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ABSTRACT 

 
Since Bortezomib®, a proteasome inhibitor, was approved by US FDA for the treatment 

of multiple myeloma in 2003, proteasome is recognized as one of the most promising 

targets for cancer therapeutics. The proteasomes play a critical role in regulating the 

level of cellular proteins and recycling damaged and misfolded proteins. Although the 

activity of the proteasome is essential for normal cells, it is especially critical for the 

proliferation and survival of cancer cells. In an attempt to develop effective and safe 

proteasome inhibitor-based anticancer drugs, the Lee laboratory created a chemical 

library by a hybrid approach using a 4-piperazinylquinoline scaffold and a sulfonyl 

phamarcophore. It is known that the chloroquine scaffold possesses a weak proteasome 

inhibition activity, and chloroquine itself preferentially kills malignant cells over non-

cancer cells, alone or in combination with other therapeutics. To identify compounds 

with desirable anticancer activities, I have screened the aforementioned chemical 

library.  The screening yielded several hits with substantial efficacy and selectivity 

against malignant cells. In this thesis, I describe the functional mechanism of VR23, one 

of the most promising compounds identified from my screening, as it kills cancer cells up 

to 17 fold more effectively than non-cancer cells. Molecular docking and substrate 

competition studies revealed that VR23 binds to the β2 peptide of the 20S proteasome 

catalytic subunit. The IC50 value of VR23 in inhibiting trypsin-like proteasome activity is 

1.0 nM. VR23 is also substantially effective in inhibiting chymotrypsin-like proteasome 

activity (IC50, 50-100 nM). The inhibition of proteasome activity by VR23 led to the 

accumulation of ubiquitinated cyclin E at centrosomes. This, in turn, induces abnormal 
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centrosome amplification by a de novo centrosome synthesis pathway in cancer cells, 

but not in non-cancer cells. The presence of multiple centrosomes in single cancer cells 

results in cell cycle arrest at prometaphase and, eventually, cell death by apoptosis. 

Thus, VR23 possesses a very desirable property as a safe anticancer drug. 
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1 

1.0 Introduction 



1.1 BACKGROUND 

The anti-malarial drug chloroquine (CQ) can induce cell death by inhibiting 

autophagy, or inducing apoptosis and necrosis. CQ inhibits autophagy by 

disrupting lysosome function. When CQ enters the lysosome, it gets protonated 

and accumulates in the lysosome disrupting its acidic environment.  Inhibition of 

signalling pathways in cancer cells often activates autophagy as a part of the 

cytoprotective mechanism. Cancer cells use autophagy as a source of energy 

during unfavourable growth conditions (1). The survival advantage provided by 

autophagy can decrease the efficacy of chemotherapeutic agents. Therefore, the 

inhibition of autophagy in combination with various inhibitors (described below) is 

considered an attractive strategy against cancer (1).  

Several studies have reported the synergistic effects of CQ in combination 

with radiation or chemotherapeutic agents (Table 1). CQ can sensitize cancer cell 

death by ionizing radiation or by chemotherapeutic agents. CQ destabilizes 

lysosomes, plasma membrane and induces necrosis in cells treated with irradiation 

(2). CQ potentiates colon cancer cell death when used in combination with 5-

fluorouracil (3). CQ, in combination with other therapies, has shown very promising 

results in killing cancer cells, although it has not proven to be very effective when 

used alone (4). As a result, potential of CQ as a lead compound in anticancer drug 

discovery is being widely explored, rather than using it as a single regimen (5). The 

efficacy of CQ against cancer cells combined with its safe tolerance in humans as 

antimalarial drug suggests that the pharmacophore of CQ would be an attractive 

target for novel anticancer drug synthesis. 
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Table 1. Combinatorial effects of chloroquine with other anticancer agents on 
malignant cells 

Chloroquine sensitizes the resistant and non-resistant cancer cells to increased 
cell death. The table lists some of the studies that have reported synergistic or 
additive effects of chloroquine when used in combination with radiation or various 
inhibitors. 
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CQ’s chemical structure contains a 4-aminoquinilone scaffold, and 4-

aminoquinoline derivatives  are commonly used as anti-malarial, anti-bacterial and 

anti-inflammatory agents (20). Several groups have designed novel derivatives of 

4-aminoquinoline as immunostimulatory agents and anti-tumor agents (21-23). 2-

arylvinyl-4-aminoquinoline derivatives designed by introducing a halogen atom, 

aliphatic amines and arylvinyl on the CQ ring significantly improved the anticancer 

activity of CQ (24-26). This has led to intensive efforts to design novel derivatives 

from a 4-aminoquinoline moiety for improved anticancer activity (27). The strategy 

was directed toward substituting or designing a variety of chemical moieties with 

different chemical properties.  

1.2 The objectives of the study 

The specific aims of this thesis were to: 

1. screen novel CQ derivatives for their selectivity and activity against a panel

of cancer and non-cancer cells.

2. study the effect of the most promising leads (determined from aim 1) on the

cell cycle progression to help characterize its functional mechanism.

3. to characterize the mechanism of action of the most effective drug candidate

and find the target of the compound.
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1.3 PROTEASOMES 

1.3.1 Structure and function 

Proteasomes are the machinery for protein degradation in the cell. The 

ubiquitin-proteasome system breaks down a variety of proteins that regulate cell 

cycle progression, centrosome duplication, cell and DNA segregation, and the 

regulators of gene expression, apoptosis, immune surveillance and protein quality 

control. The 26S proteasome is a 2.4 megadalton proteolytic complex. This 

complex contains six proteolytically active subunits with different substrate 

specificities. The 26S proteasome consists of a core particle, the 20S catalytic 

subunit which is capped by two 19S regulatory subunits. The 20S subunit is 

composed of four stacked rings (Fig. 1). Each inner ring comprises seven different 

β subunits and each outer ring is consisted of seven different α subunits. β rings 

are located inside the cylinder and contain chymotrypsin-like, trypsin-like, and 

caspase-like proteolytic activity sites. The chymotrypsin-like subunit cleaves 

proteins after hydrophobic residues and is located on β5 subunits. The trypsin-like 

subunit cleaves after basic residues and is located on β2 subunits. The caspase-

like subunit cleaves after acidic residue and is located in β1 subunits (28). 

Caspase-like sites are named so as it was found that they are responsible for 

cleavage after aspartic acid very efficiently (29) (caspases are intracellular 

proteases, which cleaves proteins after aspartate). Substrates are presented to the 

β subunits through the narrow, gated channel of an α subunit. The α subunit 

unfolds polypeptides and allows the access of substrates to 20S proteasomes in 

an ATP dependent mechanism. 
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Figure 1. 26S proteasome structure and function 

The 26S proteasome consists of two particles: the 20S core particle (CP) and 19S 
regulatory particle (RP). The 19S RP binds to one or both ends of the CP to make 
an active proteasome. CP is a barrel-shaped structure composed of two outer β 
rings and two inner α rings. Each of them are made up of seven structurally similar 
α and β subunits. β1, β2 and β5 subunits are associated with caspase-like, trypsin-
like and chymotrypsin-like activities, respectively. The α subunits regulates the 
entry of substrates to the active sites. The RP recognizes the polyubiquitinated 
proteins, removes the ubiquitin chain, unfolds the substrate protein, opens the α 
ring which then transfers the unfolded proteins to the catalytic units for proteolysis. 
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Proteins to be degraded are tagged by small ubiquitin molecules. Several 

ubiquitin molecule attaches to the free amino acid of the substrate, forming a 

polyubiquitinated substrate. This is achieved by E1, E2 and E3 enzymes. E1 

activates ubiquitin molecule in an ATP-dependent manner and transfers it to E2, 

the ubiquitin carrier molecule. The ubiquitin is then transferred to the substrate 

protein by E3, a ubiquitin ligase. Eukaryotic cells contain different E3 enzymes 

which recognize different degradation signals on substrates. The polyubiquitinated 

substrates are then recognized by the 19S regulatory subunit of 26S proteasome 

which subsequently removes the ubiquitin. The substrates then pass through α 

subunits to the catalytic sites of 20S proteasomes. Polypeptides are cleaved at 

multiple sites and the cleaved products are released for recycling (30). 

1.3.2 Types of proteasome inhibitors 

There are four major classes of proteasome inhibitors (Table 2): peptide 

aldehydes, peptide-boronates, peptide-vinyl sulfones and natural compounds (β-

lactones). 

Peptide aldehydes: Peptide aldehydes interact preferentially with the β5 

subunit and are cell-permeable, and reversible inhibitors. Besides proteasomes, 

peptide aldehydes also inhibit cysteine and serine proteases like lysosomal 

cathepsins. 

