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ABSTRACT

The covalent attachment of the ubiquitin-like protein NEDDS via lysine residues
on target proteins, termed neddylation, regulates the activity and stability of numerous
proteins, particularly through regulating the activity of a key family of cellular enzymes
known as the cullin E3 ubiquitin ligases. Neddylation is implicated in cell cycle
regulation and DNA repair; however, the exact role and mechanism(s) are unclear. Here,
two neddylation-regulated processes were investigated: control of cell division and
response to DNA damage. The role of neddylation in cell division was evaluated using
the neddylation inhibitor MLN4924, and by monitoring the localization of NEDDS, the
subunits of the deneddylase COP9 signalosome (CSN) and cullin proteins during mitosis.
Human HeLa cervical cancer cells treated with MLN4924 exhibited delayed physical
separation of the daughter cells (abscission) and resulted in the appearance of
multinucleated cells. Furthermore, treatment of mitotic cells with MLLN4924 resulted in
the earlier accumulation of the cytokinesis protein MKLP1 to the midbody. These results
could provide a possible explanation for the ability of MLN4924 to increase the
proportion of cells with >4N DNA content. The role of neddylation in response to DNA
damage, induced by ultraviolet laser irradiation, was investigated using live-cell
microscopy of DNA repair factors and CSN subunits. Laser-induced DNA damage in
human U-2 OS osteosarcoma cells expressing fluorescently-tagged CSN3 and CSN4
subunits indicated that these CSN subunits accumulated in the nucleus following DNA
damage, consistent with a possible role in the DNA damage response (DDR).
Collectively, these findings indicate that neddylation and the CSN are linked to
cytokinesis and the DDR.
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CHAPTER 1 INTRODUCTION

This chapter contains material originally published in:

Biomolecules, Vol 5(4), Chung D and Dellaire G, "The Role of the COP9 Signalosome
and Neddylation in DNA Damage Signaling and Repair", 2388-2416, 2015. [1].

The article is published under the Creative Commons Attribution Licence as CC BY 4.0.

1.0 Introduction

The post-translational modification by a ubiquitin-like protein called NEDDS8 via
a process called neddylation, and removal of the NEDD8 modification by the protein
complex COP9 signalosome (CSN) (deneddylation), can regulate multiple cellular
processes. In this thesis, the roles of neddylation and the CSN in cell division, DNA
damage response and DNA double-strand break repair are investigated. To understand
the potential links between these processes, this chapter begins with an introduction to the
ubiquitin-like proteins, NEDDS, the deneddylase CSN, and the neddylation pathway. The
stages of the cell cycle, the events in mitosis, and cell cycle regulation are briefly
reviewed, followed by an introduction to the DNA damage response (DDR), DNA repair
of double-strand breaks, and its regulation. Notably, the position of the cell in the cell
cycle can influence how DNA damage is repaired, and the presence of DNA damage can
influence progression through the cell cycle; this inter-communication is regulated by

neddylation and the CSN.



1.1 Post-translational Modification by Ubiquitin and Ubiquitin-like Proteins
The functional capability of eukaryotic proteins can be expanded beyond their amino acid
composition by undergoing a form of chemical modification termed a post-translational
modification (PTM). Different types of PTMs have been identified, from the attachment
of small chemical groups and peptides, to structural modifications as a result of protease-
mediated cleavage. One family of protein modifiers are the ubiquitin-like proteins (Ubls).
Members of this family share structural similarity ( B-grasp fold) and sequence similarity
to the most characterised member, ubiquitin. Ubiquitin (Ub) is a 76 amino acid protein
that primarily regulates protein function and degradation via different forms of mono-
and polyubiquitylation [2]. For example, polyubiquitylation on the ubiquitin residue K43
is known to target proteins for degradation [3]. Polyubiquitylation of the ubiquitin lysine
residue K11 (e.g. ubiquitylation during mitosis by the anaphase promoting
complex/cyclosome (APC/C) ubiquitin ligase on the cell cycle regulator cyclin B [4]
have also been implicated as a proteolytic signal, while other residues such as K63 are
known for promoting protein recruitment [3]. Monoubiquitylation of substrates regulates
cellular pathways as opposed to promoting protein degradation. For instance, upon DNA
damage resulting in DNA inter-strand crosslinks, proper repair is facilitated by
monoubiquitylation of Fanconi Anemia pathway proteins FANCD2 and FANCI [5].

The covalent attachment of ubiquitin is mediated by three types of enzymes: El,
E2, and E3. The Ub-activating enzyme (E1) and the Ub-conjugating enzyme (E2) prepare
ubiquitin for conjugation onto substrates, while the Ub ligase (E3) recognizes specific
protein substrates and allow the transfer of activated ubiquitin from the E2 onto

substrates by covalently attaching the C-terminal glycine on ubiquitin to a lysine residue



on the substrate, or to lysines present in ubiquitin during ubiquitin chain formation [6].

The Ubl proteins use similar enzymatic mechanisms to covalently modify target
substrates [7]. Ubls identified in eukaryotes include SUMO (Small ubiquitin-like
modifier), ISG15, ATGS8, and the focus of this study, NEDDS8 (Neural-precursor-cell-

expressed, Developmentally Down-regulated 8) (discussed in Section 1.2) [8].

1.2 Neddylation: An Overview

Neddylation is a form of reversible post-translational modification whereby the
ubiquitin-like protein NEDDS is conjugated to lysine residues in the target protein.
Expression of the NEDD8 gene was initially identified to be downregulated during
mouse brain development [9], and encodes an 81-amino acid protein that shows 60%
identity and 80% similarity to ubiquitin [10, 11]. NEDDS is also the Ubl with the highest

structural similarity to ubiquitin [12].

1.2.1 The Neddylation Cascade: E1 and E2s

The neddylation pathway consists of E1, E2, and E3 enzymes, analogous to the
ubiquitylation pathway (Figure 1.2.1). Precursor NEDDS is processed at the C-terminal
end (Gly76) to its mature form by deneddylating enzyme 1 (DEN1), also known as
NEDP1 or SENP8 [13, 14, 15], and by ubiquitin C-terminal hydrolase isozyme 3
(UCHL3) [16]. Mature NEDDS, with its C-terminal glycine-glycine motif, is conjugated
to the NEDD8 E1 activating enzyme (NAE), a heterodimer composed of amyloid-3
precursor protein binding protein 1 (APPBP1, alternatively named NAE1) and ubiquitin-

activating enzyme 3 (UBA3) [17, 18]. NAE then transfers NEDDS to an E2, which in



metazoans are the ubiquitin-conjugating enzyme E2F (UBE2F) and ubiquitin-conjugating
enzyme E2M (UBE2M, also known as UBCI12) [19, 20]. UBE2F or UBE2M, with

assistance from an E3, then transfers the NEDDS onto the lysine of the target substrate.

NEDDS
v (waeo_ user| bt
NEDDS -
Precursor NEDDS8 C.5
~ RBX1/2
e RNF111
| DCUNIDI-5 b
DENI CSN
Fone. UBE2F .
. - NAE l Substrate
AMP + PPI/\ 5 UBE2M DEN1
MLN4924 El E2 E3 Deneddylase

Figure 1.2.1. The neddylation cascade. A schematic representation of the main proteins

in the neddylation cascade. Precursor NEDDS8 is processed at the C-terminus to the
activated form by DENI. NEDDS8 is conjugated to a lysine side chain of the target
substrate through an E1 (NAE), and E2 (UBE2F or UBE2M), and an E3 (shown are
RBX1/2, RNF111 and DCUNI1D members). Deneddylation is achieved by the CSN or
DENI1. The small molecule MLLN4924 inhibits NAE, blocking the cascade.

1.2.2 The Neddylation Cascade: E3

Only a few E3s have been described to aid in neddylating targets [21]. RING box
protein 1 (RBXI, also known as ROC1) interacting with UBE2M, and RBX2 (also
known as ROC2 or RNF7) interacting with UBE2F, are E3s that target cullin-RING
ubiquitin ligases for neddylation [22, 23, 24, 25]. Neddylation E3 activity has also been
described for RING finger protein 111 (RNF111-Arkadia) [26], and defective-in-cullin
neddylation-1-domain ~ (DCUNID)-containing  proteins ~ DCUNIDI-DCUNIDS5
(SCCRO1-SCCROS) [27, 28, 29, 30, 31]. While DCUNIDI is not essential for
neddylation in vitro [32], DCUNI1DI1 knockouts are lethal in yeast and Caenorhabditis
elegans [28]. However, this is not the case in mice, possibly due to compensation by

4



other DCUN1D members [33]. Although it has been assumed that the DCUN1D proteins
play similar roles in promoting neddylation, the case is not so clear for DCUN1D3
(SCCRO3). In one study, DCUN1D3 was shown to interact with UBE2M and promote
cullin neddylation [30]. However, a later study found that DCUN1D3 does not have E3
activity and can inhibit DCUN1DI-mediated neddylation [33]. Additional proteins that
exhibit NEDDS E3 activity include murine double minute 2 (MDM?2) [34], c-CBL [35,
36], yeast Ttb3 [37], tripartite motif containing 40 (TRIM40) [38], and SMAD-specific

E3 ubiquitin protein ligase 1 (SMURFT1) [39].

1.2.3 NEDDS8 Deconjugating Proteins

Like ubiquitin and deubiquitylating enzymes, NEDD8 has a limited set of
deneddylating enzymes that remove NEDDS proteins from neddylated substrates by
cleaving the isopeptide bond between the terminal glycine on NEDDS and the g-amino
group of the lysine residue on the substrate protein [40]. They include deneddylating
enzyme 1 (DENI, also known as NEDP1 or SENPS), and the COP9 signalosome (CSN)
(See Section 1.2.4). Although both CSN and DENI can theoretically deneddylate a given
protein substrate, they in fact do not have extensively-overlapping protein targets [13, 41,
42]. DENI is more efficient in deconjugating hyperneddylated cullins to a mono-
neddylated form in vitro, and DEN1 can deconjugate NEDDS from non-cullin proteins in
vivo in plants and humans [15, 43]. However, at least in plants, the CSN was found to be
restricted to deconjugating mono-NEDDS and did not appear to be efficient in processing
precursor NEDDS [15]. Furthermore, recent evidence suggests that the CSN can regulate

human DENI1 and Aspergillus nidulans homolog DenA protein levels, but the exact



regulatory mechanism remains unknown [44]. Other deneddylases and their targets
remain to be uncovered and fully characterized, for example ataxin-3, which in vitro data

suggests has deneddylase activity [45].

1.2.4 The COP9 Signalosome

The COP9 Signalosome (CSN) is a multi-subunit protein complex that was
identified in the 1990s in Arabidopsis as a repressor of photomorphogenesis [46], and
was later found conserved in other unicellular and multicellular eukaryotes [47, 48, 49,
50, 51, 52]. In eukaryotes that have simpler CSN complexes such as yeast, several
subunit deletions are viable [53, 54, 55]. However, null deletions in other organisms are
lethal early in development [56, 57, 58], and conditional CSNS5 knockouts in mouse livers
show abnormal liver development and regeneration [59], suggesting an increase in
functional complexity as the CSN evolved. The CSN deneddylates substrates, a key
target being the cullin-RING E3 ubiquitin ligases (CRLs) in the ubiquitin proteasome
pathway [22, 60]. In addition, early attempts to biochemically isolate and characterize the
CSN protein complex found it promoted kinase activity [47], which the molecule
curcumin was able to inhibit [61]. Later studies identified the kinases that interact with
the CSN to impart the complex with associated kinase activity. Examples include protein
kinase CK2 [62, 63], protein kinase D (PKD) [62], protein kinase B-Akt (Akt) [63],
ataxia telangiectasia mutated (ATM) [64], and inositol 1,3,4-triphosphate 5/6 kinase [65].

These kinases modify the stability of ubiquitin-mediated proteasomal substrates.



1.2.5 COP9 Signalosome Architecture and Expression

The mammalian CSN holoenzyme consists of eight subunits (CSN1 to CSNS)
[47, 49]. Six of the eight subunits (CSN1-4, and CSN7-8) contain a PCI (proteasome,
COP9, initiation factor) domain, a feature shared with subunits of both the 19S
proteasome regulatory complex and elF3 (eukaryotic initiation factor 3) complex,
suggesting a common evolutionary origin [61, 66]. Furthermore, studies suggest these
complexes can interact with one another [49, 66, 67, 68]. CSNS5, which is also called Jun
activation domain-binding protein-1 (Jabl) [69], and CSN6 both contain an MPN
(MPRI1-PADI1-amino terminal) domain [41]. Unlike CSN6, the MPN domain in CSN5
contains a Zn?" binding JAMM (JAB1/MPN/Mov34) motif, thus making it the sole
catalytically active subunit in the CSN [55]. The metalloprotease JAMM/MPN motif
possesses the His-x-His-x 10-Asp consensus sequence (where x indicates any amino acid
residue) accompanied by a conserved glutamic acid upstream [41]. In addition, mammals
express two forms of CSN7 (CSN7A and CSN7B) and CSN complexes likely contain
either one or the other of these two isoforms [70].

Recent investigation of the individual subunits and of the CSN holoenzyme have
provided new details to its organization [71, 72, 73, 74, 75, 76, 77] (Figure 1.2.5).
Current understanding is that the winged-helix domains of the PCI domains (PCI ring) of
CSNI1-4 and CSN7-CSNS are arranged as an open ring such that the N-terminal helical
repeat domains of these subunits radiate out from it while the C-terminal helical tails
form a bundle that anchors the complex [74, 76, 77, 78]. The MPN domains of the CSN5-
CSN6 heterodimer rest on the helical bundle while their C-terminal helical tails are

inserted into the helical bundle. Integration of CSNS5 into the complex is abrogated by the



absence of CSN6, but deleting CSN1, 2, 4, or 7 can also disfavour CSNS integration [77].
CSN4 and CSNG6 appear to be the most important for stabilizing CSN5 and converting
CSNS into its active state, which was recently found to involve rearrangement within
CSN5 to open the NEDDS8-binding pocket [56, 77, 79], but full enzymatic activity in
vitro requires the complete set of subunits [72]. The peripheral association of CSN5 with
the complex is dynamic since free/monomeric CSN5 has been found in different
organisms. However, evidence suggests that free CSNS5 is essentially catalytically
inactive [41, 56, 72, 79, 80, 81, 82]. Nonetheless, one cannot rule out any yet-to-be
identified non-catalytic role for free CSNS5 in the cell.

