlegradable SET8 (SEP8 ),Fand not the catalytically inactive protein
(SET8PP ') resultedn robust rereplication and senesceimcBM93 and VMM39(Fig.
2.3FG). On the other hand, overexpression of stable p21®f#vas sufficient to induce
senescence, but not rereplion, and was associated with an ifffrphase growth arrest in
both DM93 and VMM39cells Therefore, deregulated SET8 expression is required and
sufficient to promote rereplication and senescence in melanoma cells after CDT2

inactivation.
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