Peptide boronates: These are much more potent, specific and reversible 

inhibitors of proteasomes. The dissociation rate of the proteasome-boronate 

adduct is very slow resulting in the inhibition lasting for a longer duration. 
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Table 2. Classification of known proteasome inhibitors and their activities 
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Pedptide-vinyl sulfones: These are irreversible inhibitors. They covalently 

modify the γ-hydroxyl group of the proteasomal N-threonine group of the β5 

subunit. 

Natural compounds: Natural compound β-lactone modifies the γ-hydroxyl 

group of the N-threonine group of the β5 subunit. This group of compounds are not 

specific to proteasomes and also inhibits lysosomal cathepsins and cytosolic 

tripeptidyl peptidases. These are irreversible inhibitors but in the mammalian system 

they are not very stable as they become inactive by hydrolysis thus resulting in the 

recovery of proteasomal activity. Natural compound epoxyketone reacts with the γ-

hydroxyl group and with the α-amino group of the proteasomal N-threonine group 

(30).  

1.3.3 Inhibitors of proteasome activity in clinical trials 

Bortezomib, a peptide-boronate, is the first proteasome inhibitor that has 

been approved by FDA for the treatment of human cancer (multiple myeloma). It 

binds to β5 subunit and inhibits the chymotrypsin-like activity of proteasomes. It is 

very effective for the treatment of myeloma and mantle cell lymphoma, but it has a 

very narrow therapeutic window. Clinical efficacy of bortezomib in the treatment of 

solid tumors remains low and the development of resistance to this drug is also 

frequent. Cells develop resistance to bortezomib either by overexpressing β5 

subunits or by mutation in the binding site of bortezomib (31). MLN9074 and CEP-

18770 are proteasome inhibitors with similar mechanism as bortezomib and are 

currently in clinical trials. These drugs are all reversible proteasome inhibitors. 
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One of the well-known irreversible inhibitors is carfilzomib, which can induce 

cell death in bortezomib resistant cells and is currently under clinical trials. 

However, because it has a peptidic structure, carfilzomib can easily be digested by 

endogenous proteases and peptidases. This can limit its efficacy. NPI-0052 is a 

very potent irreversible proteasome inhibitor (32) and, unlike bortezomib and other 

inhibitors mentioned above, it inhibits all three proteasome activities. Patients with 

relapsed myeloma have shown favourable responses in phase I clinical trials with 

this drug. 

Most proteasome inhibitors bind to the active site of proteasomes 

(competitive inhibition). Several compounds however bind outside the active site. 

CQ inhibits the proteasome activity via non-competitive inhibition and it binds 

between α and β subunits. However, the concentration of CQ required for inhibiting 

the proteasome activity is very high, and cannot be achieved in the clinical setting. 

Therefore, lysosome inhibition appears to be the more relevant mechanism 

resulting in cancer cell death by CQ. A structurally similar compound 5AHQ (5-

amino hydroxyl quinoline) also inhibits proteasomes via non-competitive inhibition. 

It has been shown that 5AHQ binds to α subunits of 20S proteasomes. The 

combination of bortezomib and 5AHQ has shown synergistic effects on tumor cell 

killing (33).  

CQ and 5AHQ are the only reported proteasome inhibitors that do not bind 

directly to the active sites (β subunits) of the proteasome. CQ also leads to G2/M 

arrest and mitotic spindle abnormalities in breast cancer cells (34). However, the 

mechanism causing spindle abnormalities by CQ is unknown. 
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1.3.4 Cell death by proteasome inhibition 

Proteasomes are responsible for ~80% of protein degradation in a cell (35). 

The inhibition of the cellular proteasomes leads to the accumulation of abnormal or 

misfolded proteins and proteins targeted for degradation.  

Proteasome inhibition can affect the regulation of various signalling 

pathways (Fig. 2). The three most studied effects are: (a) inhibiting the activation of 

NF-kB, (b) the activation of unfolded protein response, and (c) the activation of 

endoplasmic reticulum (ER) stress (35, 36). NF-kB is a transcription factor which is 

frequently up-regulated in cancer cells. Its activation may lead to cyclin D up-

regulation, which facilitates the next round of the cell cycle. The inhibition of 

proteasomes stabilizes IkB, an inhibitor of NF-kB (37). Several proteasome 

inhibitors have been shown to inhibit NF-kB activity (38). Although proteasome 

inhibition by bortezomib (PS-341) inhibits NF-kB activity and activates p53 and 

p21, the induction of cell death by bortezomib is independent of the NF-kB and p53 

pathways (39). Sensitivity to bortezomib was reported to be more dependent on its 

ability to cause mitotic catastrophe. 

The majority of mitotic proteins are regulated by proteasome activity (40). 

Regulated proteolysis is an engine that leads to forward mitotic progression (41). 

Accumulation of non-degradable mitotic proteins (e.g., cyclins) arrests the cells in 

mitosis.  Therefore, proteasome inhibitors lead to G2/M arrest (42).  

Proteolysis of cyclins by the ubiquitin-proteasome pathway provides 

directionality to the orderly cell cycle progression. In many cancer cells, cyclins and 

their binding partners, cdks (cell dependent kinases), are up-regulated (43).  

14 



Figure 2. Effects of proteasome inhibition 

Inhibition of proteasome activity can activate apoptosis by disrupting multiple 
signalling pathways and by impairing the turnover of multiple proteins. 
Accumulation of these proteins (cdk inhibitors p21, p27, p53) can cause cell cycle 
arrest and disrupt mitosis. Accumulation of misfolded proteins can activate 
endoplasmic reticulum stress. Consequently, the inhibition of proteasome activity 
can disrupt cell cycle progression and activate apoptosis. 
ER and ROS denotes endoplasmic reticulum and reactive oxygen species, 
respectively. 
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Cdks are inhibited by several cdk inhibitors (CKI), including p21 and p27. CKIs can 

arrest cell cycle progression in response to DNA damage or other genotoxic 

stresses. There is increased degradation of p27 and p21 in cancer cells by the high 

levels of proteasome activity (44), preventing cell cycle arrest in response to stress. 

Up-regulation of cyclins and rapid degradation of CKIs can contribute to continuous 

cell proliferation in cancer cells. When proteasomes are inhibited, CKIs may 

accumulate in the cell (45, 46) which, in turn, arrests cell cycle and prevents cell 

proliferation. 

Proteasome inhibition also abrogates ERK, Akt, mTOR pathways (47, 48), 

all of which are often constitutively active in cancer cells and drive cell cycle 

progression. 

1.3.5 Proteasomes: a target for anticancer therapy 

The activity of proteasomes was shown to be increased by >90% in primary 

breast cancer tissue (49). This increase in proteasome activity was related to the 

increased expression of proteasome subunits. In the same study, authors also 

noted that there were elevated levels of polyubiquitinated proteins in breast cancer 

cells. Interestingly, MCF10A cells (non-malignant epithelial breast cell line) do not 

show an increased proteasome activity. Abnormally high expression of 

proteasomes was also seen in acute lymphocytic leukemia, T-cell Leukemia and 

acute myelocytic leukemia cells, when compared to normal blood cells (50). The 

proteasome content of malignant hematopoietic cells is also found to be ten-fold 

higher than normal hematopoietic cells. It is hypothesized that, since cancer cells 

are continuously under stress of division, the increased level of proteasome activity 
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may provide them with an advantage of rapid turnover of proteins, degrading 

misfolded proteins faster (cancer cells have high turnover of  misfolded proteins) 

and stress response (cancer cells have elevated cellular stress). Adaptation to 

stress (proteotoxic, oxidative, replicative, metabolic stress) is required for the 

survival of cancer cells.  

Two properties of proteasome inhibitors make them a promising target for 

anticancer therapy: First, malignant cells have higher dependency on proteasome 

activity. Malignant cells, or rapidly proliferating, cells have been shown to be more 

sensitive to proteasome inhibition than quiescent or non-malignant cells (51). For 

example: myeloma cells are more sensitive than peripheral blood mononuclear cells 

(52); chronic leukocyte leukemia cells are more sensitive than normal lymphocyte 

cells (53); and transformed fibroblast/lymphoblasts cells are more sensitive than their 

normal fibroblasts/lymhoblasts counterparts (54, 55). Second, proteasome inhibition 

affects multiple pathways, as it regulates the stability of many proteins that participate 

in cell cycle regulation, cell signalling pathways, DNA repair and apoptosis.  