The CSN is catalytically active in both nuclear and cytoplasmic fractions [83, 84,
85, 86, 87]. Additionally, a small fraction of CSN is bound to chromatin [80, 88]. The
CSN can be post-translationally modified, and indeed several subunits contain
phosphorylation sites [61, 64, 80, 89, 90, 91, 92, 93, 94]. As a consequence, different
cellular compartments can harbour different post-translationally modified forms of CSN,
and much work remains to understand the regulation of CSN subunits through their

phosphorylation [80].
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Figure 1.2.5. The CSN structure. A two-dimensional schematic representation of the
three-dimensional structure of the CSN as determined by Lingaraju et al. [77]. The N-
terminal repeat domains radiate out from the winged-helix domains of the PCI ring
(lightly shaded half-circles). The C-terminal helical regions form a helical bundle that
stabilizes the complex. The MPN domains of CSN5 and CSNG6 rest on the helical bundle.
Subunits reported as phosphorylation targets are marked with an asterisk (*).

1.3 Neddylation Targets: An Overview

Several neddylation substrates have been reported, but to varying degrees of
characterization (Appendix I). Validation is a challenge since overexpression of
exogenous NEDDS can induce NEDDS8 conjugation via ubiquitin ligases [95], and
therefore alternate approaches such as deconjugation-resistant NEDDS8 are being
developed [96]. The most characterized group of neddylated substrates are the cullin-

RING ubiquitin ligases, described in more detail below.



1.3.1 The Cullin-RING Ubiquitin Ligase: An Overview

Most proteins in the cell are targeted by different families of ubiquitin ligases that
each can recognize different substrates. The multi-subunit cullin-RING ubiquitin ligases
(CRLs) comprise the largest class of ligases [22]. The basic structure of the CRL is a
heterodimer of a cullin protein and the RING-finger protein, the former bringing the
substrate and substrate-specific adaptors in close proximity to the ubiquitin-carrying E2
protein which is recruited by the latter, therefore facilitating the transfer of ubiquitin onto
the lysine residue on the target (Figure 1.3.1). CRLs are classed based on the cullin
scaffold protein (CULI-5, and CUL7), and specificity is defined by the cullin and a
multitude of substrate adaptor proteins [22, 97]. All cullin groups described here are

reportedly modified by NEDDS8 [98, 99].

Substrate

Substrate receptor
and adapter protein

l

Figure 1.3.1. Schematic of a cullin-RING E3 ubiquitin ligase (CRL) ubiquitylating a
substrate. The core structure of a CRL consists of the cullin protein and the RING finger
protein. This heterodimer brings the substrate and substrate-specific adaptors to the
ubiquitin-carrying E2 protein, which transfers ubiquitin (U) onto lysine residues in the
target. NEDDS (N) stabilizes the active conformation of CRLs.

RING finger protein

\‘_//
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1.3.2 Regulation of Cullin-RING Ubiquitin Ligases by Neddylation and De-
neddylation

One of the known regulatory mechanisms that regulate CRL activity is through
neddylation and CSN-mediated deneddylation. Activation of CRLs is understood to be
through the covalent attachment of NEDDS to cullins, which is mediated by RBX1 and
DCUNI1DI members [24]. This causes a conformational change in the CRL architecture,
promoting assembly, and enables substrate ubiquitylation [98]. For example, one study
using CUL5S¢TP-RBX1 found that neddylation led to a reorientation of the RING finger
protein RBX1 [100]. Neddylation was shown to be critical for CRL ubiquitylation
activity by using a drug called MLLN4924 [101], a specific inhibitor of the neddylation E1
component APPBP1 (NAE1). This drug, which mimics the structure of AMP, forms an
adduct with NEDDS8 via NAEI [102] (Figure 1.1.2), blocking the neddylation cascade.
MLN4924 treatment led to a reduction in neddylated CRLs and CRL substrate
accumulation in cells, demonstrating that neddylation strongly regulates CRL-mediated
ubiquitylation and/or turnover of protein substrates [101].

The deneddylation of CRLs is achieved by the CSN, through its catalytic subunit
CSNS. Initially the CSN holoenzyme was thought only transiently associate with the
CRL to deneddylate cullins; however, a more complex picture of its role has begun to
emerge. Structural analysis of the CSN-CRL association suggests that in vitro interaction
with various cullins can further promote CSNS5 activation [77, 103]. The deneddylated
cullin is a substrate for the protein CANDI1 (cullin-associated NEDD8-dissociated protein
1), which regulates CRL activity by sequestering deneddylated cullins [104, 105] (Figure

1.3.2 A). However, this interaction can be reversed depending on the levels of substrate
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adaptor proteins. CAND1 regulation was shown to only affect deneddylated CRLs, since
adding CANDI to assembled CRLs containing neddylated cullin blocked substrate
adaptor dissociation [106]. The current belief is that that CAND1 promotes exchange of

the substrate adaptors to adapt to changing conditions in the cell [106, 107, 108, 109]. It
should be noted that CANDI1 does not associate to the same degree with the different
cullin classes and may also display a preference to the exchange of particular substrate
adaptors [107].

The CSN can also inhibit CRL activity independently of its deneddylase activity.
The CSN can bind directly to CRLs and reduce ubiquitin ligase activity by sterically
hindering interaction between the target substrate and the E2 (Figure 1.3.2 B) [103, 110].

It appears that this mode of regulation can be influenced by the levels of substrate, which

can compete with the CSN for the cullin [103, 111]. This was evidenced in one study
where there was a reduction of CSN-CRL association when preincubated CSN-CRL was
placed in the presence of substrate [103, 110, 111]. Additionally, global mass
spectrometry studies on the cullin proteins found that on average only 10-20% are
associated with the CSN whereas the association with substrate adaptors was dominant,
suggesting that substrate adaptor availability is important in regulating CRLs [79].

The CSN is able to associate with the cullin in both neddylated and unneddylated
states. In a study focusing on the cullin 1 CRL, SCF-SKP2/CKS1, CSN2 and CSN4
appear to be important in the interaction with the cullin and RING finger protein, whereas
the other subunits, such as CSN1 and CSN3, are oriented toward the substrate adaptors
(Figure 1.3.2 C) [77, 103]. Association of the CSN to CRLs does not immediately lead to

deneddylation. In a study that used o-ophenathroline to inhibit deneddylation after cell
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lysis, up to half the CSN-associated cullins were also neddylated [107]. This may indicate
that an additional signal is required to allow isopeptidase cleavage or that the CSN is
inhibited by some unknown factor, such as a CRL architecture that disfavors CSN-
mediated deneddylation.

In addition to direct deneddylation, and steric hindrance, the CSN can associate
with the de-ubiquitylating enzyme USP15. For example, in the fission yeast
Schizosaccharomyces pombe, the CSN associates with USP15 homolog Ubp12p [112] to
inhibit ubiquitylation of substrates and autoubiquitylation of CRL components [113].
Therefore, it is thought that ubiquitylation takes place after the CSN is displaced from the

CRL complex.
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Figure 1.3.2 The regulation of cullin E3 ubiquitin ligase activity via neddylation and
the CSN. (A) A schematic model for the neddylation-dependent regulation of CRLs by
the CSN. The CSN can bind and inhibit substrate ubiquitylation in a neddylation-
dependent manner. Deneddylated CRLs can be a substrate for CAND1-mediated cullin
sequestration and substrate adaptor exchange (i) but can be activated through neddylation
and CSN displacement to promote substrate and E2 binding, and subsequent substrate
ubiquitylation (ii). Interaction between the CRL and the CSN (iii) position and activate
CSNS5 to allow deneddylation to occur (iv). (B) A schematic model of neddylation-
independent regulation of CRLs by the CSN. The CSN interaction can inhibit CRLs in a
neddylation-independent manner by competing with substrates and ubiquitin-E2s for
binding sites. (C) The CSN and CRL interaction. The CSN-CRL association involves the
interaction of CSN1 and CSN3 on the substrate receptor (a) and CSN2 and CSN4 on the
RING finger protein and the C-terminal portion of the cullin (¢) [93,117]. These
interactions position and activate CSN5 to allow deneddylation to occur (b).

14



1.4 Cell Cycle: An Overview

When eukaryotic cells commit to growth and division, the process they take is
tightly regulated by complex molecular checkpoints that control progression through the
cell cycle (Figure 1.4). The cell cycle can be considered as a progression through distinct
phases. G1 (gap 1) is a period of growth in which produced macromolecules accumulate
until cells reach a size where they then commit to DNA synthesis. In S (synthetic) phase,
DNA is faithfully replicated so that there are two identical copies of the genome
distributed among a number of chromosomes that vary by species [114]. The two copies
of each chromosome, referred to as sister chromatids, are held together by a protein
complex called cohesin. Cells then progress into G2 (gap 2), which is a period of
additional cell growth and biosynthesis in preparation for cell division. Successful cell
division involves nuclear division (mitosis) and cytoplasmic division (cytokinesis) so that
each daughter cell receives a complete set of chromosomes, organelles and cytoplasm.
Mitosis (M-phase) consists of subphases that are visually seen. During prophase, the
nuclear envelope breaks down and the replicated chromosomes become condensed. The
mitotic spindle assembles from microtubules that are nucleated at the centrosomes or
spindle poles. These spindle fibres become attached to protein complexes at the
centromere known as kinetochores. The kinetochore on one sister chromatid is attached
to microtubules from one spindle pole, while the kinetochore on the other sister
chromatid is attached to microtubules from the opposite spindle pole [115]. The
chromosomes align to the spindle assembly plate during metaphase. Sister chromatids
separate during anaphase by cleavage of Cohesin by Separase [116], and segregate to

opposite poles in a process driven by motor proteins belonging to the kinesin and dynein
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families [117]. This is followed by decondensation of the chromosome and reformation

of the nuclear lamina during telophase. In addition to the division of genetic material,
during anaphase and telophase, cytoplasmic contents are also divided into the daughter

cells, which together form a process termed cytokinesis (See Section 1.4.1). Two
daughter cells are formed, and the cell cycle is completed. Depending on the tissue and
developmental stage, cells may continue to progress through the cell cycle or exit and

become quiescent (GO).

Cytokinesis

Figure 1.4. Schematic of the cell cycle in mammalian cells. The cell cycle is divided
into four phases: Gl, S, G2 and M. During M-phase (mitosis), the process can be
subdivided into prophase, metaphase, anaphase, telophase, and culminating with division
of cytoplasmic material (cytokinesis). Cells can also exit the cycle and enter a quiescent
phase (GO).
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1.4.1 Cytokinesis: An Overview

The final stage of the cell cycle, cytokinesis, is initiated by the formation of a
cleavage furrow by the mitotic spindle. During the metaphase-to-anaphase transition,
antiparallel non-kinetochore microtubules between separating chromosomes bundle
together to form the spindle midzone, also referred to as the central spindle [118]. The
spindle midzone is important for determining the position of the cleavage furrow in
animal cells and serves as a platform to recruit proteins required for cytokinesis. Timing
of midzone formation could depend on the kinases CDKI1 or Plkl regulating the anti-
parallel microtubule bundling protein PRC1 [119]. Formation of the cleavage furrow in
animal cells requires activation of the GTPase RhoA by the conserved guanine nucleotide
exchange factor Ect2 [120]. Cleavage furrow ingression is powered by an actomyosin
network known as the contractile ring. As the cleavage furrow ingresses, it constricts
components of the midzone into a structure called the midbody (also referred to as a
Flemming body [121]). Proteins involved in membrane tethering, fusion and fission
accumulate around the intercellular bridge and midbody [122]. Finally, the contractile
ring disassembles, and the plasma membranes resolve in a process called abscission to
bring cytokinesis to completion.

The stability of the intercellular bridge is achieved by septin proteins. Septins are
GTP-binding proteins that assemble into rod-shaped oligomeric complexes as well as
higher-order filaments and bundles. Loss of septin activity usually causes cells to arrest
during cytokinesis or produces binucleated cells due to failed abscission arising from an

unstable cleavage furrow [123, 124, 125, 126, 127].
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Abscission takes place close to the midbody. Abscission is mediated by the
Endosomal Sorting Complex Required for Transport (ESCRT) machinery. In human cells,
depletion of ESCRT and ESCRT-associated proteins, such as ALIX, TSG101 (ESCRT-I),
and CHMP (ESCRT-III) proteins results in cytokinetic delay, abscission failure and
binucleation [128].

Cytokinesis also depends on a protein complex called the chromosomal passenger
complex (CPC) that associates with chromosomes and centromeres during early mitosis,
then later re-locates to the spindle midzone and midbody during anaphase and cytokinesis
[129]. The members of this complex, Aurora B kinase, INCENP (inner centromere
protein), Survivin, and Borealin, are important for the spindle assembly checkpoint
(Section 1.4.3). Loss of function of any of the CPC components results in defects in
cytokinesis. Relocation of Aurora B to the spindle midzone was shown to be mediated by
cullin E3 ubiquitin ligases CUL3-KLHL9-KLHL13 and CUL3-KLHL21 [130, 131].

Formation of the spindle midzone involves the centrospindlin motor protein,
mitotic kinesin-like protein 1 (MKLP1; also known as KIF23). Phosphorylation of
MKLP1 by Aurora B promotes clustering of MKLP1 and the GTPase-activating protein
MgcRacGAP, to form the centrospindlin complex; the complex is required for
microtubule-bundling activity, thereby stabilizing the central spindle [132]. Timing of the
spindle midzone formation was shown to be regulated by Cyclin B-CDKI
phosphorylation of MKLP1 [133]. MKLP1 is also required for successful cytokinesis.
Depletion of MKLP1 inhibited midbody formation and these cells failed to complete

cytokinesis, and formed binucleated cells as a result [134].
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1.4.2 Cell Cycle Regulation: An Overview

Whether or not a cell enters or exits the cell cycle depends on signals received
from its surroundings. Most cells will proliferate when exposed to pro-growth factors,
termed mitogens, a process mediated by mitogen-activated protein kinases (MAPKSs)
[135]. However, entry into the cell cycle can also be blocked in response to inhibitory
factors such as DNA damage.

At each stage in the cell cycle, cyclin-dependent kinases (CDKs) regulate
progression from one stage to the next, which are themselves regulated by reversible
phosphorylation and ubiquitin-mediated degradation of their regulatory factors. For these
kinases to function effectively, they must associate with a group of proteins called
cyclins. Cyclins help to activate CDK enzymatic activity as well as to recognize
substrates. This regulatory mechanism is highly conserved in eukaryotes with human
CDK1 being able to successfully restore viability to yeast (Schizosaccharomyces pombe)
with a mutant CDK1-homologous gene (Cdc2) [136].