Despite being an enticing anticancer target, primary and secondary resistance 

to proteasome inhibitor bortezomib is common in clinics (56). Formation of de novo 

proteasomes and an increase in expression of the proteasome subunits was reported 

in response to proteasome inhibitors lactacystin and MG132 in rat vascular smooth 

muscle cells (VSMCs). In a separate study, the treatment of bortezomib in lymphoma 

cells resulted in an increased chymotrypsin-like activity (57). The increase in 

proteasomal subunit expression could be the compensatory mechanism for cells to 

survive, which may result in the resistance to proteasome inhibitors. 
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It has also been shown that cells can depend on non-proteasomal systems to 

compensate for the loss of proteasome functions (58). A large protease complex 

known as tricorn protease has been reported in Thermoplasma acidophilum. Tricorn 

proteases are resistant to proteasome inhibitors. Similar complexes have been 

suggested to exist in mammalian cells. Cells that survive in the presence of 

proteasome inhibitors have been shown to depend on other proteases present in the 

cell for proteasomal functions (59). 

Given the therapeutic potential of proteasome inhibitors against malignant 

cells, the development of novel proteasome inhibitors with less toxicity and increased 

sensitivity or inhibitors that can overcome bortezomib resistance is an attractive field 

to explore for future cancer therapy. Irreversible inhibitors NPI-0052 and carfilzomib 

have shown increased potency and can also overcome bortezomib induced 

resistance (60, 61).  

1.4 MITOSIS 

Timely degradation and activation of kinases and phosphatases is essential 

for the forward progression of mitosis. The majority of mitotic proteins are 

degraded by the ubiquitin-proteasome pathway (62). An unbalance caused by 

proteasome inhibition may make this phase most sensitive to apoptosis (39).  

Mitosis is a tightly controlled mechanism driven by the cdk1-cyclin B 

complex (also known as maturation promoting factor or MPF). The orderly 

activation and inactivation of MPF drives several steps of morphological and 

biochemical changes essential for a cell to traverse through the different stages of 

mitosis: prophase, metaphase, anaphase and telophase (63). The exit from mitosis 
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(metaphase to anaphase transition) requires the degradation of cyclin B by 

APC/cdc20 thus inactivating cdk1. APC (anaphase promoting complex) is kept 

inactive by Emi1 (early mitotic inhibitor). Cdk1 (and plk1) phosphorylates Emi1 in 

prometaphase releasing APC (64). APC then binds to cdc20 and degrades cyclin B 

via the proteasome pathway.   A low threshold level of cdk1-cyclin B activity has 

been shown to activate APC and initiates the negative feedback loop (65).  

Cells have surveillance mechanism known as checkpoints throughout the 

cell cycle. Checkpoints are involved in regulating the timely and accurate cell cycle 

progression. Activation of cell cycle checkpoints slows or arrests the cell cycle in 

response to DNA damage or other genotoxic stress. There are 3 major checkpoints 

in mitosis: DNA damage, spindle assembly and antephase checkpoint. In response 

to DNA damage, checkpoint kinases, chk1 and chk2, are activated and ensure that 

cdc25 phosphatases remain in an inactive state until DNA damage has been 

repaired. Cdc25 phosphatases are the major players in G1/S and G2/M cell cycle 

transitions. Activation of checkpoint(s) prevents the activation of cdk1-cyclin B by 

cdc25 phosphatases.  

Spindle assembly checkpoint (SAC) prevents mitotic progression if 

chromosomes are not correctly attached to spindles (66, 67). Activation of SAC 

inhibits APC activation. In fission yeast, p38 (p38α) has been reported as part of 

SAC. The p38 stress kinase can be activated by a variety of stress stimuli and can 

delay cell cycle progression or lead to cell cycle arrest in mitosis (68-70).  

The antephase checkpoint prevents the cells from completing prophase in 

response to stress (71). This checkpoint is primarily mediated by p38. This 

checkpoint requires ubiquitination of chfr, a downstream target of p38, but does not 
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rely on proteasome activity (72). If the antephase checkpoint is activated, cells will 

decondense the chromosome in prophase and will return to G2. Prophase is 

defined as the stage when nuclear membrane is still intact. Breakdown of the 

nuclear envelope marks the beginning of mitosis and cells cannot return to 

interphase without completing mitosis. However, in cells such as the Ptk1 cell line 

in which the antephase checkpoint is functional, cells return to G2 after treatment 

with either nocodazole or colcemid. HeLa and U2OS cells lack this checkpoint 

mechanism and do not return to G2 but arrest in mitosis. pp38 kinase activates 

chfr, a ubiquitin ligase, which then prevents entry into metaphase after the cdk1-

cyclin B complex is activated. However, other studies report that chfr activates 

antephase checkpoint before nuclear envelope breaks down (before cdk1-cyclin B 

is activated above a certain threshold level) (73). 

1.5 CENTROSOME 

1.5.1 Centrosome structure 

A centrosome is a non-membranous organelle located in proximity to the 

nucleus that serves as a microtubule organizing centre (MTOC) (74). A 

centrosome is made up of two elements: centriole and pericentriolar material 

(PCM) (Fig. 3). Centriole is a cylindrical structure which is surrounded by PCM. 

Centriole is composed of microtubules arranged radially in a nine-fold triplet 

pattern. The primary role of centrioles is to provide a structural scaffold to facilitate 

the organization and recruitment of PCM (75) and the centriole is unstable in the 

absence of PCM (76). PCM serves as the principle site for a MTOC. γ-tubulin, 

localized to the edges of PCM, has been shown to be the core component of the 
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centriole (77).  γ-tubulin ring complexes that are present in PCM interact with γ-

tubulin binding proteins including (but not limited to) percentrin, CG-NAP, polo 

kinases, CPAP (78, 79). Initially PCM was considered as an amorphous material. 

However, recent studies using subdiffraction and super resolution microscopy 

imaging methods have shown that PCM is well-organized into different structural 

domains and has a distinct molecular organization (80-82). 

A mitotic cell contains two centrosomes, and each centrosome is consisted 

of one ‘mother’ and one ‘daughter’ centriole. The ‘mother’ centriole has distinct 

anchoring capability but not the ‘daughter’ centriole. Structurally, a mother centriole 

has external appendages attached to its wall and, functionally, it can nucleate 

microtubules. As a cell progressed towards G2/M, centrosomes accumulate PCM 

in the process termed ‘maturation’. During G2/M transition, separation of duplicated 

centrosomes into two distinct MTOCs takes place. As a cell exits mitosis and 

enters G1 phase, the ‘mother’ and ‘daughter’ centrioles detach and are no longer 

arranged perpendicular to each other (83). 

1.5.2 Centrosome duplication 

New centrosomes form in the cell by the duplication of pre-existing 

centrioles. Similar to DNA replication, centrosome replication occurs only once per 

cell cycle and therefore is tightly regulated throughout the cell cycle. In the G1 

phase, a centrosome contains two centrioles. Cdk2 activity (together with its 

partners cyclin E or cyclin A) drives the initiation of centrosome duplication (84-86). 

Recent studies show that plk4 is also required for the initiation of centrosome 

duplication (87).  

22 



Figure 3. Basic structure of a centrosome 

The centrosome consists of two barrel-like centrioles surrounded by pericentriolar 
material. The two centrioles are oriented perpendicular to each other. The daughter 
centriole is attached to the mother centriole. The mother centriole differs from 
daughter centriole in having distal and sub-distal appendages.  
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plk4 localizes on the walls of parental centrioles, leading to further recruitment of 

hSaS-6, γ-tubulin, CPAP and other centrosomal proteins to the nascent 

procentriole. Plk4 then autophosphorylates and is removed from centrosomes to 

prevent the initiation of a second round of duplication until next cell cycle. 

Centrosome maturation occurs in G2 phase where additional proteins are recruited 

to PCM. 

Activity of cdk2 is required for the centrosomal cycle initiation. In Xenopus 

egg extracts, cdk2-cyclin E can drive centrosome duplication in the presence of 

cyclohexamide, an inhibitor of DNA replication (88). However, results obtained 

from somatic cells are different from the one obtained from Xenopus egg extracts. 

Data from mouse embryonic cells (MEF) indicates that primary MEFs cells, in 

which cdk2 is deleted, can still initiate centrosome duplication, although it cannot 

initiate subsequent reduplication within the same cell cycle (89). This suggests that 

certain other proteins can compensate the requirement of cdk2 in the initiation of 

duplication, possibly from cdk family (cdk1, cdk4). 

Mps1 and nucleophosmin are the two substrates of cdk2-cyclin E that 

function in centrosome duplication. Nucleophosmin associates with unduplicated 

centrosomes. Cdk2-cyclin E phosphorylates nucleophosmin, which leads to the 

dissociation of nucleophosmin from centrosomes, initiating the centrosome 

duplication. Mps1 is a protein kinase that regulates mitotic progression and the 

centrosome duplication process. Overexpression of Mps1 can cause centrosome 

amplification in NIH 3T3 and U2OS cells (90-92). However, in U2OS cells, the 

inhibition of Mps1 either by siRNA or a monoclonal antibody specific for Mps1 did 

not block centrosome reduplication (91, 92).  
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Overexpression of cyclin E in cells arrested in G0/G1 cannot initiate 

centrosome duplication. Conversely, when cyclin A is overexpressed in Rb mutant 

cells, it can override G1 arrest and can initiate centrosome duplication (93). This 

suggests that, for cyclin E to function in the centrosome duplication cycle, cells 

have to progress through G0/G1. In the absence of cyclin E, cdk2 can bind to 

cyclin A and can drive centrosome duplication (94).  

During S-phase, a new procentriole begins to grow at an angle next to the 

proximal end of a pre-existing centriole. The parent and progeny centrioles are 

tightly connected to each other. At the onset of procentriole formation (in S phase), 

hSAS-6 localizes next to the centriole (95). During anaphase hSAS-6 is degraded 

by 26S proteasomes. Overexpression of hSAS-6 can cause the formation of 

multiple procentrioles next to one centriole (96). Similar to hSAS-6, CPAP 

(centrosomal associated protein) also increases during early S phase and is then 

degraded during mitosis by APC-cdh1 which targets it for degradation by 

proteasomes. CPAP controls the length of procentrioles and regulates the 

assembly of centriolar microtubules during centriolar elongation, and its depletion 

can prevent normal procentriole formation. CPAP and hSAS-6 are reported to be 

substrates of plk4. Furthermore, constitutively active plk4 can induce de novo 

centrosome amplification (97). 

During G2/M phase, the daughter centriole remains attached to the mother 

centriole until mitosis is completed. Activation of plk1 facilitates centrosome 

separation during mitosis. Plk1 substrates include β-tubulin and kinesis-like motor 

proteins, which are required for spindle formation. Together with plk1, separase 

has also been implicated in centriole disengagement at the onset of mitosis. Plk1 
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initiates the disengagement process at early mitosis and separase performs 

disengagement at the start of anaphase (98, 99). Ablation of both plk1 and 

separase inhibits the centrosome disengagement at telophase. Plk1 also activates 

APC by binding to its inhibitor Emi1 and phosphorylating it during mitosis. 

1.5.3 Mechanisms that control centrosome duplication 

There are several mechanisms and protein kinases involved in maintaining 

the centrosome number in the cell. Some of these control mechanisms are 

regulated by the centrosome itself and some by the recruitment of certain inhibitors 

or removal of activators from the centrosomes. 

Intrinsic block: Physical engagement between mother and daughter centrioles 

blocks the further round of centrosome duplication. Data from in vitro studies using 

Xenopus eggs have shown that centriole growth does not take place if the two 

centrosomes are engaged. Separase, a protease and target of APC in mitosis, is 

responsible for the disengagement of centrioles. A premature activation of 

separase can cause premature disengagement of centrioles. Disenegaged 

centrioles then continue to form new centrioles and this was inhibited as long as 

they are engaged. Thus, it can be concluded that in the normal cell cycle when the 

two centrioles are attached, it inhibits the formation of new centrioles. This physical 

attachment could prevent the recruitment, activity of kinases or regulatory proteins 

required for centriole duplication thus preventing re-duplication (100, 101). 

Extrinsic block: Centrosome cycle is controlled by the activation of centrosome 

specific proteins at specific time in cell cycle. Centrosome cycle in somatic cells is 

coordinated with nuclear cycle, requiring phosphorylation of Rb and E2F 
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transcription activity. The Rb/E2F pathway regulates the progression of cells 

through G1. When cells are arrested in G1 in CHO Rb-mutant cells, centrosome 

duplication do not take place (102). This suggests that centrosome duplication can 

only be initiated when cells progress through G1/S. Thus, Rb/E2F may not be the 

direct regulator of centrosome cycle, but may provide favourable environment for 

its duplication by promoting cell cycle progression through G1 to S phase. 

Coordination of a centrosome cycle with a cell cycle is due to the sequential 

activation or inhibition of various kinases, as cells traverse through cell cycle and 

their differential localization at centrosomes throughout the cell cycle (Fig. 4). 

Plk4 is a short lived kinase and its localization to centrosomes has been 

shown to be essential for centrosome duplication. Plk4 appears on the 

asymmetrically positioned centriole during interphase in certain population of cells 

(103). Components of SCF ubiquitin ligase localize on centrioles and degrade the 

plk4. Active plk4 phosphorylates itself, the phosphorylated plk4 is then recognized 

by SCF ubiquitin ligase, which targets it for degradation by the ubiquitin-

proteasome pathway (104). Overexpression of plk4 can either form multiple 

centrosomes which are scattered in a cell or produce daughter centrosomes which 

are arranged in a ‘flower-like’ structure. This ‘flower-like’ arrangement of daughter 

centrioles was only seen in cyclin A positive cells (105). Overexpression of plk4 in 

Drosophila embryos promoted accelerated duplication of centrosomes. Within 60 

min of plk4 overexpression, a minimum of 3,700 centrosomes were formed (106). 

Plk4 has been shown to be sufficient in forming multiple centrosomes via both de 

novo and canonical duplication pathways (Fig. 5). p53, a transcription factor and 

tumor suppressor, also regulates centrosome amplification. p53-induced cell cycle  
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Figure 4. Centrosome duplication cycle 

Centrosome duplication and maturation occurs during discrete phases of cell cycle. 
During G1, the two centrioles are linked. During Late G1, procentriole nucleation 
occurs at both the centrioles. Procentriole elongation and maturation takes place 
as cells progress from S to G2 phase. During late G2, dissolution of linkers 
between centrioles take place and the two centrioles separate yet they are still 
close to each other. During prophase and prometaphase the two centrosomes 
move to opposite poles. During anaphase and telophase the two centrioles in each 
centrosome disengage and are linked by linker fibers. Thus, at the end of mitosis 
and early G1 each daughter cell has one centrosomes consisting of two centrioles 
joined by linker fibre. 
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arrest can limit the centrosome amplification. p53 directly binds to centrosomes 

and mutant p53 which does not bind to centrosomes in MEFs undergo repeated 

duplication of centrosomes (107, 108).  

A downstream target of p53 is p21. The cdk inhibitor p21 can inhibit the 

centrosome duplication when accumulated or overexpressed in cells. Chemical 

inhibitors of cdk2 have also been shown to inhibit centrosome duplication (108). 

1.5.4 The regulation of cyclin E in the context of centrosome 

duplication/amplification and cell cycle progression 

In somatic cells, the centrosome cycle is coupled with the nuclear cycle. The 

abrogation of the coordination between DNA replication cycle and centrosome 

duplication cycle can lead to centrosome hyperamplification (109, 110). In animal 

cells, one of the links between DNA replication and centrosome duplication is 

cyclin E and cdk2. (111). Cyclin E activation in G1 phase triggers both DNA 

synthesis and centrosome replication. Cyclin E has a centrosomal localization 

signal (CLS) which is necessary for both centrosome localization and accelerated 

entry into S phase. A mutation in the CLS domain of cyclin E prevents its 

localization to centrosomes and cyclin E mediated accelerated entry into S phase 

(112). Cyclin E appears to be the common link between nuclear and centrosome 

cycles. Many proteins involved in DNA replication also localize to centrosomes and 

regulate cyclin E. For instance, the CLS binding domain of cyclin E binds to MCM5, 

a DNA licensing factor (113) and recruits it to the centrosomes. Expression and 

localization of MCM5 to centrosomes inhibits centrosome over-duplication in CHO 

cells arrested in S phase. Centrosome amplification is commonly studied in cells 
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arrested in S phase either by hydroxyurea or by aphidicolin, because S-phase 

inhibition uncouples the DNA replication cycle with centrosome duplication cycle, 

supporting the idea that regulators of the DNA replication cycle also coordinate the 

centrosome duplication cycle. Orc1, a DNA replication factor, localizes to 

centrosomes and removes cyclin E from centrosomes, thus preventing further 

rounds of duplication. When cyclin E is not localized to centrosomes, it prevents 

DNA synthesis in S phase (113, 114). CHO cells, in which cyclin E was not 

localized to centrosomes, could not synthesize DNA. These cells were also 

defective in formation of the pre-initiation complex on DNA, the first step to 

initiating DNA replication (113, 114). 