The activities of different CDKs and their associated cyclins regulate the cell
cycle at different time points (Figure 1.4.2). In G1, CDK4 and CDK6 activity are
regulated by D-type cyclins. These cyclins are thought to be messengers between the
outer environment and the cell as their levels are regulated by surface receptors via
MAPK pathways [137]. Late in Gl, E-type cyclins associate with CDK2, which
phosphorylates substrates for entry into S-phase. In early S-phase, A-type cyclins
displace E-type cyclins as the CDK2 partner. However, in late S-phase, the A-type
cyclins replace CDK2 with CDK1 (also known as CDC2). In G2, B-type cyclins replace

A-type cyclins as CDK1 partners and go on to initiate the events in mitosis.
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Cyclin-CDK activity is further controlled by periodic expression of negative
regulators known as CDK inhibitors (CKlIs), whose function is to prevent aberrant cell
cycle progression [138]. There are two major classes of CKls. The first are members of
the INK4 family (which include pl5, pl6, pl8, and p19) [139]. They bind CDK4 and
CDK6 to prevent association with D-type cyclins, thus inhibiting CDK4 and CDKG6
activity. The second are members of the CIP/KIP family (which include p21, p27 and
p57). They fit into the ATP-binding pocket of CDK1 and CDK2, thus inhibiting CDK1

and CDK2 activity [138].

A Cyclin E-CDK2 Cyclin A-CDK1/CDK2

Cyclin B-CDK1
Cyclin-CDK
activity

Anaphase

Figure 1.4.2. Schematic of cyclin and cyclin-dependent kinase activity during the cell
cycle. In the classical model, D-type cyclins associate with CDK4 and CDKG®6 to initiate
events in early G1 (not shown). In late G1, cyclin E-CDK2 activity phosphorylates
substrates to begin DNA synthesis. During S-phase, E-type cyclins are exchanged with
A-type cyclins as CDK?2 binding partners. In late S-phase, A-type cyclins preferentially
associate with CDK1. In G2, B-type cyclin levels increase, which displaces the A-type
cyclins as binding partners to CDK1. Cyclin B-CDK1 remain active during early mitosis.

1.4.3 Cell Cycle Checkpoints: An Overview
The cell must be capable of successfully dividing. To mitigate malfunctioning of

the machinery that drives the cell cycle, steps in the process are regulated at specific

checkpoints such that progression into the next stage is halted until the previous stage has
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been completed successfully (Figure 1.4.3). Throughout interphase, checkpoints are
triggered if DNA becomes damaged or if there are insufficient nutrients to perform the

next stage of the cell cycle. In the case of DNA damage, as described in more detail in
section 1.5, there are sensors that activate downstream effector proteins that go on to
prevent the activity of cyclin-CDKs, effectively halting progression.

In early G1, the transcription factors that promote entry into S-phase, the E2Fs
(E2F1-3), are negatively inhibited by retinoblastoma (Rb) protein, p107 and p130 [140].

As progression through G1 continues, cyclin D levels increase, and the cyclin then
complexes with CDK4 and CDK6, which go on to phosphorylate the inhibitory proteins.
The phosphorylation releases them from the E2Fs, and results in the transcriptional
activation of genes encoding downstream proteins, such as cyclin E [140]. Cyclin E
levels increase and these complex with CDK2, while the removal of the inhibitory
phosphates on CDK2 by the phosphatase CDC25A [141] promotes a positive feedback
loop that commits the cell to enter S-phase.

The intra-S checkpoint ensures that errors that happen during DNA synthesis are
repaired. Activation of this checkpoint can inhibit the firing of origins of DNA
replication. One mechanism is through CDC25A degradation that leads to inhibition of
CDK2 activity [142]. This prevents CDC45 from loading onto chromatin, thus DNA
polymerase o cannot be recruited to pre-replication complexes. Additionally, the
checkpoint protects stalled replication forks from collapsing and prevents lesions from
becoming DNA breaks [142, 143].

If DNA replication is not complete and free of errors, a cell cannot proceed

through G2 into M-phase. The G2/M checkpoint is based on the activity level of cyclin
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B-CDKI1. That is, a threshold in the amount of cyclin B, and therefore CDK1 activity, is
required to enter mitosis. Various G2 proteins serve to activate cyclin B-CDK1. Cyclin
A-CDK2 promotes the activation of CDC25 [144], an activator of cyclin B-CDKI1 [145,
146]. A positive feedback loop is formed as the activated cyclin B-CDK 1 phosphorylates
and inactivates its inhibitor, WEEI. In late G2, PLK1 kinase, activated by Aurora A and
Bora, phosphorylates WEE1 and is subsequently ubiquitylated by cullin-E3 ubiquitin
ligase. Additionally, PLK1 (Polo-like Kinase 1) activates CDC25 (CDC25C) [147],
which leads to the removal of inhibitory phosphorylation from CDC2. CDC2 can bind
with Cyclin B to activate downstream targets that promote mitosis entry. Activation of

the G2/M checkpoint results in the inhibition of CDC25 [148], and therefore CDC2 is
prevented from complexing with cyclin B.

The process to divide the genome so that each daughter cell receives the full
complement of genetic material (mitosis) is precise. Each chromosome must be properly
attached to the mitotic spindle [149]. If they do not, the spindle assembly checkpoint
(SAC) is triggered, with the signal cascade being activated by CDK1 and Aurora B
phosphorylation of INCENP, a subunit of the chromosomal passenger complex (CPC).
INCENP phosphorylation inhibits CPC association with the spindle midzone before
anaphase. Subsequent de-phosphorylation of INCENP and relocation of the CPC during
anaphase is believed to prevent re-activation of the SAC [150, 151, 152].

Once the cell passes the SAC, the anaphase-promoting complex/cyclosome
(APC/C) becomes activated; it partners with CDC20 to ubiquitylate proteins for

degradation. For example, APC/C targets the Separase inhibitor Securin, allowing
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Separase to cleave Cohesin at the onset of anaphase [153]. APC/C targets cyclin B for
degradation, which reduces CDK1 activity to allow mitotic exit [153, 154].

A final checkpoint regulates cytokinesis where the presence of lagging chromatin
in the intercellular bridge or defects in nuclear pore reassembly activates the abscission
checkpoint [155, 156, 157]. This checkpoint appears to require Aurora B activity. In
higher eukaryotes, it is thought that phosphorylation of Shrtb/CHMP4C in the ESCRT

pathway by Aurora B, mediated by Borealin, can inhibit abscission [158, 159].

Figure 1.4.3. Schematic of the known checkpoints in relation to the cell cycle. The

checkpoints are activated by unfavourable conditions, which include DNA damage and
insufficient nutrients. Checkpoint activation halts progression into the next stage of the
cell cycle until the previous stage has been completed successfully.
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1.4.4 Regulation of Cell Cycle Proteins by Ubiquitin Ligases and Neddylation

Cell cycle-dependent changes in protein levels are triggered by ubiquitin-
mediated proteasomal degradation. This helps to ensure directionality of cell cycle by
preventing cells from revisiting the previous stage. The ubiquitin ligases play a large role
in this process via two related complexes: the cullin E3 ligases, which include the SKP-
cullin-F-box (SCF) complex, and the anaphase-promoting complex/cyclosome (APC/C)

[160]. While it is known that cullin E3 ligases are neddylated, there are no reports that
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APC/C subunits are neddylated, and therefore the role of neddylation in regulating the
cell cycle is likely through the cullin E3 ligases.

Cullin E3 ligases are known to regulate G1/S transition, intra S-phase, and G2/M
transition. In the G1/S transition, SCF-SKP2 targets CKIs such as p27 [161, 162], p21
and p57 [163] for degradation. CUL4A ubiquitin ligases have also been implicated in the
degradation of p27 [164]. The CSN may also regulate this transition. When CSN
deneddylase subunits CSN5 and CSN6 are ectopically expressed in cells, they were
found to bind to p27 and p57, respectively [165, 166]. Subsequently, p27 and p57 were
targeted for degradation [165, 166]. Degradation of p27 is preceded by its shuttling into
the cytoplasm, which could be mediated by additional interaction with CSN6 and COP1
(constitutive photomorphogenic 1) proteins [167]. Additionally, CSN could promote
phosphorylation of p27 by CK2 to signal p27 degradation [63]. Alongside CKIs, cyclin D
levels in G1 are regulated by threonine-286 phosphorylation followed by SCF-FBX4
mediated ubiquitylation [168, 169].

In S-phase, SCF-SKP2, SCF-FBXW7, CUL3 and CUL4B ubiquitin ligases are
known to target cyclin E for degradation, which allows cyclin A to associate with CDK2
[164, 170, 171, 172]. To exit S-phase or to pause after DNA damage, CUL4 in complex
with the adapter DDB1 and substrate receptor CDT2 (also known as DCAF2), targets the
replication licensing factor, CDT1 (Chromatin Licensing and DNA Replication Factor 1),
for degradation [164, 173, 174, 175, 176]. Neddylation also regulates progression through
this phase of the cell cycle. Cells treated with the neddylation inhibitor MLN4924 have
altered S-phase progression due to inhibition of SCF-SKP2and CUL4-CDT2, which

stabilizes CDT1 leading to additional rounds of DNA replication [177, 178].
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In response to genotoxic stress such as DNA damage in S-phase, SCF-B-TRCP
promotes CDC25A degradation to pause the cell cycle [179, 180]. SCF-B-TRCP also
functions in the transition from G2 to mitosis by ubiquitylating multiple targets. It
promotes CDK1 activation by proteolysis of WEE1 [181], APC/C activation by targeting
PLK1-phosphorylated EMI1 in prophase [182, 183], and de-represses mitotic checkpoint
proteins by targeting REST (repressor-element-1-silencing transcription factor) for
degradation [184]. Treatment of cells with MLN4924 was reported to stabilize WEEI1
and CKIs including p21 and p27, resulting in G2 arrest [185, 186]. While not the focus of
this thesis, the duplication of centrioles, which are components of eukaryotic centrosomes
that organise the mitotic spindle, are also regulated by SCF-B-TRCP and its neddylation
[187].

Given the role cullins have in the cell cycle, the results from studies on the cullin
deneddylase, CSN, have given the CSN a similar biological role. For example, loss of
CSN function suppresses CDT1 degradation during S-phase [188], which is similar to
CUL4-DDBI1 loss of function [188], and neddylation inhibition with MLN4924 [189].
Studies on other CSN subunits have reported that CSN8 regulates entry into S-phase,
however the exact mechanism is unknown [82].

The role of cullin E3 ligases in cytokinesis is not as well studied. Depletion of
CUL3 and CULI and their substrate adaptors have resulted in both failure to complete
cytokinesis and multinucleated cells, suggesting that this group of E3 ligases have an
important role in mitotic progression [130, 131, 190, 191]. Similarly, knockdown of the
neddylation E3 protein DCUNIDI, and inhibition of neddylation with MLN4924 (see

Chapter 3), resulted in a similar phenotype [192].
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1.5 The Role of Neddylation in the DNA Damage Response

As mentioned before, DNA damage can cause cell cycle arrest. An emerging
theme is the importance of ubiquitin and ubiquitin-like proteins and their corresponding
E3 ligases, suggesting that the neddylation pathway could be important for regulating the
DNA damage response (DDR). This section will touch on the different damage
responses, but the discussion will focus mainly on the response to DNA double-strand
breaks (DSBs). Special consideration is given to the current knowledge of how

neddylation regulates the DDR and DSB repair.

1.5.1 Sources of DNA Damage

Organisms have evolved complex systems that form the DNA damage response
(DDR) to protect their genome from unwanted damage. These pathways sense and
recognize different types of damage and signal the activation of proteins for appropriate
repair of DNA lesions. Since DNA damage comes in many forms, each type activates a
unique repair response. Endogenous sources of DNA damage include hydrolysis
(deamination, depurination, and depyrimidination), alkylation (6-O-Methylguanine) and
oxidation (8-0x0oG) by reactive oxygen species generated by respiration, and DNA
mismatches during replication [193, 194]. Exogenous sources of DNA damage include
physical (ionizing radiation (IR, e.g. X-rays), ultraviolet light (UV)) and chemical
(chemotherapeutic drugs, environmental carcinogens such tobacco smoke) [194]. The
type of damage can be covalent modifications, single-stranded DNA (ssDNA) breaks or

double-stranded DNA breaks (DSBs).
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1.5.2 Sensing DNA Damage

Regardless of the form of DNA damage and specific repair mechanism involved,
all have a defined hierarchy of protein recruitment. The initial response begins with the
recruitment of proteins that recognize the damage or alteration ("sensors"), followed by
those that receive the signal from the sensors and transmit it downstream
("mediators/transducers"), ultimately recruiting proteins that repair the lesion
("effectors"). Cytologically, these proteins form observable nuclear foci, and the number
of foci corresponds to the degree of DNA damage [195]. Depending on the severity of the
damage, a number of cellular changes occur, which include reorganization of chromatin
and changes to transcriptional activity, activation of checkpoints to delay or stop cell
cycle progression, and to promote senescence and apoptosis [194].

A few DSB sensors have been identified in human cells. One is the MRN
complex, composed of MRE11 (meiotic recombination 11), RADS50 and nibrin (NBN),
which has DNA binding, exonuclease, and endouclease activity [196, 197, 198]. MRN,
with retinoblastoma binding protein 8 (RBBPS, also known as CtIP), stabilizes the DNA
ends and promotes initial DNA end-resection [199, 200]. Another DSB sensor is Ku
(XRCC)), a heterodimer consisting of Ku70 and Ku80. Ku is a DNA-binding protein that
quickly binds to free DNA ends and holds them close in space [201]. A third sensor is
PARP, a family that includes PARP1 and PARP2, which recognizes single-strand and
double-strand DNA breaks [202, 203, 204]. Each of these sensors, MRN, Ku, and PARP,
direct a different repair pathway: homology-directed repair (HDR), non-homologous end-
joining (NHEJ), and microhomology-mediated end joining (MME]J), respectively. Why

one sensor is preferentially recruited to a DSB site versus another (therefore promoting
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one repair pathway over another) is poorly understood and under intense study, but cell
cycle status, nuclear position, and chromatin structure play important roles in repair

pathway choice [205, 206, 207].

1.5.3 Mediators/Transducers of the DNA Damage Response

The DNA damage response is mediated by proteins in the phosphatidylinositol 3-
kinase-like protein kinase family (PIKKs), which include ATM, ATR, and DNA-PK, and
by proteins in the poly(ADP-ribose) polymerase (PARP) family [208]. ATM and DNA-

PK primarily respond to DSBs, the former through interacting with NBN in the MRN
complex [209, 210], and the latter through Ku-mediated DNA binding [211]. ATR is
activated by the ssDNA-binding protein RPA as a result of DNA end resection during
DSB repair, or from replication stress [212]. PIKK members also phosphorylate effector
proteins, which regulate cell cycle checkpoints, transcription, senescence, and apoptosis
[212].

Another feature found early in DSB repair is the phosphorylation of histone
variant H2AX on serine 139 (yYH2AX). H2AX is phosphorylated by ATM in response to
DSBs, but is also targeted by ATR and DNA-PK [213, 214], YH2AX signaling is
sustained by the recruitment of mediator of DNA damage checkpoint protein 1 (MDC1),
which amplifies the phosphorylation signal and prevents H2AX dephosphorylation [215].
YH2AX and MDCI1 also recruit additional mediators, such as p53-binding protein 1

(53BP1), to the repair foci [212].