The second mechanism, by which the coordination between the nuclear and 

centrosome cycles is maintained, is the proteolysis pathway (115, 116). For 

example, the levels of cyclin E and plk4 are regulated by the ubiquitin-proteasome 

pathway. These proteins are targeted for destruction by the attachment of ubiquitin 

proteins by ubiquitin ligase complexes. Components of ubiquitin ligases (skp and 

cullin) and 20S proteosomes are localized to centrosomes as well as to the 

nucleus (117). Inhibition of proteasomes can lead to the accumulation of cdk2-

cyclin E and plk4 on the centrosomes.  The inhibition of plk4 autophosphorylation 

and subsequent degradation by the ubiquitin-proteasome pathway can lead to 

centrosome over-amplification and inhibition of cell proliferation (118). 

 Several studies have shown that the cdk2-cyclin E complex is required for 

the initiation of centrosome duplication (119), while other studies have shown that 

plk4 is required for the initiation of centrosome duplication. Overexpression of both 

plk4 and cdk2-cyclin E can cause the formation of multiple centrosomes from a 
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single mother centrosome. One proposed mechanism of centrosome over-

duplication is that plk4 stimulates centrosome duplication and cdk2-cyclin E can 

enhance it. Neither plk4 nor cyclin E can initiate the centrosome duplication in the 

absence of the other (120).  

Cyclin E also has dual effects on the cell cycle. Cyclin E is required for G1/S 

transition, but its overexpression can also activate apoptosis. For example, 

radiation treatment to hematopoietic cells increases the cyclin E level, which 

activates apoptosis (121). Thus, the presence of non-degradable plk4 and cyclin E 

in cells can inhibit cell proliferation. Because of its role in both centrosome 

duplication and G1/S progression, cyclin E overexpression can also cause 

chromosome instability and polyploidy. 

1.5.5 Regulation of cyclin E protein levels 

Many breast tumors that show multiple centrosomes deregulate the 

expression of cyclin E (122). Cyclin E exists in two states inside a cell: a free state 

which is unbound and bound to cdk2. The latter is to form an active kinase 

complex (123). Cyclin E is degraded by the ubiquitin-proteasome pathway. The 

half-life of cyclin E can be increased from 30 min to 2 hours by inhibiting 

proteasomes (124). Ubiquitination of cyclin E is governed by two distinct ubiquitin 

ligases, SCF and cul-3. The SCF pathway requires the phosphorylation of cyclin E 

for ubiquitination, whereas the cul-3 pathway is independent of phosphorylation 

status of cyclin E, but dependent upon whether it is bound to cdk2 or not (125). 

Phosphorylation of substrates is one of the mechanisms by which they can 

be targeted for ubiquitination. Cdk2 and GSK3 kinases regulate the assembly of 
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cdk2-cyclin E complex by phosphorylation at five different sites: T62, S372, T380, 

and S384 (126). Cdk2 can phosphorylate cyclin E on S384 while GSK3 

phosphorylates cyclin E on T380. The cdk2-cyclin E complex can also be 

autophosphorylated at an appropriate site. Thus, multiple pathways can affect the 

turnover of cyclin E (127, 128).  

Binding of cyclin E to cdk2 protects it from proteasome-mediated 

degradation, and unbound cyclin E gets rapidly degraded. When cdk2 was 

knocked down in cells treated with a proteasome inhibitor, it resulted in excess 

accumulation of cyclin E protein levels (129). The protection of bound-cyclin E from 

ubiquitination can be reversed in the process that involves phosphorylation of 

cyclin E at T380. This phosphorylation is required for targeting cyclin E bound to 

cdk2 (but not unbound cyclin E) for ubiquitination. Therefore, cyclin E can be 

targeted for ubiquitination either by its dissociation from cdk2 (cul-3 dependent) or 

by its phosphorylation at T62 and T380 (skp1 dependent) (130, 131).  

1.5.6 Consequences of centrosome abnormalities 

The most commonly reported consequences of having abnormal numbers of 

centrosomes is multipolar mitosis and cell death. However, cancer cells and mouse 

embryonic cells containing an abnormal number of centrosomes can continue to 

survive. It has been reported that multiple centrosomes can cluster. As many as 16 

centrioles can cluster and can prevent the formation of multiple spindles (132). 

Actin-dependent forces and spindle intrinsic pole forces contribute to the clustering 

of the centrosomes that prevents the formation of multipolar mitosis. Bundling of 

centrosomes has been observed in different cell lines, including BSC-1 and NIH 
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3T3 cells (133). The bundling of centrosomes will allow cells to divide in a bipolar 

fashion and avoid cell death by multipolar mitosis. However, the resulting daughter 

cells may not necessarily contain equal number of chromosomes. Cells with an 

abnormal number of chromosomes may end up with selective advantage of 

survival (134).  

Novel drugs that inhibit centrosome clustering have been shown to have 

selective inhibition on the growth of cancer cells (135, 136). However, it is also 

likely that cells with multiple centrosomes will eventually die due to abnormal 

mitosis or abnormal complements of chromosomes during successive rounds of 

the cell cycle. A structural study from high-grade tumor cells revealed that these 

cells have an abnormal number of centrioles and excessive amounts of PCM. 

Invasive breast tumor cells contain 1 to 9 centrioles with excessive PCM. These 

invasive breast tumor cells show high grade aneuploidy and multiple centrosomes 

(137). However, centrosome amplification in itself is not sufficient to contribute to 

the tumor formation. These cells also lack intact cell cycle checkpoints (p53, p21, 

and mutations in BRCA genes). This was shown in RPE1 cells which activate G1 

arrest in response to the overexpression of plk4 that causes centrosome 

amplification (138). 

 Radiation can induce centrosome over-duplication (139). Exposure to 

radiation in 10 tumor cell lines revealed a 15-fold increase in multiple centrosomes, 

which was directly proportional to mitotic cell death (140). Glioma cell death 

induced by radiation was proportional to the formation of multiple centrosomes 
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Figure 5. Canonical vs de novo pathway 

A. In the canonical pathway centrosomes duplicate only once per cycle from the 
pre-existing centrosome (template dependent).  
B. Formation of multiple daughter centrioles simultaneously is by a de novo 
pathway. The daughter centrioles are either organised radially around the mother 
centrosome (i) or dispersed in the cytoplasm (ii). These multiple centrioles can 
then ‘mature’ and lead to numerical abnormality in cell. In de novo pathway, 
centrosomes can also form in the absence of template or pre-existing centrioles 
(template independent).  
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and the degree of chromosome instability (CIN) (141). The chemically synthesized 

tubulin binding compound EM011 has been shown to cause centrosome 

amplification, mitotic arrest and mitotic catastrophe (142). Lidamycin, an antibiotic 

and an anti-tumor agent, also causes the formation of multiple centrosomes, 

mitotic catastrophe and G2/M arrest (143). Centrosomes formed by this drug 

contained mature centrioles and were capable of forming spindle poles in mitosis. 

1.5.7. Proteasomes on centrosomes 

1% of the cell’s total proteasomes assemble on the centrosome (144). 

Centrosomes expand and recruit an increasing pool of proteasome components in 

response to proteasome inhibition (145, 146). Proteasome activity is required for 

maintaining the size of PCM. Interestingly, the size of PCM has been shown to 

restrict the number of centriole formation. The formation of a large PCM cloud can 

lead to the formation of a variable number of centrioles (147). In support of this, 

multiple centrosomes concurrently formed from a single maternal centriole when 

proteasome activity was inhibited with Z-L3VS (148). Nevertheless, not all 

proteasome inhibitors cause centrosome amplification (e.g., lactacystin) (149). 

The ubiquitin ligase SCF complex (Skp1, Cul1 and F-box-Fbw7) and the 20S 

proteasome catalytic subunit are assembled at centrosomes, suggesting that 

proteolysis takes place at the centrosome to regulate centrosome duplication and 

mitosis. Given the role of centrosomes as a hub for many cell cycle regulatory 

proteins (e.g., p53, cdc25), it makes sense that centrosomes would have their own 

exclusive proteolytic machinery. 
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1.6 Summary of work presented in this thesis 

The work described in this thesis is to investigate the biological functions 

and mechanisms of a novel anticancer compound derived from a CQ 

pharmacophore. This thesis comprises three parts. The first part describes the 

screening of the CQ-derivatives against malignant and non-malignant cell lines to 

determine their selectivity and efficacy. This led to the identification of VR23 as a 

potentially effective anticancer drug with good selectivity for malignant cells. I 

initially determined the effect of VR23 on cell cycle progression. A prediction on the 

mechanism of action can be based on the information derived from cell cycle 

studies. This initial work led me to the identification of the potential target of the 

drug, which proved to be the proteasome. CQ is only a weak proteasome inhibitor, 

whereas VR23 the novel derivative has substantially improved proteasome 

inhibition activity.  

It was shown previously that the inhibition of proteasome activity leads to 

the formation of multiple centrosomes and spindle fragmentation (150). Using the 

novel VR23 CQ-derivative as a tool, data presented in this thesis shed new light on 

the mechanism of how proteasome inhibition can lead to the phenomenon of 

centrosome amplification by a de novo mechanism. Proteolysis machinery is 

localized to centrosomes and the inhibition of this machinery increases the number 

of centrosomes, perhaps due to the accumulation of certain proteins involved in 

centrosome biogenesis.  

This study further sought to explore 2 questions: why are mitotic cells 

hypersensitive to VR23, and how does VR23 disrupt the once-per-cell cycle rule of 
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the centrosome cycle? The answer to both can be explained by the inhibition of 

proteasome activity by VR23. 

Together, data presented in this thesis establishes the accumulation of 

ubiquitinated cyclin E by VR23-mediated inhibition of cellular proteasome activity. 

This, in turn, leads to centrosome amplification and, eventually, mitotic 

abnormalities including lack of coordinated microtubule attachment to the 

kinetochore, mono-, tri- and multi-polar mitosis, and prolonged cell cycle arrest at 

mitosis. These abnormalities eventually lead to cell death by apoptosis. Since 

these abnormalities are not observed in non-malignant cells, VR23 has a very 

desirable property as a potential anticancer drug. 
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2.1 Cell culture 

HeLa S3, MCF7, MDA-MB231, MCF10A and 184B5 cell lines were 

purchased from ATCC (Manassas, VA). HeLa S3 cells were grown in RPMI 1640 

medium (Hyclone), supplemented with 10% (v/v) fetal bovine serum (FBS). MCF7 

and MDA-MB231 cells were grown in DMEM (Hyclone) supplemented with 10% 

(v/v) FBS. MCF10A and 184B5 cells were grown in DMEM F-12 (Hyclone) 

supplemented with FBS (10% v/v), 10 μg/ml insulin, 20 ng/ml EGF (epidermal 

growth factor) and 0.5 μg/ml hydrocortisone. Cells were routinely cultured and 

maintained under standard culture conditions in a humidified atmosphere at 37°C, 

and 5% CO2. Cells were not used past 18 passages or continuously subcultured for 

longer than 1.5 months (whichever comes first). HeLa S3 is a subclone of HeLa 

cell line (Human cervix carcinoma). MCF7 and MDA-MB231 are human breast 

adenocarcinoma cell lines. MCF10A and 184B5 are human mammary epithelial 

cell lines. 

2.2 Clonogenic assay 

Exponentially growing cells were trypsinized, counted, and a pre-determined 

number of cells (10,000/ml) were plated on T25 flasks in 5 ml medium for 24 h. 

After 24 h, cells in each of the T25 flask were exposed to increasing concentrations 

of a compound for 24 h, nontreated control samples were included with each set of 

experiment. After 24 h exposure, cells were washed in 1X PBS, trypsanized, and 

resuspended in 1 ml of medium. Cells were suspended in pre-made 0.4% agarose 

(kept in water bath at 37°C), and were mixed thoroughly using a 3 cc syringe 

equipped with a 16 gauge needle. 1 ml of each sample was dispensed into each 
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well of a six-well plate. Once agarose was solidified, 500 µl of complete medium 

was gently added on the top of agar, followed by incubation at 37ºC and 5% CO2. 

After 12 days of incubation, numbers of colonies were counted in 10 random fields 

for each sample as described previously by Franken et al. (151). Average number 

of colonies per field was plotted against the concentration of the cytotoxic agent 

being tested. Only those colonies containing more than 50 cells per colony were 

counted as viable colonies.  

2.3 Sulforhodhamine B (SRB) assay 

A fixed number of cells (10,000/ml for MCF7 cells, 8,000/ml for MCF10A 

cells, 5,000/ml for MDA-MB231 cells) were plated in each of the 96-well plate and 

incubated for 24 h. The growth medium was replaced with medium containing 

different dilutions of the drug, or left not treated or treated with 50% TCA (trichloro 

acetic acid), and incubated for additional 48 h. Culture medium was then removed 

from plates and cells were fixed in ice-cold 50% TCA and incubated at 4ºC for 1 h. 

Cells were repeatedly washed in running water, and then air dried. Cells were 

stained with 0.1 % (w/v) SRB solution for 30 min at room temperature, followed by 

washing in running water and air-drying. Cells were resuspended in 200 µl of 10 

mM Tris buffer (pH10.5) and absorbance was read on an automated plate reader 

(Molecular devices, Spectra max 340 PC) at a wavelength of 530 nm, as described 

previously by Vichai et al (152). 

Non-treated cells were taken as a positive control, and cells treated with 

50% TCA were taken as a negative control. IC50 values were calculated using a 

sigmoidal dose-response curve (variable slope) in Graphpad Prism V 4.02 (Graph 
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Pad Software, Inc.). Data was normalised using the following formula: (Mean O.D. 

sample – Tn)/Tp -Tn (where, Tp is mean O.D. of positive control and Tn is mean 

O.D. of negative control). 

2.4 Cell synchronization 

For G1/S synchronization, exponentially growing HeLa S3 cells were 

exposed to 2 mM thymidine for 18 h followed by release in complete medium for 11 

h. A second block was with 2 mM thymidine for 14 h. For G2/M synchronization

cells were exposed to 50 ng of nocodazole for 18 h. 

 2.5 Analysis of cell cycle distribution 

Cells were trypsanized after exposure to drug(s) at different timepoints. 

Cells were washed twice in 1X PBS and fixed overnight in 75% ice-cold ethanol at 

-20ºC. Cells were centrifuged, washed twice in PBS, and resuspended in PI 

(propidium iodide) staining solution (0.1% sodium citrate, 0.3% Nonidet P-40, 100 

µg/ml RNase A, 100 µg/ml propidium iodide) for 1 h.  

For BrdU labelling, cells were incubated in the dark at 37°C for 45 min with 

10 µM BrdU, and were then trypsanized, fixed in 75% ice-cold ethanol overnight at 

4ºC. Cells were washed twice with 1X PBS and nucleic acids were denatured with 

2M HCl for 20 min, washed once with 1X PBS, and once with PBST (1X PBS with 

1% Tween 20), cells were then incubated with BrdU-FITC antibody (BD 

biosciences) for 30 min at room temperature in dark. Finally, unbound antibodies 

were washed off in 1X PBS, and DNA was stained with PI staining solution for 30 

min before analyzing by flow cytometry. Samples were analyzed by flow cytometry 

using an Epics Elite Flow Cytometer (Beckman Coulter), using a protocol adapted 
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from Dolbeare et al. (153). Ten thousand events were gated on PI intensity. PI 

fluoresces at 623 nm and FITC at 520 nm when excited at 488 nm. Dual parameter 

and single parameter displays were created with flow cytometery data acquisition 

software. FL1 and FL3 fluorescence signals were recorded. Cell doublets and 

debris were excluded using an FL3-A vs FL3-w gate. Analysis of DNA 

fragmentation was performed using an FL3-A vs FL1-H cytogram. FL1 and FL3 

fluorescence signals were, respectively, recorded on logarithmic and linear scale, 

using a protocol adapted from Nunez et al. (154). 

2.6 Immunofluorescence experiment 

Cells were plated on sterile glass coverslips (Fisher Scientific) that had been 

placed in sterile 6-well plates. Cells were allowed to adhere overnight. After 

indicated treatments and specific timepoints, coverslips were fixed in ice cold 

methanol for 10 min at -20°C (for all centrosomal stainings methanol fixation was 

used). For single antibody staining: Coverslips were washed in 1X PBS and 

permeabilized and “blocked” for 30 min at room temperature by adding 1X PBST 

with 1% BSA (1X PBS buffer with 0.1% Triton X-100 and 1% (w/v) bovine serum 

albumin), followed by washing with 1X PBS. The primary antibodies were diluted 

(1:100) in 1x PBST buffer, followed by incubation overnight (or for a minimum of 4 

h) with primary antibodies at 4°C with gentle shaking. After washing with 1X PBS,

secondary antibodies (1:1000) were added for 1 h in dark with gentle shaking. 

Secondary antibodies were diluted in 1X PBST buffer. All primary and secondary 

antibodies were titrated to optimize the optimal concentrations. Appropriate 

controls with secondary antibodies were included to ensure and minimize the 
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bleedthrough different channels in microscopy. Experiments also included primary 

antibody omission controls to exclude non-specific staining. (Fig. A1). Coverslips 

were mounted onto slides containing 4 µl of 50% glycerol/1X PBS. A minimum of 

20 fields/per sample/per coverslip were captured for each and all experiments. 

For double labelling with two different antibodies, cells on the coverslips 

were processed according to the single antibody staining protocol. This process 

was then repeated for the second probe. Additional washing and blocking in PBST 

buffer was included, followed by staining with second primary antibody by 

incubating at 4°C for 2-4 h. Hence, the staining was done in two steps (instead of 

adding all different primary antibodies or secondary antibodies at the same time). 