29



1.5.4 Effectors of the DNA Damage Response

The substrates of the mediator/transducer kinases and downstream kinases can be
considered the “effectors”. For example, ATM and ATR phosphorylate and activate
checkpoint kinase 2 (CHK2), and checkpoint kinase 1 (CHKI1) [216]. CHK2
phosphorylates CDC25A on serine 123 [147], which as described in section 1.4.3,
removes the inhibitory phosphates from CDK2 in Gl. The phosphorylation by CHK2
promotes the degradation of CDC25A. Without CDC25A, CDK2 is inactive and cells
become arrested in G1 and S-phase [147]. CHK1 phosphorylates and inhibits the protein
phosphatases CDC25A (on serine 178, serine 296 and threonine 507) and CDC25C (on
serine 216), which are sequestered by 14-3-3 proteins [147, 148]. CDC25C removes the
inhibitory phosphates on CDC2, and therefore its inhibition prevents CDC2 from
complexing with cyclin B, thereby leading to G2 cell cycle arrest [217]. The negative
regulation of PLK1 by ATM/ATR, which in turn results in the stabilization of WEE1 and
MYTI1, which can then phosphorylate and inhibit CDC2, also contributes to G2 arrest
[212].

Aside from CHK1/2, another effector protein that becomes activated in response
to DNA damage is p53, a protein phosphorylated by CHK1/2, ATM and DNA-PK [218,
219, 220]. One of the roles p53 performs following DNA damage is to upregulate the
CDK inhibitor p21. Because p21 binds to CDK2 and inhibits its activity, the cell arrests
at G1/S to prevent DNA replication until DNA damage is repaired [221]. DNA damage
in G2 will also activate p53, which upregulates p21 and 14-3-3 proteins. p21 and 14-3-3
in turn inhibit cyclin B-CDC2 complexes through phosphorylation and cytoplasmic

sequestering of CDC2 [222, 223]. In addition, the inactivation of CDC25 results in its
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inability to dephosphorylate and activate CDC2 [217]. As described in more detail in the
next section, p53 has a complex regulation that multiple studies have found involves

neddylation and the deneddylase CSN.

1.5.5 Regulation of pS3 through Neddylation and the CSN

Early investigations found that a specific phosphorylation (Thrl55) of p53
promoted its degradation through its interaction with the E3 ubiquitin ligase MDM?2
(mouse double minute 2). This phosphorylation appeared to be mediated by the p53
interaction with CSN5 in the CSN holoenzyme [65, 224]. In addition, MDM2 and CSN5
can regulate the export of p53 from the nucleus into the cytoplasm for degradation [225].
Similarly, it was found that over-expression of CSN6 can promote p53 degradation
through inhibiting autoubiquitylation of MDM2, and mice that were heterozygous for a
null version of CSN6 were more susceptible to DNA damage [226]. HER2-Akt signaling
may also promote p53 degradation by promoting the stability of CSN6 in addition to
phosphorylation and stabilization of MDM2 [94, 227]. The p53 protein is also reported to
be neddylated by MDM2 [34] and the SKPI-cullin-F-box (SCF) E3 ligase complex
containing FBXO11 [228]. Currently, the biological role for p53 neddylation is not well
characterized but is believed to impact p53 transcriptional activity [34, 228]. The p53
gene (i.e. TP53) itself is also indirectly regulated via neddylation of the ribosomal protein
L11, which i1s found in the nucleolus conjugated to NEDDS8 in unstressed cells [229].
DNA damage is able to disrupt the nucleolus, which releases L11 into the nucleoplasm
[230, 231, 232]. Nucleoplasmic L11 is then deneddylated, possibly by DENI1, which

allows L11 to be recruited to the p53 promoter [229, 230]. The localization of L11 was
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also recently found to be regulated by the protein Myeloma overexpressed 2 (Myeov?2).
Myeov2 can sequester L11 in the nucleoplasm and promotes deneddylation of a host of
proteins including L11, which in turn would impact 7P53 gene expression [229].
Interestingly Myeov?2 also interacts with the CSN holoenzyme via interaction with CSN5,
and while this interaction does not appear to affect L11 neddylation in the experimental
conditions used, it raises the possibility for a neddylation-dependent role in either
nucleolar maintenance and/or 7P53 gene regulation [229]. Finally, p53 transcriptional
targets have also been shown to be regulated through neddylation. For example, the
stability of the pS53-regulated protein 14-3-3c, a cell cycle regulator, appears to be

regulated through interactions with CSN6 and COP1 [180].

1.6 DNA Double-strand Break Repair Pathways: An Overview

With the many alterations that can happen to DNA comes many ways to repair the
damage. The focus of this section, however, is DNA double-strand break (DSB) repair.
DSBs can arise through the action of enzymes such as topoisomerase II [233] that can
break the DNA phosphodiester backbone, or those involved in normal antibody gene
rearrangements and meiotic chromosome exchanges [201, 234]. Nucleolytic cleavage is
also catalysed by enzymes that recognize specific DNA structures such as DNA inter-
strand crosslinks, blocked DNA replication forks, and dsSDNA/ssRNA hybrids (R-loops)
[235, 236]. In addition, DSBs can occur through the action of endonucleases at defined
DNA sequences, and small molecules and ionizing radiation that can break
phosphodiester bonds [194, 237]. DSBs are repaired by pathways that generally fall

under two broad branches, whose main difference is whether there is resection of DNA
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ends to expose a single-stranded stretch that can pair with a homologous sequence
(Figure 1.6). End resection is mainly mediated by CtIP [238], a protein activated by
cyclin-CDK phosphorylation (Cdc28 in S. cerevisiae) [238, 239, 240]. There are
indications that end-resection is suppressed in G1 [240], so that DSBs are likely repaired
by (canonical) non-homologous end-joining (NHEJ). NHEJ is characterized by the
ligation of two DSB ends since little to no sequence homology is used for repair [241].

This pathway involves the DNA damage sensor Ku holding the DNA ends in close
proximity [201].

While NHEJ is active throughout the cell cycle [242], CtIP is not supressed
during S and G2 [205, 243], and the repair pathways that depend on end resection can be
used. In situations where 5' to 3' end resection produces short 3' end single-strand DNA
overhangs, the overhangs can anneal to facilitate repair, termed microhomology-mediated
end joining (MMEJ), also known as alternative end-joining (alt-EJ) [244, 245]. PARP,
DNA polymerase theta and DNA ligase III are some proteins involved in this pathway
[246, 247, 248]. If longer resection occurs at the break to expose enough homologous
sequence flanking the DSB to facilitate annealing, the break is repaired by single-strand
annealing (SSA). Annealing and processing the single-stranded ends are mediated by
RADS52 and ERCCI1 [249]. Both MMEJ and SSA are mutagenic because they lead to
sequence deletion [250].

After the completion of DNA replication, findings by Johnson ef al. [251] suggest
that the presence of the sister chromatid favours homology-directed repair (HDR) to
repair DSBs. In HDR the undamaged, identical sequence on the sister chromatid is

employed as a template to repair the broken strand and is generally considered less error-
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prone. HDR uses long homologous sequences and features more significant end
processing [252]. RPA, which bind to and stabilizes exposed ssDNA, and RADS51, which
facilitates strand invasion by the ssDNA to the homologous sequence in the sister
chromatid, are members of this pathway [253]. While it is not discussed here, there are at
least three known subtypes of HDR [254]. Despite what is currently known about DSB

repair, precise mechanisms and all conditions that influence pathway choice remain

unclear.

End resection I I

suppressed End resection active I

Not resected Not resected Resected Notresected Resected

NHEJ NHEJ NHEJ RN sister chromatid
/ \ ,' Nailable

MMEJ MMEJ SSA HDR

Figure 1.6. A model schematic of how the cell cycle influences DSB break repair
pathways. CtIP-mediated end resection is suppressed in G1, promoting NHEJ (non-
homologous end joining) to repair DSBs. CtIP is activated by CDK phosphorylation in S

and G2, which allow the choice of end-resection-dependent repair pathways:
microhomology-mediated end-joining (MMEJ), single-strand annealing (SSA), and
homology-directed repair (HDR). Presence of the sister chromatid is thought to favour
HDR over MMEJ or SSA (depicted as dashed lines), therefore DSBs arising in S-phase

that are repaired before replication of the sister chromatid is complete could more likely

be repaired by MMEJ or SSA [250].
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1.6.1 The Role of Neddylation and the COP9 Signalosome in Double-strand Break
Repair

There are many forms of DNA repair, but not all have been associated with
neddylation. Nucleotide excision repair (NER) and double-strand break (DSB) repair
have the most compelling data implicating neddylation in these mechanisms [1],
however, only the latter will be described in this section.

A clear indication that neddylation is important for DSB repair is that inhibiting
this pathway sensitizes cells to IR [255], and that NEDDS localizes to DNA damage sites
[26]. Preliminary studies suggest the possibility that the STUbL (SUMO-targeted
ubiquitin ligase) RNF111 interacts with UBE2M to neddylate targets such as histone H4
at damage sites [26]. In addition, neddylated histone H4 is thought to be important for the
recruitment of RNF168 to the site, which neddylates histone H2A to facilitate
downstream recruitment of BRCA1 [256]. Nevertheless, the degree of neddylation may
affect repair pathway choice. RNF111-mediated neddylation, according to Jimeno et al.
[252], favoured the DNA ends undergoing end resection involving the BRCA1 binding
partner CtIP [199, 257], therefore making HR less favourable. Inhibiting neddylation
with MLLN4924, or knockdown of UBE2M, led to the opposite effect by favouring HR as
evidenced by an increase in RPA foci in the nucleus. However, the STUbL activity of
RNF111 ubiquitylates SUMOylated proteins, suggesting RNF111-mediated post-
translational modification in DDR is much more complex [258, 259]. What the
neddylated targets are in this case will require additional studies. There is also indication
that neddylation affects HR sub-pathways, such as single-strand annealing (SSA),

however additional work is required to understand this effect [252]. Initial studies also
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suggest that neddylation could be important for terminating DNA repair. One study found
that inhibiting neddylation with MLN4924 delayed the release of NHEJ factors such as

Ku from the break site after repair, possibly indicating that the dissolution of NHEJ
factors from DNA breaks occurs through ubiquitylation by cullin E3 ligases [260].

The CSN appears to be important for regulating the response to DNA DSBs. Loss
of CSNS5 increased DSB defects and sensitized cells to DNA damage [261]. This was
accompanied by increased YH2AX, and activation of cell cycle checkpoint proteins. In
addition, both ATM- and ATR-mediated effects are increased in response to CSN5
knockdown [59, 262]. Since CSN5 harbours the deneddylase enzyme activity of the CSN
complex, this data implies a possible role for deneddylation in DNA DSB repair.
However, a non-catalytic role for free CSN5 cannot be fully discounted. There is also
evidence that the CSN responds to DNA DSBs through changes in the localization and
abundance of CSN subunits and/or coordination of the various repair pathways. For
example, when treated with different doses of the DNA damage agent mitomycin C in
HT29 cells, Feist et al. [90] noted a dose-dependent increase of CSN subunits. In
addition, the CSN is recruited to DSB sites following IR, and the recruitment depends on
neddylation [64, 260]. Currently it is unknown if the entire CSN complex, subcomplexes
or individual subunits are mediating specific events during DNA DSB repair. However,
CSNB8 can interact with ATM kinase directly, and CSN3 is phosphorylated on S410 by
ATM in response to DNA damage [64]. Mutation of CSN3 (i.e. S401A) to prevent its
phosphorylation by ATM can increase radiosensitivity but did not affect the recruitment
of CSN3 to DNA DSBs. CSN3 phosphorylation is also required for efficient RADS1

repair foci formation, suggesting a role for CSN3 in end resection and possibly HR [64].
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However, despite evidence for neddylation and/or CSN subunits in promoting HR [64,

252], how the CSN might regulate DNA repair pathway choice between NHEJ and HR
remains unclear. It has been speculated that repair pathway choice may depend on the
degree of deneddylation following the initial round of neddylation [252]. Thus, echoing

the role of ubiquitinylation in DNA repair, it appears that both neddylation and

deneddylation are required for the regulation of DNA DSB repair.

1.7 Project Overview and Rationale for Study

Despite indications that neddylation is involved in cell division, DNA damage
response, and double-strand break repair, few studies have addressed the role of
neddylation in these processes. This project aimed to provide insight to the following: 1)
Does neddylation and the deneddylase CSN play a role in cell division, specifically in
cytokinesis? If cullins are found at midbodies during cytokinesis, is there evidence for the
localization of NEDDS and subunits of the CSN at the midbody? 2) How does inhibition
of neddylation affect cytokinesis? 3) What role does the CSN have in response to DNA
damage, and does the inhibition of neddylation affect sub-pathways of DNA double-
strand break repair? Is there support for this in the form of altered localization of DNA
repair proteins and CSN subunits in response to DSBs? The experimental results to these
questions will help test the hypothesis that neddylation (and the CSN deneddylase)
regulate cytokinesis and DNA DSB repair. The data is presented in two chapters: Chapter
3 focuses on the role of neddylation in cell division and Chapter 4 focuses on the role of

neddylation in DNA damage response and DNA repair.
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CHAPTER 2 MATERIALS AND METHODS

2.1 Chemical Reagents, DNA plasmids and Antibodies

MLN4924 was purchased from Active Biochemicals Co., Limited. (Cat# A-1139) and
dissolved in DMSO.

Ribonuclease A (Sigma-Aldrich, Cat# 6513) powder was rehydrated in 1 mL of 0.01M
sodium acetate, pH 5.2, and boiled for 15 minutes at 100 °C. The preparation was slowly
cooled to room temperature before 0.1 volume of 1M Tris (Sigma-Aldrich, Cat# T1503),

pH 7.6, was added.

pEGFP-CI-MKLP1 and pmCherry-C1-MKLP1 were gifts from Masanori Mishima
(Addgene plasmid #70145 and #70154) [132, 263]. pLifeAct mScarlet-i N1 was a gift

from Dorus Gadella (Addgene plasmid #85056) [264]. ES-FUCCI was a gift from Pierre
Neveu (Addgene plasmid #62451) [265]. hprtSAGFP was a gift from Maria Jasin
(Addgene plasmid #41594) [266]. piRFP670-N1 was a gift from Vladislav Verkhusha
(Addgene plasmid #45457) [267]. pCMV-RADS52-GFP was a gift from Jean-Yves
Masson. The CSN6 open reading frame (ORF) was subcloned from the plasmid pHA-
CSNG6, a gift from Brenda Tse (Dalhousie University). pPEGFP-J1 and pmRuby2-J1 were
gifts from Jordan Pinder (Dalhousie University), and pX330-LMNAgRNAT1 and pCR2.1-

CloverLMNA were published previously [268].