When immunostaining was performed with three different antibodies, the 

coverslips were processed in the same manner as the double antibody staining, 

except an additional washing and an additional blocking step (with PBST+BSA 

buffer) and third antibody. A list of antibodies used in the experiments is shown in 

appendix table A1. 

TUBEs (tandem ubiquitin binding entities) staining: For the staining of 

ubiquitin, TUBEs (Life Sensors) tagged with a fluorescent moiety (Fluorescent-

TUBE-FITC. FLR-TUBE2 excitation 490 nm, emission 520 nm) was used. 1:250 

dilution of FLR-TUBE2 diluted in PBST (1X PBS with 0.1% Triton X) buffer was 

used. Cells were stained for 2 h in dark. 

2.7 EdU labelling 

Cells ability to proliferate was also checked using an EdU-alexa fluor kit 

(Invitrogen). EdU labelling was carried out after exposing cells to a compound for 3 
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h after double thymidine block. Cells were grown on coverslips treated with siRNA, 

followed by exposing cells to 10 µM EdU and then incubated at 37°C for 45 min in 

dark. Cells were then washed with 3% BSA in PBS and fixed in 3.75% 

formaldehyde in PBS, followed by permeabilization with 0.5% triton X-100 for 15 

min at room temperature. Finally, EdU was detected by exposing cells to reaction 

buffer containing alexafluor azide, ascorbic acid and CuSO4. The coverslips were 

then mounted and immediately analyzed by confocal microscope. Protocol was 

adapted from Salic et al. (155). 

2.8 Confocal Microscopy 

All Immunofluorescence experiments were visualized using a Zeiss 510 

Meta laser scanning microscope (Carl Zeiss) equipped with a 63x objective lens. 

Three laser lines were utilized for excitation with the following band pass filter 

settings: Argon 488 nm (band pass 505-530), HeNe 543 nm (long pass 560), and 

633 nm (long pass 650). Images were captured and analyzed using LSM 510 

software equipped with the microscope (LSM Image examiner, Carl Zeiss). 

2.9 Protein extraction and Quantification 

Proteins were extracted from samples by removing culture medium, plates 

were then placed on ice, and cells were scraped using a scraper. Floating cells 

were also collected in a 15 ml tube and centrifuging at 1,000 g for 5 min. Cells 

were then pooled and washed three times with ice cold 1X PBS. 500 µl of cell Lysis 

buffer (20 mM Tris-HCl, pH 7.5, 150 mM NaCl, 1 mM EDTA, 1mM EGTA, 1% (v/v) 

Triton X-100) supplemented with 1mM PMSF, 1x protease inhibitor cocktail 
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(Roche), 2 mM sodium orthovanadate and 10 mM sodium fluoride. Cells were 

sheared with a 21-gauge needle, incubated at 4°C with shaking for 30 min, and 

were then cleared by centrifugation at 10,000g for 15 min at 4°C. The supernatant 

was collected and proteins were quantified by a BCA assay (Pierce). The 

concentrations of unknown protein samples were determined by interpolating the 

values from the standard curve against a known amount of BSA (25-2,000 µg/ml) 

using a linear regression curve analysis on GraphPad Prism version 4.03. 

2.10 SDS-PAGE 

Protein extracts were diluted in 5X Laemmli sample buffer (0.1 M Tris.HCl, 

pH 6.8, 10% (w/v) SDS, 40% (v/v) glycerol, 2%(w/v) DTT, 10% (w/v) bromophenol 

blue). 25 µg of proteins were loaded onto 4-20% polyacrylamide gels 

(acrylamide:N,N-methylene bisacrylamide, 29:1). Proteins were resolved by 

electrophoresis in Running buffer (25 mM Tris, 192 mM Glycine, 0.1% (w/v) SDS) 

at 90-120 volts for 2-2.5 h. 

2.11 Western Blot 

Proteins were transferred using a semi-dry apparatus at 10 volts for 1-2 h 

onto PVDF membranes (GE Health care) which were soaked in Transfer buffer (48 

mM Tris, 39mM Glycine, 20% (v/v) methanol, 0.037% (w/v) SDS). Membranes 

were ‘blocked’ for 1 h in Blocking buffer (1X TBS with 0.1% tween, 50 mM Tris-

HCl, pH 7.4, 150 M NaCl, 0.1 % (v/v) Tween 20 with  5% carnation non-fat skim 

milk), incubated overnight in primary antibodies (diluted in 5% BSA in 0.1% TBST 

solution) at 4ºC. Membranes were washed three times in 0.1% TBST, and 

incubated in a secondary antibody (diluted in 0.1% TBST with 5% non-fat skim 
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milk) for 1 h at room temperature. The membranes were then washed twice with 

0.1% TBST, and once with 0.1% TBS. The blots were visualized using ECL 

(Enhanced Chemiluminescence, GE Health care). List of antibodies used in the 

experiments is compiled in table A1. 

2.12 Immunoprecipitation 

Cell lysate was precleared by incubating for 4 h with agarose beads. The 

lysate is centrifuged, and the primary antibody is added onto the precleared lysate, 

which was then incubated overnight at 4ºC with agitation. After overnight 

incubation with an antibody, prewashed agarose beads were added and incubated 

for 6 h with agitation at 4ºC. After the incubation, protein samples are centrifuged 

and supernatant is removed, denatured in 2X loading buffer, and boiled for 5 min, 

followed by PAGE and Western blotting.  

The immunoprecipitation of ubiquitinated proteins using agarose-TUBEs 

was carried out according to the manufacturer’s protocol (Life sensors, UM401). 

The sample preparation protocol was the same as above, except that cells were 

lysed in slightly modified Lysis buffer (50 mM Tris-HCl, pH7.5, 0.15 M NaCl, 1 mM 

EDTA, 1% NP-40, 10% glycerol). 1X protease inhibitor cocktail and 50 µM of PR-

619 (reversible inhibitor of ubiquitin proteases) was added in the Lysis buffer. 

Na3VO4 and PMSF were not included in the Lysis buffer. 

For the immunoprecipitation of ubiquitinated cyclin E:  A similar protocol for 

TUBEs study was used, except that 2 mM of fresh NEM (N-ethylmaleimide) was 

added in Lysis buffer. High molecular weight transfer buffer was used for 
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transferring higher molecular weight proteins (48 mM Tris, 39 mM Glycine, 10% 

(v/v) methanol, 0.075% (w/v) SDS). 

2.13 Proteasome activity assay in cells 

Exponentially growing cells were plated on 96 well plates. Following 

overnight incubation, cells were treated with different concentrations of drugs or left 

not treated. Cells were exposed to drugs for another 6 h. At the end of 6 h, 

proteasomes were extracted in 0.5% NP40 Lysis buffer (50 mM Tris-HCl, 150 mM 

NaCl, 5 mM EDTA, 0.5% NP40, 2 mM DTT). 100 µl of Lysis buffer was added in 

each well, and cells were incubated in the Lysis buffer, at room temperature for 45 

min with shaking. Cell lysates were cleared by centrifuging at 10,000g for 5 min, 

and supernatant (lysates) was collected. Protein concentration was determined by 

BCA assay. An equal amount of sample lysates (equal concentration of proteins) 

was transferred in a black-bottom 96 well plates. 25 µM of substrate from Boston 

Biochem (LRR- specific for trypsin-like activity, LLE-specific for caspase-like 

activity and Suc-LLVY-specific for chymotrypisin like activity) were added to each 

sample in proteasome assay buffer (20 mM HEPES, 0.5 mM EDTA, pH 8.0 with a 

final SDS concentration of 0.035%). The final volume in each well was 100 µl. 

Hydrolysis reaction was allowed to proceed at 37°C. If proteasomes are active in 

the sample, it would cleave the peptide which will release the fluorogenic substrate. 

Fluorescence was measured at the wavelength of 380 (excitation) and 460 nm 

(emission). The fluorescence was measured every 5 min for 50 min. (In some 

experiments fluorescence was measured at 30 min only). Relative fluorescence 

units were plotted to determine the IC50. Bortezomib and MG132 were used as 
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controls. IC50 was calculated using GraphPad prismV software by sigmoidal dose-

response curve (variable slope). All experiments were carried out using fresh 

sample lysates. The protocol was adapted from Lightcap et al. (156). 

2.14 In vitro flurogenic substrate activity assay 

In a typical assay, 2 nM of purified h20S proteasomes (human) (E-360 Bos. 