38



Antibodies used for Immunofluorescence (IF) or Western blotting (WB):

Santa-Cruz Biotechnology, Inc: Rabbit anti-MKLP1 (N-19) (Cat# SC-867) at 1/30
dilution (IF). Mouse anti-pericentrin (D-4) (Cat# SC-37611) at 1/50 dilution (IF).

Abcam: Rabbit anti-NEDDS8 (Y297) (Cat# ab81264) at 1/100 (IF) or 1/1000 dilution
(WB).

Invitrogen: Donkey anti-rabbit IgG secondary antibody with either Alexa Fluor 488 (Cat#
A10042) or Alexa Fluor 568 (Cat# R37118) was used at 1/250 (IF) and 1/400 dilution

(IF), respectively.

Sigma-Aldrich: Mouse anti-B-actin was used at 1/1000 (WB). HRP-conjugated secondary
antibodies against mouse (Cat# A5906) and rabbit (Cat# AP307P) were used at 1/5000

dilution (WB).

2.2 Cell Lines and Tissue Culture

HeLa S3 (human adenocarcinoma) (ATCC® CCL-2.2) and U-2 OS (human
osteosarcoma) cells (ATCC ® HTB-96™) were maintained in DMEM containing 4.5 g/L
D-Glucose, 110 mg/L sodium pyruvate and 584 mg/L L-glutamine (Gibco, Cat# 11995-
065) that was supplemented with 10% (v/v) FBS (Gibco Cat# 12484-028), 1% (50,000
units) penicillin and 1% (50,000 ug/mL) streptomycin (Gibco Cat# 15140-122). Cells
were cultured at 37°C in a humidified 5% CO; incubator.

To generate the HeLa ES-FUCCI (Fluorescent, Ubiquitination-based Cell Cycle
Indicator [269]) cell line, HeLa S3 cells were transfected (Section 2.5) with linearized

(Bsal restriction digest) and agarose gel-purified ES-FUCCI plasmid. Positive clones
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were selected using 200 pg/mL hygomycin B (Invitrogen Cat# 10687010) 72 hours after

transfection.

2.3 Plasmid Construction

To obtain cDNA encoding CSN subunits, HeLa cells were lysed with TRIzol ®
Reagent (Invitrogen, Cat# 15596026) and the RNA extracted following the
manufacturer’s protocol. The total RNA was then reverse transcribed to ¢cDNA and
amplified using SuperScript® III One-Step RT-PCR with Platinun® Taq (Invitrogen,
Cat# 12574-018) and custom-designed DNA primers specific for the coding region of
each CSN subunit (see Appendix II). Flanking restriction sites were incorporated in
primer sequences to allow cloning into expression plasmids.

The plasmid p2xNLS-iRFP670 was generated by PCR amplification of the
iRFP670 ORF in piRFP670-N1 to introduce two nuclear localization signals (NLS) (See
Appendix II). The primers designed to create 2xNLS-iRFP670 featured restriction sites
suitable for cloning into expression plasmids.

Cloning reactions were performed using T4 DNA ligase (New England Biolabs)
following manufacturer’s protocol and 5 pL of the ligation was transformed into
chemically competent E. coli (DH5a). Transformants were selected following standard
protocols. Plasmid DNA was extracted from transformants and purified using a Miniprep
or Midiprep kit (Qiagen) following manufacturer’s protocol and the DNA was
resuspended in either Elution Buffer (Miniprep) or sterile distilled water (Midiprep).
Purified plasmids were assessed by enzymatic digestion and sequenced to verify correct

Inserts.
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2.4 Cell Synchronization

To enrich for mitotic cells, an asynchronous population of cells was treated for 18
hours with 2 mM thymidine (Sigma-Aldrich, Cat# T9250), prepared in 1x DMEM
containing 10% (v/v) FBS without antibiotics (antibiotic-free growth medium). High
concentrations of thymidine have been shown to inhibit entry into S-phase [246]. Cells
were released from thymidine-induced arrest by washing with sterile 1x PBS (pH 7.4)
(Gibco, Cat# 10010-023) followed by incubation with antibiotic-free growth medium for
nine hours. The same growth medium, containing 2 mM thymidine, was then applied to
the cells and incubated for 15 hours. Cells were released from the second round of
thymidine-induced arrest by washing with sterile 1x PBS followed by incubation with

antibiotic-free growth medium for 8-9 hours before collecting.

2.5 Mitotic Shake-off

After visually confirming the presence of cells in mitosis, cells were gently
washed once with 1x PBS. The aspirated vessel was subjected to three to four raps and
the dislodged cells were collected by carefully applying and removing 2 mL of antibiotic-
free growth medium. The medium containing dislodged cells was transferred to a pre-
chilled polystyrene tube and held for a maximum of one hour on ice. When more cells
were required, an additional round of collection was performed by adding growth
medium to the vessel and returning it to the 37°C incubator for 30 minutes before
repeating the procedure described above. Once enough cells have been collected, cells

were collected by centrifugation at 300 x g for 5 minutes. The cell pellet was gently
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resuspended in 1 mL live cell imaging medium (see Section 2.9) and transferred onto a
poly-L-ornithine coated 35-mm glass bottom dish and allowed to settle for several

minutes before imaging.

2.6 Transfection
2.6.1 Lipofection

The day before lipofection, cells were seeded at the amounts given in Appendix
II. On the day of lipofection, plasmid DNA was mixed with Lipofectamine™ 2000
(ThermoFisher) at 1:2 in serum-free and antibiotic-free growth medium and allowed to
incubate at room temperature for up to 15 minutes. The transfection mix was evenly
distributed, and the cells were given fresh growth medium (volumes indicated in

Appendix II). Cells were cultured at 37°C for 18-20 hours.

2.6.2 Electroporation

Harvested cells were gently resuspended in Buffer R to attain a concentration of
107 cells/mL. One hundred microlitres of the cell suspension was mixed with DNA and
electroporated with the Neon ™ transfection system (Invitrogen, Cat# MPK10096) using
the settings outlined in Table 2.6.2. Electroporated cells were seeded into growth medium

with or without treatment and cultured at a 37°C.

Table 2.6.2 Neon™ Electroporation Settings for U-2 OS

Pulse voltage (v) Pulse width (ms) Pulse number

1230 10 4
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2.7 Microscopy

All imaging work was performed using a Marianas spinning-disk confocal
microscope system (Intelligent Imaging Innovations (31)) based on a Zeiss Axio Cell
Observer equipped with a Yokagawa CSU-M1 spinning-disk unit and 4 laser lines (405,
488, 560 and 640 nm). Cells were observed using a 40X or 63X objective (1.4 NA) lens
and images were recorded using an Evolve 512 electron-multiplying CCD (EMCCD)
(Photometrics). Both image acquisition and processing were performed using Slidebook
6.0 (31). Immersol 518F immersion oil was purchased from Carl Zeiss (Cat#

4449600000000).

2.8 Immunofluorescence

No. 1.5 glass coverslips (Fisher Scientific, Cat #12-541-B) were briefly
submerged in 95% ethanol and air dried. The dried coverslips were then set in 35-mm
wells and seeded with cells. On the day of fixation, cells were washed twice with 1x PBS
(five minutes each) and fixed with 4% (w/v) PFA (Electron Microscopy Services, Cat#
15710) prepared in PBS at room temperature for 20 minutes. Cells were washed twice
with PBS (five minutes each) and permeabilized with PBS + 0.5% (8 mM) Triton X-100
(Sigma-Aldrich Cat# T8787) for 15 minutes at room temperature. Cells were washed
three times with 1x PBS (five minutes each) and then incubated in blocking solution,
consisting of 0.2 um filtered 4% (w/v) BSA in 1x PBS, for 20 minutes at room
temperature.

Coverslips were incubated in primary antibody for 1 hour at room temperature, or

overnight at 4°C in a humidified chamber. Coverslips were washed 4x 5 minutes with
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PBS, then incubated in fluorescent secondary antibody for 1 hour at room temperature, in
darkness. Coverslips were washed with PBS then incubated with 5 pg/mL DAPI
(Molecular Probes Cat# D1306) prepared in PBS for 10 minutes to label DNA. Excess
moisture was carefully removed from the coverslips before placing onto microscope
slides (Superfrost Plus, Fisher Scientific, Cat# 12-550-15) with Vectashield Antifade
Mounting medium (Vector Laboratories, Cat# H-1000). Coverslips were allowed to settle
overnight, protected from light, then tightly sealed with nail polish, and can be stored

long-term at 4°C protected from light.

2.9 Live Cell Microscopy

Glass bottom 35-mm dishes (FluoroDish by World Precision Instruments, Cat#
FD35-100) were coated with poly-L-ornithine to improve cell attachment to the glass
surface (See Mitotic Shake-off). Dishes were coated at room temperature for one hour,
then rinsed twice with sterilized water and allowed to dry overnight.

To image DNA over long periods, cells were labelled overnight with 1/1000 SiR-
DNA (Cytoseleton, Inc., Cat# CY-SC007) following manufacturer instructions. Prior to
imagining, the culture medium was replaced with CO ; Independent Medium (Invitrogen,
Cat# 18045-088) that was supplemented with 10% (v/v) FBS, L-alanyl-L-glutamine
(Glutamax, Invitrogen, Cat# 35050061), and penicillin/streptomycin. Imaging was
performed with the spinning-disk confocal microscope inside a heated stage (37°C).
Using Slidebook 6.0 software (31), captures were taken approximately every 4-5 minutes
with reduced laser power of no greater than 20% to reduce phototoxicity. To account for

drifting of the midbody in the Z plane while also keeping imaging time at each timepoint
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as short as possible, a vertical stack of 10 um was taken, with 0.7 pm separating each

imaging plane.

2.10 Fluorescence Recovery after Photobleaching (FRAP)

Cells, cultured in 35-mm glass bottom dishes, were washed once in 1x PBS and
given live cell imaging medium. The 488 nm laser was adjusted to the minimal power
that is capable of photobleaching a spot on a test coverslip marked with green ink
(generally 30-35% power) using the Vector Scan unit (31). Midbodies were identified by
mcherry-MKLP1 expression anda 1 um x 1 pm region was set on Slidebook 6.0 (31) to
be photobleached. Captures were taken every five seconds for the duration of the session.
In these experiments, the first three captures demonstrated the pre-photobleaching state.

Photobleaching occurs between the third and fourth capture.

2.11 Micro-irradiation of Cells with a UV Laser to generate DNA Damage

UV-laser induced DNA damage was performed as described by Kruhlak et al.,
2006 [250], using a Vector Scan unit (31) and imaged concurrently by spinning-disk
confocal microscopy. Briefly, 24 hours post-transfection, U-2 OS cells were
photosensitized with 2 pM Hoechst 33342 (Thermo Fisher Scientific, Cat# H3570) for 10
minutes in the dark, then washed twice with PBS before incubation in Phenol Red-free
DMEM, supplemented with 25 mM HEPES and 10% (v/v) FBS). The power on the 405
nm UV laser was adjusted by determining the amount required to photobleach a green

coverslip. Images were captured every five seconds for the duration of the session.
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2.12 Clover-Lamin A CRISPR/Cas9 Homology-directed Repair (HDR) Assay

U-2 OS cells (at ~60% confluency) were collected and washed with 1x PBS, then
prepared for electroporation (See Section 2.6.2). The cell suspension was mixed with a
1.75:1 ratio of pX330-Lamin A gRNA and pCR2.1-CloverLamin, and a transfection
efficiency marker (iIRFP670-N1 or p2xNLS-iRFP670-N1). Twenty-four hours after
electroporation, the spent media was replaced with fresh growth media, and cultured for
an additional 48 hours before cells were harvested for flow cytometry (Section 2.14). If
cells were cultured on coverslips, the coverslips were immersed in 4% paraformaldehyde
(PFA) to fix the cells and the DNA was labeled by incubating the coverslips in PBS +
DAPI (See Section 2.8). Random fields of view were captured by microscopy (See
Section 2.7). To account for successfully transfected cells, only iRFP670-positive cells
were selected for Clover-LMNA expression. Using this method, a minimum of 400

iRFP670-positive cells were manually counted for each assay sample.

2.13 SAGFP Single-strand Annealing (SSA) Reporter Assay

U-2 OS cells (at ~60% confluency) were collected and washed with 1x PBS, then
prepared for electroporation (See Section 2.6.2). The cell suspension was mixed with a
1:1 ratio of hprtSAGFP and actin-Scel, and a transfection efficiency marker (p2xNLS-
iRFP670-N1). Twenty-four hours after electroporation, the spent media was replaced
with fresh growth media, and cultured for an additional 48 hours before cells were
harvested for flow cytometry (Section 2.14). To account for successfully transfected

cells, only iRFP670-positive cells were selected for Clover-LMNA expression.
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2.14 Flow Cytometry

For cell cycle analysis, cells were harvested by 0.05% Trypsin-EDTA treatment
(Gibco, Cat# 25300-062) and washed with 1x PBS. All centrifugation steps were
performed at 300 x g for five minutes at room temperature. Cells were then fixed in 70%
ethanol and stored at -20 °C overnight. On the day of analysis, samples were warmed to
room temperature, centrifuged and washed once with 1x PBS. The cell pellets were
resuspended with PBS-propidium iodide (PI) solution (0.1% (v/v) Triton X-100, 0.2
mg/mL RNaseA, 1 mg/mL PI), transferred into 5 mL polystyrene round-bottom tubes,
and incubated at 37°C for 20-30 minutes in the dark. Following incubation, samples were
kept on ice or at 4°C, protected from light, until data acquisition.

To prepare DNA repair reporter assay samples for data acquisition, cells were
fixed in 2% paraformaldehyde for 20 minutes at room temperature, washed with 1x PBS,
and resuspended in 1x PBS. All data acquisition was done with either the FACS Calibur
or FACS Canto II (BD Biosciences). For each sample, a minimum of 10000 events was

acquired.

2.15 Cell Viability using AlamarBlue®

Two thousand HeLa cells were plated in individual wells of a 96-well plate and
allowed to adhere overnight. Cells were treated with a range of drug concentrations for
24 hours. At the 20th hour, alamarBlue® (Life Technologies, Cat# DAL1000) was
applied to each well following the manufacturer’s protocol. Fluorescence was measured
using an Infinite M200 Pro plate reader (Tecan Group Ltd). For each treatment, data from

the four technical replicates were averaged and normalised to the vehicle control.
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2.16 Western Blotting

Protein lysates were quantified using the Bradford Protein Assay (Bio-Rad, Cat#
5000006) following manufacturer's instructions and concentrations calculated from the
linear range of a BSA standard curve. Absorbance was measured using a BioPhotometer
6131 spectrophotometer (Eppendorf).

Cellular protein was extracted using 1x RIPA buffer (Sigma-Aldrich Cat# R0278)
containing a protease inhibitor cocktail (Sigma-Aldrich, Cat# P8340), sodium
orthovanadate (Sigma-Aldrich, Cat # 450243) (phosphotyrosyl phosphatase inhibitor),
and sodium fluoride (Sigma-Aldrich, Cat# S1504) (phosphoseryl/phosphothreonyl
phosphatase inhibitor). Protein samples were mixed with 1x Laemmli buffer and
denatured at 95 °C. Proteins were separated by SDS-polyacrylamide gel electrophoresis
(10% separating gel, 4% stacking gel) and transferred onto nitrocellulose membranes
using wet transfer. PageRuler ™ Prestained Protein Ladder (ThermoFisher, Cat# 26616)
was loaded alongside the protein samples to estimate protein size. Blocking was
performed using 5% (w/v) skim milk prepared in tris-buffered saline with 0.1% (v/v)
Tween® 20 (TBS-T) (Sigma-Aldrich, Cat# P9416). Membranes were incubated with
primary antibodies either overnight at 4°C, or 1 hour at room temperature, and then with
secondary antibodies for 1 hour at room temperature. Signals were detected by
chemiluminescence using Clarity Western ECL Substrate (Bio-Rad, Cat# 1705060) and

exposure to autoradiography film (Santa Cruz Biotechnology, Cat# SC-201697).
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2.17 Data and Statistical Analysis

mCherry-CDT]1, Citrine-Geminin, and DAPI-stained DNA intensity, nuclear area,
and signal intensity across specific cellular regions (i.e. the midbody) were quantified
using Fiji (ImageJ 1.52b) software [71]. Colour channels were separated for each image,
and a threshold was applied on the DAPI channel to highlight nuclei. Sub-nuclear objects
were excluded by applying a minimum size cut-off. The threshold was then applied to the
other channels. Nucleus area and integrated density was measured for each object. The
product of the nucleus area and background fluorescence (mean gray value) was then
subtracted from the integrated density measurement to obtain the corrected value. Plot
profiles across representative midbodies was performed by line-scan across the midbody
(over y/x) for each channel, and intensity values were combined to generate line graphs.
Fluorescently-tagged proteins at the midbody were quantified using SlideBook 6.0
software (Intelligent Imaging Innovations). All dot plots, bar or line graphs and statistics
were generated using GraphPad Prism software Ver. 5 and/or Excel (Microsoft). A
Fisher’s exact test or a two-tailed Student’s t-test (with or without Welch's correction for
non-equal variance, as indicated) was used for significance testing between treatment
groups.

Cell profiles were determined from flow cytometry acquisitions using Flowing
Software 2.5.1 (Perttu Terho, Turku Centre for Biotechnology). For flow cytometry
analysis, debris and apoptotic cells were first gated out from the forward scatter (FSC)
versus side scatter (SSC) dot plot. In the cell cycle experiments, single cells were gated
from the FSC-height vs FSC-area and the Pl-area vs Pl-width dot plots. Cells that

satisfied both conditions were then plotted on an Pl-area histogram. Gates that separated
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GO0/G1, S, and G2/M populations were set on the untreated sample, and then applied to all
other treatments (See Appendix III Figure A3.1). In the CRISPR Lamin A HDR reporter
assay experiments, cells were displayed on a Clover versus iRFP670 plot, and a quadrant
was then applied to delineate positive and negative populations (See Appendix III Figure
A3.2). In the SAGFP reporter assay experiments, iRFP670-positive cells were first
identified on an SSC-area vs iRFP670 plot. GFP-positive cells contained in the iRFP670-

positive population were identified on an iRFP670 vs GFP plot.
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CHAPTER 3 INVESTIGATING THE ROLE OF NEDDYLATION DURING

CYTOKINESIS

3.1 MLN4924 Inhibits Neddylation in HeLa and U-2 OS Cells

To establish the inhibitory effect of MLN4924 on neddylation, HeLa and U-2 OS
cells were treated with vehicle (DMSO) or MLN4924 (0.3 uM and 0.5 uM) for 24 hours
and then harvested. Total protein was extracted and analyzed by western blotting to
determine whether changes to global and cullin 1 (CUL1) neddylation were affected as
previously reported [102, 255]. Treatment with 0.3 uM MLN4924 was able to reduce
global neddylation (Figure 3.1 A) when compared to the vehicle control. The anti-CUL1
western showed depletion of a ~100 kDa species following MLN4924 treatment and
enrichment of a ~90 kDa species, indicating that there was a depletion of neddylated
CULI1 protein (Figure 3.1 B). The effect of neddylation on these two cell lines was also
assayed by AlamarBlue® to determine cell viability. Cell viability decreased with
increasing doses of MLN4924 with the effect being more pronounced for HeLa cells. The
0.3 uM MLN4924 treatment that was sufficient to reduce global neddylation (Figure 3.1
A) corresponded to a 20% and 5% decrease in cell viability in HeLa and U-2 OS,

respectively (Figure 3.1 C).
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Figure 3.1. MLN4924 treatment alters neddylation status of proteins and cell
viability in HeL.a and U-2 OS cells. (A, B) HeLa and U-2 OS cells were treated with
vehicle (DMSO), 0.3 uM and 0.5 pM MLN4924 for 24 hours. Cells were harvested then
lysed. Total lysate (10 png) from each sample was analyzed by immunoblotting with (A)
anti-NEDDS, (B) anti-CUL1 and as a loading control, anti-f-actin antibody (A, B lower
panel). (C) HeLa and U-2 OS cells were treated with vehicle (DMSO) or increasing
concentrations (0.05, 0.1, 0.2, 0.3, 0.4, 0.5, 1.0, 2.0, and 3.0 uM) of MLN4924 for 24
hours before staining with alamarBlue to assay viability. Error bars indicate the standard
error of the mean for three biological replicates. WB = western blot.
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3.2 Inhibition of Neddylation with MLLN4924 increased the Levels of Fluorescently-
tagged CDT1 and Geminin

Following validation that the compound MLN4924 inhibits neddylation, the next
step was to reassess the effects inhibiting neddylation on the cell cycle. The visualization
of Gl and S/G2 cells can be achieved by having the cells express the ES-FUCCI
(Fluorescent, Ubiquitination-based Cell Cycle Indicator [269]) reporter system [265]. The
reporter consists of the fluorescently-tagged CRL substrate CDT1 (mcherry-CDT1),
which is expressed in G1 and degraded in early S-phase, and the APC-CDHI1 substrate
Geminin (Citrine-Geminin), an inhibitor of CDTI1, which is expressed in S-phase and
degraded in mitosis (Figure 3.2 A). By employing this reporter, the progression from G1
through S and G2 can be followed. Because CDT1 is a CRL substrate, treatment with
MLN4924 would be expected to alter its stability and impact cell cycle progression into,
and through, S-phase [269].

Asynchronous HeLa cells containing the reporter were treated with 0.3 pM
MLN4924 for 24 to 48 hours and then processed for microscopy. A significant increase
in CDT1 protein levels was observed in MLN4924-treated cells over time as measured by
the integrated fluorescent intensity of mCherry-CDT1 per cell (p<0.0001) (Figure 3.2 B
and C), a result consistent with previous findings that MLN4924 treatment above 0.25
UM can strongly block neddylation and stabilize CDT1, leading to altered cell cycle
progression [102, 270]. MLN4924 treatment for 48 hours also increased the levels of
Citrine-Geminin, which is not a CRL substrate. This could be due to cells that were not
initially arrested in G1/S had begun to accumulate in S/G2, and therefore the increase in

Geminin protein levels was likely in response to elevated CDTI1 levels.
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Figure 3.2. Elevated fluorescent levels of the cell cycle-regulated proteins mCherry-
CDT1 and Citrine-Geminin upon chemical inhibition of neddylation in
asynchronous HeLa cells. Asynchronous HeLa cells stably expressing ES-FUCCI
reporter were treated with vehicle (0.03% DMSO) or 0.3 uM MLN4924 for 24h and 48h.
(A) A schematic of the abundance of DNA replication regulators CDT1 and Geminin in
relation to phases of the cell cycle. The CRL substrate CDT1 is expressed in G1 and is
degraded in S-phase. The APC-CDHI substrate Geminin is expressed in S and is
degraded in mitosis. The thickness of the outer circular border represents the protein
levels of CDT1 (empty border) and Geminin (filled border). (B) Integrated fluorescent
intensity per cell is shown for mCherry-CDT1 and Citrine-Geminin. Graphs are depicted

as a box and whisker plot, where the mean, 9™ and 91° percentile are depicted as
horizontal bars, and the outliers beyond one standard deviation are plotted as individual
points. Asterisks indicate degree of significance between means (*** = p<0.0001, ns = no
significance). (C) Micrographs of mCherry-CDT1 and nuclei stained with DAPI are
shown for cells treated with vehicle or 0.3 uM MLN4924 for 24h and 48 h.
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3.3 Inhibition of Neddylation with ML.N4924 alters the Cell Cycle Profile

Having established that the levels of two cell cycle-regulated proteins were
affected by MLN4924 treatment using the ES-FUCCI cell cycle reporter, cell cycle
distribution of vehicle (DMSO) and MLN4924-treated cells was then directly analyzed
by flow cytometry (Figure 3.3 A, B). A trend was observed between 24 to 48 hours of
decreasing numbers of cells in G1 (p<0.01 at 48 h) and increasing numbers of cells in
G2/M with 4N DNA content (p<0.05 at 48 h), in addition to the accumulation of cells
with >4N DNA content between drug-treated and vehicle (DMSO)-treated cells (p<0.01
at 48 h). Finally, G2 arrest in MLN4924-treated cells was observed that coincided with a
significant increase in nuclear area overtime (Figure 3.3 C, p<0.0001). These results are
consistent with previously reported G2 cell cycle arrest and the endoreplication of DNA

in S-phase cells due to the accumulation of CDT1 in cells treated with MLLN4924 [102].
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Figure 3.3. Cell cycle effects of chemical inhibition of neddylation on asynchronous
HeLa cells. Asynchronous HeLa cells were treated with vehicle (0.03% DMSO) or 0.3

uM MLN4924 and analyzed 24h and 48h later by flow cytometry. (A) Representative
histogram and dot plot of gated regions in untreated (top) and treated populations
(bottom). Vertical lines in the histogram delineate populations according to cell cycle
phase. (B) The mean percentage of cells in different cell cycle phases for four biological
replicates of each treatment is shown. Error bars represent the standard error of the mean
(C) Relative nuclear area (DNA stained with DAPI) was depicted as a box and whisker
plot, where the mean, 9" and 91* percentile are depicted as horizontal bars, and the
outliers beyond one standard deviation are plotted as individual points. (*** = p<0.0001,

** =p<0.01, * = p<0.05).
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3.4 NEDDS8 Localizes to the Cleavage Furrow and Midbody alongside Cullin 1,
Cullin 3, and CSN4 during Cytokinesis

The presence of >4N cells after 48 hours of MLN4924 treatment (Figure 3.3)
could arise by either DNA endoreplication, or by errors in cell division during mitosis
that could contribute to aneuploidy [271]. Given that CRL E3 ubiquitin ligases are
implicated in mitotic progression [130, 131, 190, 272], this prompted the question of
whether neddylation is also involved in cytokinesis. To test this hypothesis, the
localization of NEDDS8, selected CRLs and subunits of the COP9 signalosome (CSN)
was examined by immunofluorescence microscopy of endogenous proteins and those
tagged with fluorescent proteins (Figure 3.4). Endogenous NEDDS8 was detected on
either side of the cleavage furrow (Figure 3.4 A), and then more centrally at the midbody
(Figure 3.4 B and C), suggesting differential localization of neddylated proteins between
early and late cytokinesis. The midbody localization of NEDDS8 closely aligned with
enhanced green fluorescent protein (EGFP)-CUL1 and endogenous CUL3, which are
known neddylation substrates. Although both CUL1 and CUL3 have been previously
identified as components of the midbody [130, 272], this is the first demonstration of

NEDDS localization at the cleavage furrow and midbody during cytokinesis.

Figure 3.4. NEDDS8 localizes at the cleavage furrow and midbody alongside cullin
proteins and CSN4. (A) Immunofluorescence detection of NEDDS8 (green) at the
cleavage furrow in untreated Hela cells during cytokinesis. Magnified regions are
indicated with white boxes, and the midbody is indicated (white arrowhead). DNA was
stained with DAPI. (B, C) Co-immunofluorescence detection of NEDDS8 (red) with
EGFP-CULI (green) (Panel B), and NEDDS (green) with CUL3 (red) and CSN4 (blue)
(Panel C) at the midbody in untreated HeLa cells. Line scan plots of the signal intensity
across the midbody (bounded by opposite facing arrowheads) are shown for each
fluorescent channel.

58



10 ym

Merge with DAPI

EGFP-CUL1

— EGFP-CUL1
— NEDD8
>
=
@
=
s
04— . . 3
0 10 20 30
Distance (pixels)
— NEDD8
—CUuL3
— CSN4
150
3100
<x
@
=
g 50
10 ym
C+ T T J
0 10 20 30

Distance (pixels)

59



3.5 CSN Subunits Localize to the Midbody during Cytokinesis

Localization of CSN4 to the intercellular bridge and the outer edges of the
midbody (Figure 3.4 C) prompted a more thorough examination of the localization of the
other CSN subunits, which together form the CSN holoenzyme [1]. This was
accomplished by expressing CSN subunits fused to EGFP, which was necessary due to
the paucity of antibodies available for this complex. Using DIC (differential interference
contrast) and the MKLPI protein to identify midbodies [134, 273, 274] within
fluorescence micrographs, it was found that all subunits could be localized to the
midbody, implying that the entire CSN complex is present there during cytokinesis
(Figure 3.5, Figure A4). In agreement with CRL and NEDDS localization at the midbody,
most CSN subunits (expressed as EGFP or red fluorescent protein mRuby2 fusions)
tended to be localized toward the outer edge of the midbody forming a ring-like structure
(e.g. CSN4 and CSNo6) or were found in both the centre and the edge of the midbody (e.g.
CSNS5) (Figure 3.5A). This contrasts with the faint localization of EGFP at the centre of
the midbody, which is consistent with non-specific trapping of EGFP when not fused to a
CSN subunit. Co-expressed pairs of CSN subunits also co-localized at midbodies in a
ring pattern that overlapped with the immunofluorescence signal of endogenous MKLP1
(Figure 3.5 B). A redistribution of CSNS5 from more diffuse localization throughout the
midbody when co-expressed with CSN4 to a very distinct ring localization pattern with a
central cavity when co-expressed with CSN6 was also observed, suggesting a specific
recruitment of CSNS5 to the contractile ring by CSN6 (Figure 3.5 B). Although signal
intensity at the midbody imaged in the x/y dimension (with respect to the growth

substrate) varied among the fluorescent protein-tagged CSN subunits, the mean
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fluorescence of several of the subunits exhibited significantly higher fluorescent
intensities than EGFP alone, specifically that of CSN4 (p<0.01), CSN6 (p<0.01), CSN7A
(p<0.001), CSN7B (p<0.01) and CSN8 (p<0.001) (Figure 3.5 C). In addition, EGFP-
CSNS5 exhibited significantly lower fluorescent intensity at the midbody than EGFP alone
(p<0.001; Figure 3.5 C), which could be because the CSNS5 protein is more tightly

regulated than compared to other CSN subunits.

Figure 3.5. CSN subunits localize at the midbody during cytokinesis.
(A) Representative images of EGFP tagged-CSN4, CSN5 and CSN6 localization at the
midbody in untreated HeLa cells imaged by fluorescence microscopy. Midbodies are
identified using differential interference contrast (DIC) (black arrows). Representative
midbodies are magnified to highlight the expression pattern of CSN subunits. (B) Co-
localization of transiently expressed EGFP-CSNS5 (green) co-expressed with mRuby?2-
CSN4 or mRuby2-CSNG6 (red) at midbodies, as identified with MKLP1 antibody staining
(blue). Line scan plots of the signal intensity across the midbody (bounded by opposite
facing arrowheads) are shown for each fluorescent channel. (C) Mean EGFP fluorescent
signal intensity of all CSN subunits at midbodies was scored and compared with EGFP
alone. Data is represented as vertical scatter plots with mean, SD and p-values indicated.
*H%k = p<0.001, ** = p<0.01, ns = not significant).

61



EGFP EGFP-CSN4 EGFP-CSN5S EGFP-CSN6
EGFP DIC EGFP DIC EGFP DIC EGFP

l" ! b4 ’ 1 ’
X . o '*‘J'\v { g = '
10 pm | 24 | = . —
EGFP EGFP-CSN4 EGFP-CSN5 EGFP-CSN6
Y -
L. 2 g .
10 ym

Merge EGFP- mRuby2- MKLP1
CSN5  CSN4 o

—— CSN4
v ] — MKLP1
52001
L= &
10 pm >
- ‘w100 4
c
Y A o
=
4 = - T 0 . .
i
: 200 400
Distance (a.u.)
Merge EGFP- mRuby2- MKLP1
— CSN5
CSN5 CSN6 — CSNG
v __ 300 — MKLP1
3
Lx 5,200
=
2]
% S 100
E
Z
100 300

Distance (a.u.)

*%k

10_ T 1

ok

*k

ns ns ns

Normalized Mean EGFP Fluorescence
Intensity (measured over X/Y)

T T T T T L] T T T T
EGFP CSN1 CSN2 CSN3 CSN4 CSN5 CSN6 CSN7A CSN7B CSN8
N= 108 38 31 30 49 39 51 39 49 34

62



3.6 Measurement of CSN6 Recovery at the Midbody following Photobleaching
Reveals that it is Relatively Immobile at the Midbody

Given the localization pattern and significantly higher fluorescence signal
intensities of several of the fluorescent protein-tagged CSN subunits, it was hypothesized
that the COP9 signalosome was likely associated with the actin-contractile ring at the
midbody, and as such would exhibit restricted diffusion in comparison to a freely
diffusing fluorescent protein such as EGFP alone. Therefore, to further characterize
association of the CSN with the midbody, the localization and diffusion of EGFP-CSN6
as a marker of the COP9 signalosome in HelLa cells was examined by fluorescence
recovery after photobleaching (FRAP) (Figure 3.6). In these bleaching experiments the
localization of mCherry-tagged MKLP1 was used as a fiduciary for the position of the
midbody and a high intensity 488 nm laser was employed to simultaneously bleach
mCherry-MKLP1 and EGFP-CSN6 (or EGFP) at the midbody (Figure 3.6 A).
Fluorescence recovery of EGFP was very rapid, while EGFP-CSN6 and mCherry-
MKLPI1 only recovered partially over the 5-minute time period observed (Figure 3.6 B).
By plotting the mean intensity of the fluorescent signal for EGFP and EGFP-CSN6, and
the recovery curves fitted using a non-linear regression and the exponential one-phase
association model [275], it was found that CSN6 has a larger immobile fraction than
EGFP (Fig. 3.6 C); a result consistent with a strong association with substructures within

the midbody such as the contractile ring.
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Figure 3.6. Measurement of CSN6 recovery following bleaching reveals that it is
relatively immobile at the midbody. (A) Representative images of EGFP-CSN6 and
midbody protein mCherry-MKLP1 before and after photobleaching. (B) The mean
normalized fluorescence intensity is shown in the recovery curve, and the vertical bars

show standard error of the mean. Data was collected for up to 5 minutes post bleach
event. A fitted curve (green line) was used to determine the mobile and immobile fraction
(indicated as Fum and Fi, respectively) and the recovery half-life (t12).
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3.7 Inhibiting Neddylation with MLLN4924 causes Aberrant Mitosis

Treatment of asynchronous HeLa cells with the neddylation inhibitor MLN4924
produced a small subset of cells with greater than 4N DNA content (Figure 3.2). Given
the data demonstrating neddylated substrates such as the cullins (i.e. CUL 1 and 3; Figure
3.4) and the CSN deneddylase complex are localized to the midbody during cytokinesis
(Figure 3.5), the next step was to determine if aberrant mitosis might partly explain
changes in DNA content per cell. Microscopic analysis of cell morphology revealed that
cells treated with the neddylation inhibitor MLN4924 for 48 hours had a significant
increase in abnormal mitotic events compared to the control (Figure 3.7). These abnormal
mitotic events included lagging chromosomes, chromosome bridges, asymmetric cell
division and binucleated cells. NEDD8 was also detected by immunofluorescence in
MLN4924-treated cells at the midbody; a result that could indicate either the presence of
unconjugated NEDD8 at the midbody and/or that of yet-to-be identified protein(s) in this

structure that remains stably neddylated despite treatment.

Figure 3.7. Chemical inhibition of neddylation in HeLa cells increases abnormal
mitotic events. (A) Representative images of HelLa cells treated with vehicle (0.03%
DMSO) or 0.3 uM MLN4924 for 48h. The midbody was identified with NEDDS§
antibody staining (white arrowhead) and DNA was detected using DAPI staining.
Abnormal mitosis, including binucleated cells (*) lagging chromosomes (**) are
indicated with white asterisks. (B) The number of normal and abnormal cell division,
defined as whether there was asymmetric cell division (resulting in binucleated cells),
lagging chromosomes or presence of chromosomal bridges, was quantified and statistical
significance determined by Fisher’s exact test. Asterisks indicate degree of significance
between means (** = p<0.01).
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3.8 Inhibiting Neddylation with MLN4924 causes an Early Accumulation of the
Midbody Protein MKLP1

These observed mitotic abnormalities could be related to the accumulation of
cullin E3 ubiquitin ligase substrates during extended treatment of cells with MLN4924.
Thus, to gain additional insight into the role of neddylation specifically in mitosis, HeLa
cells, synchronized by mitotic shake-off, were treated with MLN4924 and then followed
as they entered cytokinesis by live-cell spinning-disk confocal microscopy (Figure 3.8).
To facilitate live-cell imaging, GFP-MKLP1 was transiently expressed to mark the
midbody, mScarlet-i-LifeAct to label the actin cytoskeleton and to identify the cleavage
furrow, and DNA was stained with the viable far-red dye SiR-DNA (Figure 3.8 A).
MKLP1 was observed to accumulate at the cleavage furrow and midbody in MLN4924-
treated cells significantly earlier after the onset of anaphase (18.3 £ 1.4 min, 95% CI:
15.4 to 21.2 min) than in vehicle-treated cells (26.7 + 3.5 min, 95% CI: 19.3 to 34.1 min)

(p<0.05; Figure 3.8 B).

Figure 3.8. Chemical inhibition of neddylation in HeLa cells during metaphase leads

to earlier MKLP1 accumulation to the midbody. (A) Mitotic HeLa cells expressing
mScarlet-i-LifeAct were treated with vehicle (0.03% DMSO) or 0.3 uM MLN4924 and
followed over time by live-cell spinning disk confocal microscopy. DNA was stained
with the far-red dye SiR-DNA and the actin cytoskeleton was visualized by mScarlet-i-
LifeAct. MKLP1 accumulation at the midbody is indicated with a black arrowhead. (B)

A horizontal scatter plot of the timing (in minutes) of MKLP1 accumulation at the
cleavage furrow (and midbody) after the onset of anaphase is shown, where each dot
represents one dividing cell and the mean length of time and standard error are indicated

(* = p<0.05).
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3.9 Inhibiting Neddylation with MLLN4924 causes Delayed or Failed Abscission

In addition to observing earlier MKLP1 accumulation at the midbody in
MLN4924-treated cells, when the cells were followed over a time course of eight hours, a
significant number of cells was observed with delayed or failed abscission as compared
to those treated with vehicle (p<0.0001; Figure 3.9 A and B). MKLP1 localization at the
midbody became fragmented between 90 min and 180 min after the onset of anaphase in
a subset of MLLN4924-treated cells as they entered late telophase, which was concomitant
with abscission delay (Figure 3.9 C). This indicates that ongoing neddylation in mitosis
plays a role in regulating the accumulation of MKLP1 at the midbody and is required for

efficient and timely abscission during cytokinesis.

Figure 3.9. Chemical inhibition of neddylation in HeLa cells undergoing mitosis
results in delayed abscission or abscission failure. (A) Representative images of HeLa
cells expressing an actin cytoskeleton marker mScarlet-i-LifeAct and midbody marker
EGFP-MKLP1 were stained with viable DNA dye SiR-DNA and treated with vehicle
(0.03% DMSO) or 0.3 uM MLN4924 during metaphase, and then followed for 8 hours.

The asterisk (*) indicates cellular debris captured in the field of view. (B) The number of
cells completing cytokinesis (separated) versus the number of cells remaining joined by a
cellular bridge with delayed or failed abscission marked by binucleated cells
(unseparated) was quantified and depicted as a stacked histogram. Significance between

the number of delayed/failed abscission events occurring in vehicle versus drug treated

cells was determined by Fisher's exact test (*** = p<0.0001). (C) Representative images

of EGFP-MKLP1 localization at the midbody becoming fragmented between anaphase
and late telophase in a subset of MLN4924-treated cells, concomitant with abscission
failure. White arrowheads indicate position of MKLP1 at the midbody, and red is the
actin cytoskeleton marker mScarlet-i-LifeAct.
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3.10 Summary

Every stage of the cell cycle is intricately controlled by various extracellular and
intracellular signals. One level of control is through the post-translational modification
with NEDDS8 through a process known as neddylation. Neddylation is known to regulate
cullin E3 ligase activity, which in turn regulates ubiquitylation of cell cycle proteins such
as CDT1. However, the effects of neddylation have not been well studied in cell division,
particularly during cytokinesis. In this chapter, the role of neddylation during cytokinesis
was investigated using fluorescently-tagged protein expression and with the neddylation
inhibitor MLN4924. After first validating the cell cycle effects of treating cells with
MLN4924 using flow cytometry, the cell cycle reporter ES-FUCCI, and western blotting,
the inhibitor MLN4924 was used to treat HeLa cells and the frequency of abnormal cell
division events was measured. After MLN4924 treatment, abnormal cytokinesis was
increased, as indicated by an increase in cells with intercellular bridges and multi-
nucleated cells. Furthermore, treatment of HeLa cells in metaphase with MLN4924 led to
an early accumulation of the cytokinesis protein MKLP1, a protein important for
abscission. With the finding that neddylation affected cytokinesis, localization of
neddylation pathway components to the midbody was examined. Immunofluorescence
revealed that both NEDDS8 and CSN4 localized to the midbody, along with fluorescently-
tagged CUL1, CUL3 and CSN subunits. Taken together, the data supports an important

role for neddylation in regulating cytokinesis.
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CHAPTER 4 INVESTIGATING THE ROLE OF NEDDYLATION AND THE
CSN IN THE DNA DAMAGE RESPONSE AND IN DNA DOUBLE-STRAND

BREAK REPAIR

Figure 4.2 (panel B) in this chapter contains material originally published in:

Molecular Cell, Vol 69, Baranes-Bacher K, Levy-Barda A, Oechler J, Reid DA, Soria-
Bretones I, Voss TC, Chung D, Park Y, Liu C, Yoon J-B, Li W, Dellaire G, Misteli T,
Huertas P, Rothernberg E, Ramadan K, Ziv Y and Shiloh Y, “The Ubiquitin E3/E4
Ligase UBE4A Adjusts Protein Ubiquitylation and Accumulation at Sites of DNA
Damage, Facilitating Double-Strand Break Repair”, 866-878, 2018. [276].

The figure was used with permission from Elsevier.

4.1 CSN3 and CSN4 Subunit Protein Levels Increase in the Nucleus following
Laser-induced DNA Damage

Neddylation and the CSN have a role in the DNA damage response [1], and
studies have shown that CSN subunits respond to DNA double-strand breaks (DSBs) [64,
90]. For example, GFP-CSN3 and GFP-CSNS5 have both been shown to be recruited to
laser-induced DSBs within 5 minutes [64, 260]. From this observation, it was
hypothesized that other CSN subunits are also recruited to DSBs. To test this, EGFP-
CSN3 and EGFP-CSN4 expressing U-2 OS cells were subjected to 405 nm UV laser
microirradiation to generate DSBs and followed over time (Figure 4.1). Contrary to what

was previously shown, EGFP-CSN3 was not recruited to DSBs to form a “stripe”, and
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the increase in nuclear-to-cytoplasmic signal ratio (N:C) was similar to that of EGFP
alone (Figure 4.1 A and B). However, unlike EGFP, EGFP-CSN3 N:C signal ratio did
surpass the initial fluorescence intensity 200 seconds after microirradiation. The N:C
signal ratio also increased faster for EGFP-CSN4 than it did for EGFP (surpassing initial
fluorescence intensity 100 seconds after microirradiation), although, as with EGFP-
CSN3, EGFP-CSN4 also did not form a characteristic stripe. This suggests that CSN4
responded to DNA damage more strongly than CSN3; however, it does not rule out a
response by CSN3 as the initial increase in N:C fluorescence ratio after UV laser
irradiation in EGFP-CSN3 expressing cells was of greater magnitude than for EGFP
alone. To demonstrate that DSBs were being induced in my experiments, U-2 OS cells
expressing the DNA binding protein, Ku80 [201] (as a mRuby?2 fusion), were irradiated

and mRuby2-Ku80 formed a “stripe” phenotype along the laser track in under 10

seconds.

Figure 4.1. Laser-induced DNA DSBs does not lead to CSN3 and CSN4 recruitment
at sites of DNA damage but cause an increase in CSN3 and CSN4 subunit signal in
the nucleus. (A) Representative images of EGFP, EGFP-CSN3, EGFP-CSN4 and
mRuby2-Ku80 expressing U-2 OS cells responding to DNA DSBs. The path through the
nucleus that was irradiated by the 405 nm laser is bounded by white triangles. (B) Signal
intensity in the nucleus and cytoplasm was measured, then normalized to the initial
timepoint measurement, and the nuclear-to-cytoplasmic signal ratio (N:C) at each
timepoint was plotted. The timepoint when microirradiation occurred is indicated by the
blue arrow.
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4.2 MLN4924 does not affect Homology-directed Repair (HDR) using the
CRISPR/Cas9 Clover-LMNA Reporter Assay

A role for the CSN in the DDR is also supported by the finding that CSN1 and
CSNS5 depletion by siRNA increased the ratio of non-homologous end-joining (NHEJ) to
homology-directed repair (HR), assayed using the SeeSaw 2.0 reporter system [64, 277].
Because the CSN is a deneddylase and knockdown implies suppression of deneddylase
activity, this prompted the question of whether inhibiting deneddylation with MLN4924
would affect DNA DSB repair pathway choice. As the SeeSaw reporter measures the
relative ratio of these two modes of repair, it remained unclear whether the difference is
because of increased NHEJ, decreased HDR, or an increase/decrease of both but to
different degrees. To answer whether inhibiting neddylation affects individual DSB
repair pathways differently, I employed DNA repair pathway reporters, including a novel
assay developed by the Dellaire laboratory that measures HDR by CRISPR/Cas9-induced
DNA DSBs.

Briefly, CRISPR (clustered regularly interspaced short palindromic repeats)/Cas9
is an engineered system based on the bacterial endonuclease Cas9 that can generate a
DNA DSB at a targeted site determined by a short single-stranded guide RNA expressed
in the cells along with Cas9 [278, 279]. The cell can repair the CRISPR/Cas9-induced
DSB by HDR if a homology-containing donor sequence is supplied. For this assay, a
guide RNA directed the DSB to occur at the Lamin A gene (LMNA), and a LMNA-
homology-containing donor sequence was supplied in the cells that would to insert the
720-nucleotide sequence encoding the green fluorescent protein Clover [280] into LMNA,

if repair occurred by the HDR pathway. Repaired cells express a green fluorescent
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nuclear lamina that can in turn be enumerated as a read-out for HDR efficiency (Figure

4.2 A) [268]. This assay has successfully been used in a collaboration to confirm that the
HDR protein RADS51, and the ubiquitin ligase UBE4A, were positive regulators of HDR
(Figure 4.2 B) [276]. Using the assay in U-2 OS cells treated with 0.3 puM MLN4924 for

24 hours immediately following transfection, it was found that inhibiting neddylation did
not significantly change the percentage of clover-positive cells compared to vehicle
(DMSO) treatment, however the mean gene-targeting efficiency was increased slightly
(Figure 4.2 C-E). Together, this indicates that inhibiting neddylation does not

significantly affect HDR.

Figure 4.2. Homology-directed repair is not affected by MLN4924.

(A) Schematic representation of the CRISPR-LMNA HDR assay. Cas9 is targeted to
LMNA by the target-specific gRNA (sgRNA) to create a DSB in exon 1. The donor
template contains the green fluorescent protein mClover inserted in-frame to the 5° end of
exon 1. Repair of the Cas9-induced DSB using the donor template by HDR results in the
insertion of mClover into the locus. (B) Using the CRISPR-LMNA HDR assay, it was
shown that HDR is reduced by depleting cells of either the ubiquitin ligase UBE4A or the
known HDR protein RADS51 by siRNA, as reported in Baranes-Bachar et al. [276].
Depletion of UBE4A or RADS51 was verified by western blotting (lower panels). (C, D)
Gene-targeting efficiency (%) of U-2 OS cells treated with MLLN4924 and normalized to
DMSO was assayed by using either microscopy (panel C) or flow cytometry (panel D) to
quantify the fraction of fluorescent cells. Positively-transfected cells were identified by
iRFP670 expression. Each dot represents the mean LMNA gene-targeting efficiency for
each biological replicate (N >400 iRFP670-positive cells in panel C; N >10000 iRFP670-
positive cells in panel D). Bars represent the mean and standard error from the three
biological replicates. (E) Representative images of the U-2 OS cells treated with DMSO

or 0.3 uM MLN4924 for 24 hours. (** = p<0.01, *** = p<0.001, ns = not significant).
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4.3 Neddylation regulates the Persistence of Single-strand Annealing Protein RADS2
at Laser-induced DNA Damage Sites

With the finding that inhibiting neddylation does not significantly affect HDR
(Section 4.2), I investigated whether the sub-pathway of homology repair called single-
strand annealing (SSA) might be affected by observing the DNA damage-dependent
localization of the protein RADS2, a key factor in SSA [250]. U-2 OS cells expressing
RADS52-GFP were microirradiated with the 405 nm UV laser to generate DSBs. Cells
pre-treated with either DMSO or with 0.3 uM MLN4924 overnight exhibited rapid
recruitment of RADS52-GFP to the laser track within one minute after DNA damage,
possibly indicating SSA repair at the UV laser-induced DNA damage. In both vehicle and
MILN4924-treated cells RAD52-GFP, once recruited to the break, was then released over
the next 3 minutes (~210 seconds) post-irradiation. However, starting at ~4 minutes post-
irradiation, the MLN4924-treated cells showed an accumulation of RADS52-GFP at the
site of DNA damage that persisted over the following 20 minutes, suggesting aberrant
RADS52-mediated DNA repair (Figure 4.3). This increase in RAD52 accumulation was
not seen with DMSO treatment. Interestingly, the RADS52-GFP signal became more
unevenly concentrated (punctate) along the laser track at later timepoints in MLN4924-

treated cells.
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Figure 4.3. MLN4924 causes accumulation of the single-strand annealing protein
RADS2 at sites of UV laser-induced DNA damage. U-2 OS cells were treated with
DMSO (N = 26) or 0.3 uM MLN4924 (N = 45) for 18 hours and irradiated. (A)
Representative frames showing the recruitment of RADS52-GFP to DNA damage sites
over time. Irradiation occurred between captures and is indicated with a red vertical line

(B) Changes to the mean of the normalized fluorescence signal for the vehicle (DMSO)

and MLN4924 treatment groups throughout the capture session. Light-coloured bars
represent the standard error. The red arrow indicates when the irradiation event occurred.
(*¥** =p<0.001).
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4.4 Preliminary Results suggest that Single-strand Annealing is Increased in Cells
after Neddylation Inhibition by MLN4924

The altered RADS2 recruitment (or persistence) at later timepoints after
MLN4924 treatment prompted an investigation into whether SSA repair is altered after
neddylation inhibition by using the SAGFP reporter assay [266]. The reporter consists of
a 5’GFP gene fragment and a 3’GFP gene fragment (SceGFP3”), which have 266 bp of
homology (Figure 4.4 A). The 3’GFP fragment is disrupted by the insertion of an 18-bp
sequence that is recognized by the rare-cutting endonuclease I-Scel. Repair of a DSB
generated by I-Scel by the SSA pathway yields a functional GFP gene. U-2 OS cells
electroporated with the reporter and I-Scel expression plasmids were treated with vehicle
(DMSO) or 0.3 uM MLN4924 for 24 hours immediately following electroporation. An
apparent increase in the percentage of GFP-positive (GFP+) cells was observed for the
MLN4924-treated cells compared to DMSO-treated cells, which indicates MLN4924
treatment favours the repair of DNA DSBs by SSA (Figure 4.4). Due to mechanical
issues only two biological replicates were performed. Due to time constraints, an
integrated reporter cell line could not be used. Having an integrated reporter in U-2 OS
would likely provide a better transfection yield and reduce background signal in the

negative controls.
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Figure 4.4. Single-strand annealing is increased in MLN4924-treated cells.
(A) Schematic representation of the SAGFP reporter assay. Expression of the
endonuclease I-Scel generates a DSB at the I-Scel recognition sequence located at the
3’GFP gene fragment (SceGFP3’). Repair of the DSB by SSA using a 266 bp homology
sequence (light green) creates a functional GFP gene. (B) U-2 OS cells transfected with
the SAGFP reporter plasmid were treated with DMSO or MLLN4924, and the percentage
of GFP-positive cells using the SAGFP reporter was determined. Each dot represents the
mean percent GFP-positive cells (adjusted by subtracting out background signal) for each
biological replicate. Bars represent the mean and standard error from two replicates.
4.5 Summary

While previous reports have indicated a role for neddylation and the CSN in the
DNA damage response and repair of DNA double-strand breaks (DSBs), a closer
investigation of individual repair pathways had not been done. An attempt was made to
determine if CSN subunits (other than CSN3 and CSN5) responded to UV laser-induced
DNA DSBs, and while the CSN4 subunit did respond to DNA damage as evidenced by
the increase in nuclear fluorescence signal over cytoplasmic signal, I did not observe the
recruitment of CSN subunits to the site of DNA damage as previously reported [64, 260].
While inhibiting neddylation with MLN4924 did not change the relative amount of
homology-directed repair events in cells, it was observed that inhibiting neddylation

resulted in RADS2 persisting at DSB sites for far longer post-irradiation than in untreated

cells, and that single-strand annealing (SSA) repair was increased according to the
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SAGFP SSA reporter assay. Collectively, the data indicates a role for neddylation in

SSA.
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CHAPTER 5 DISCUSSION AND CONCLUSION

5.1 General Overview

Protein neddylation is involved in many cellular processes by regulating the
activity of cullin-RING E3 ubiquitin ligases (CRLs), which are responsible for
ubiquitylating substrates that regulate diverse cellular functions including epithelial-to-
mesenchymal transition [281], autophagy [282], and senescence [177, 283]. A subset of
the CRL substrates are also involved cell cycle regulation and the DNA damage response.
Furthermore, the neddylation status of CRLs is regulated by the deneddylase COP9
signalosome (CSN), which removes NEDDS8 from cullins and obstructs the formation of
the active CRL complex.

In this thesis, the role of neddylation and the CSN in the context of cytokinesis
and in the DNA damage response was evaluated. Consistent with previous reports in
other cell types [102], the neddylation inhibitor MLN4924 affected cell cycle progression
in HeLa cells, as shown by the accumulation of mCherry-CDT1 and Citrine-Geminin
protein expression and increased nuclear size (Figure 3.2). Treatment with MLN4924
increased the proportion of cells with 4N (G2 phase) and >4N DNA content (Figure 3.3).
These effects are attributed to reduced neddylation of CRLs resulting in reduced CRL
activity and the accumulation of CDT1 and other substrates, and indeed a reduction in
bulk protein neddylation and a reduction in cullin 1 (CUL1) protein neddylation was
observed (Figure 3.1). However, the previous studies did not distinctly characterize the
mitotic effects of MLN4924, nor has the CSN been localized to the cleavage furrow

structure, the midbody, during cytokinesis. This study was able to demonstrate for the
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first time that NEDDS8 and CSN subunits colocalize with CUL1 and cullin 3 (CUL3) at

the cleavage furrow and midbody (Figures 3.4 to 3.6, Figure 5.1 A), and provide
evidence supporting a role for on-going neddylation during cytokinesis. Specifically,
inhibition of neddylation by MLN4924 induced mitotic defects in asynchronously
growing cells (Figure 3.7, Figure 5.1 B), and that treatment of metaphase cells with
MLN4924 resulted in the early accumulation of MKLP1 at the midbody concomitant
with abscission delay (or failure) and ultimately resulted in chromosome segregation
defects including lagging chromosomes and binucleated cells (Figure 3.8, 3.9). Thus, the
increase in DNA content measured by flow cytometry seen with prolonged MLN4924
treatment arises not only from endoreplication of DNA but also from mitotic defects

elicited by inhibition of neddylation.

Figure 5.1 Summary of important findings regarding the role of neddylation during
cytokinesis. (A) The neddylation pathway components NEDDS8 and the CSN subunits,
along with neddylation substrates the cullin proteins, localized at the midbody during
cytokinesis. (B) Treatment using the neddylation inhibitor MLN4924 on mitotic cells
before anaphase lead to earlier MKLP1 accumulation at the cleavage furrow/midbody,
and a delay or failure in abscission.
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Finally, the role of the CSN in the DNA damage response and neddylation on
DNA double-strand break repair, namely homology-directed repair and RADS52
recruitment, was examined. It was found that individual CSN subunits CSN3 and CSN4
responded after laser-induced DNA damage (Figure 4.1), indicated by an increase in
nuclear to cytoplasmic signal, however they did not localize to the site of DNA damage
within the UV laser “stripe”. In addition, it was determined that inhibiting neddylation
with MLN4924 did not alter the efficiency of homology-directed repair (HDR) in an
asynchronous cell population (Figure 4.2), however treatment of cells with MLN4924
altered RADS52 accumulation at UV laser-induced DNA break sites (Figure 4.3) and

appeared to increase single-strand annealing (Figure 4.4).
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5.2 The Role of Neddylation and the CSN in Cytokinesis

As described in Chapter 3, chemical inhibition of neddylation with MLN4924 can
affect the timing of the accumulation of the key cytokinesis protein MKLP1 to the
cleavage furrow. How neddylation regulates mitosis could be through its regulation of the
cullin-RING ubiquitin ligases (CRLs). One important finding is that the SKP-cullin-F
box (SCF) ubiquitin ligase complex is known to associate at the centrosome, which
organizes the mitotic spindle that segregates chromosomes in mitosis [272]. During later
stages of mitosis, SCF and CUL3 complexes relocate to the midbody to  regulate
cytokinesis [130, 190, 192, 272]. Certain inner centromere proteins could be their
substrates. For example, the chromosomal passenger complex (CPC) member Aurora B
kinase was reported to be targeted by two cullin complexes, SCF-FBXL2 and CULS3, but
they target Aurora B at different times during mitosis (Figure 5.2). Before anaphase,
Aurora B is localized at chromosomes, but re-localizes to the spindle midzone during
anaphase and then to the midbody. Aurora B release from the chromosome is possibly
due to CUL3-KLHL9/KLHL13 or CUL3-KLHL21 ubiquitylation [130, 131, 192].
However, in this situation it is likely that the ubiquitylation of Aurora B is not a signal for
its degradation. CUL3 has also been observed at the midbody, which suggests that there
could be other roles for CUL3 ubiquitin ligases, possibly though interacting with
additional substrate adaptors. Aurora B at the midbody is likely targeted by SCF-FBXL2
for proteasomal degradation [190].

Under this model, it is possible that inhibition of CUL3 ubiquitin ligase activity
by MLN4924 may alter the localization of midbody-associated proteins. Recent studies

have supported this notion since both knockout of the neddylation E3 ligase DCUN1DI
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in mouse embryonic fibroblasts and inhibiting neddylation using MLN4924 resulted in
altered Aurora B recruitment to the cleavage furrow [192]. Both Aurora B and the CPC
protein INCENP have been reported to recruit MKLP1 to the midbody and regulate its