Biochem, MA) was added to black-bottom plates containing VR23 (final 

concentration of VR23 used was 1 to 0.01 µM) in a total volume of 100 µl in Assay 

buffer ((20 mM HEPES, 0.5 mM EDTA, pH 8.0 with a final SDS concentration of 

0.035%). Samples were pre-incubated for 1 h at 37°C. After the incubation, 

substrates were added to a final concentration of 25 µM (for catalytic kinetics of 

proteasomes different concentrations of substrate were added: 0, 25, 50, 100 and 

200 µM). The hydrolysis reaction was allowed to proceed for 30 min (for 

chymotrypsin-like substrate) and 1 h for (trypsin-like substrate) at 37°C. 

Fluorescence was measured at 30 min (for some experiments at 15, 30, 45 and 60 

min). The florescence was measured at 380 nm (excitation) and measurement of 

emission at 460 nm. Data was analyzed in GraphPad PrismV using double-

reciprocal Lineweaver-Burk plot or by nonlinear regression curve analysis 

(Michaelis-Menten kinetics). The protocol was adapted from Li et al. (157).  

2.15 siRNA experiments 

siRNA transfections were performed in 6-well plates. Cells were plated 24 h 

prior to transfection. Cells were exposed to 100 nM of siRNA in Opti-MEM I 

reduced serum media (Gibco) and Lipofectamine 2000 (Invitrogen). The 

Lipofectamine 2000 and siRNA or scrambled RNA were pre-incubated for 20 min 
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at room temperature prior to additing Opti-MEM I media. 1.5 ml of total transfection 

media was added to each well. The plates were incubated for 12 h, after which 

transfection medium was replaced with complete fresh medium (RPMI 1640 with 

10% FBS). The plates were then placed back in the incubator at 37°C and 

processed for further experiments (double thymidine block, immunostaining or 

protein extraction etc.). Scrambled RNA control (santa cruz. sc-37007) was 

included in each experiment.  

The sequence of cyclin E siRNA (h) (santa cruz. sc-29288) is: 

• Sense: 5’ UGGAAAAUCAUGUUAAACAAGG 3’

• Antisense: 5’ CCUUGUUUAACAUGAUUUUCCA 3’

plk4 (SAK) siRNA (h) (santa cruz. sc-61491) is a pool of 3 different siRNA: 

sc-61491A: 

• Sense: 5’ CUUCUAUCUUGGAGCUUUAtt 3’

• Antisense: 5’  UAAAGCUCCAAGAUAGAAGtt 3’

sc-61491B: 

• Sense: 5’ CAGGGAUGUUGUAUCUUCAtt 3’

• Antisense: 5’ UGAAGAUACAACAUCCCUGtt 3’

sc-61491C: 

• Sense: 5’ GAACAGACAUCUCUUCUAAtt 3’

• Antisense: 5’ UUAGAAGAGAUGUCUGUUCtt 3’
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2.16 In-silico docking 

Energy minimizations, Binding pocket analysis and ligand docking were 

carried out using MOE (Molecular Operating Environment) software (Chemical 

Computing Group, Montreal, QC, Canada). The subunits of 20S proteasome 

crystal structure (PDB 2F16) (158) were used for protein modeling (ligand 

(bortezomib) was deleted). The protocols for molecular modelling was adapted 

from the Chemical Computing Group website (http://www.chemcomp.com/MOE-

Structure_Based_Design.htm). 

Crystal structures were obtained from the Protein Data Bank (PDB). The 

active site was defined using Sitefinder in the MOE software. The induced-fit 

docking protocol was used. Poses were selected from the lowest RMSD values 

and S-scores. Low docking energy indicates high binding ability.  All the 

calculations were carried out using the force field MMFF94.  

2.17 Statistical analyses 

All statistics were performed on GraphPad PrismV (GraphPad Software, 

Inc.). Univariante analysis of variance (ANOVA) was performed to determine the 

differences between samples and in the proteasome activity assay. A student’s t-

test was used to determine the statistical differences between treated and control 

groups and p<0.05 was considered as statistically significant. Lineweaver–Burk 

plot was performed for enzyme kinetics assays. Non Linear regression plots 

(variable slope) were used for IC50 determination. Linear regression plots were 

used for determining unknown values against a given standard curve. 
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 3.0 RESULTS 
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3.1 Screening and identification of a compound that preferentially kills 
cancer cells  

To develop highly specific anticancer agents, Dr. Solomon in Lee’s lab 

designed and synthesized 31 novel 4-piperazinyl/amino quinoline derived sulfonyl 

compounds (Fig. 6 and Fig. A2) using a hybrid pharmacophore approach. The IC50 

of these compounds are summarized in Table A1. The purified compound VR23 

was confirmed by NMR (Fig. A3. Data obtained from Dr. V.R. Solomon). 

The screening of the CQ derivative compounds library revealed several hits. 

Among these, VR23 (Figs. 6 and 7) was recognized as a compound that kills cells 

in a cancer-specific manner (Table 3). The IC50 of VR23, determined by clonogenic 

and SRB assays, showed preferential killing of cancer cells over non-cancer cells 

more than eight-fold. The IC50 of VR23 by SRB assay on the MCF7 cell line was 

1.5 µM and by clonogenic assay was 0.78 µM. VR23 showed no notable effect on 

the cell cycle profile of the MCF10A non-malignant cells, up to 8 µM concentration 

(Fig. 7). Following 48 h treatment, MCF7 and Jurkat cells showed significant sub-

G1 DNA content, indicating that cells may die by apoptosis.  The mode of cell 

death by apoptosis was confirmed by PARP1 cleavage (Fig. 7), a hallmark for 

apoptosis. VR23 was then chosen for further study to characterize its mechanism 

of action in more detail. 

3.2 VR23 severely impedes cell cycle progression in each phase of the cell 

cycle 

To study how VR23 affects the cell cycle, experiments were performed 

using synchronized cells. VR23 prevented the progression of cells through mitosis.  
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Figure 6. Synthesis of chloroquine based compounds 

The structures of chloroquine and the VR23 derivative contain a quinoline moiety 
(PubChem. http://pubchem.ncbi.nlm.nih.gov/summary/). The derivative was 
designed by Dr. V. R. Solomon in the Lee laboratory. The figure shows the design 
scheme of 31 quinoline derived sulfonyl analogs synthesized using a hybrid 
pharmacophore approach (Figure obtained from Dr. V.R. Solomon). 
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Figure 7: Determination of IC50 by clonogenic assay and differential effect of 
VR23 on malignant and non-malignant cells 

A. IC50 was determined by a clonogenic assay on MCF7 cells and on MCF10A 

cells. As compared to sham-treated control, no colony was formed in the MCF7 

cells treated with 1.5 µM of VR23. Colony formation was seen both in sham-treated 

and VR23-treated (8 µM) MCF10A cells. The experiment was performed three 

times with internal duplicates. Representative figures of MCF7 and MCF10A from 

clonogenic assay are shown. 

B. Cell cycle profile of asynchronous cells treated with VR23 for 48 h. Unlike 

MCF10A cells, MCF7 and Jurkat cells undergo apoptosis as indicated by increased 

sub-G1 cell population. Sub-G1 peak in sham-treated MCF7 cells is 4.8%; VR23, 

2.7 µM is 23.7%; and in VR23, 8 µM is 38.1%. Sub-G1 peak in sham-treated 

Jurkat cells is 7%; in VR23, 0.7 µM is 18.4%; and in VR23-1.7 µM is 32.2%. Sub-

G1 peak was not significantly different in sham-treated MCF10A cells or in cells 

treated with VR23, 2.7 µM and 8 µM. 

C. VR23 activates apoptosis in HeLa S3 cells in different cell cycle phases. G1/S 

cells were synchronized by the double thymidine block and released into the cell 

cycle for 24 h in the presence or absence of VR23 (20 µM). G2/M. Cells 

synchronized at G2/M by nocodazole and released into the cell cycle for 6 h in the 

presence or absence of VR23 (5 µM). G1 cells were defined for those cells that 

were synchronized by nocodazole were released into complete medium for 6 h. At 

the end of 6 h, when cells reached G1 (confirmed by their cell cycle flow profile), 

VR23 was added and these cells were incubated for another 6 h. Cleaved PARP-1 

is a marker for apoptosis. Gapdh is the loading control. 
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Table 3: IC50 of VR23 on different cell lines 

This table shows the IC50 of VR23 for different cell lines as determined either by 

SRB assay or by clonogenic assay for the cell lines that form colonies (MCF7, 

U87MG and MCF10A). Cell seeding numbers were determined for each cell line as 

outlined in Materials and Methods. The IC50 was determined by a sigmoidal dose 

response curve (four parameters) on Graphpad prism V.  
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Figure 8: Mitotic cell cycle arrest in response to VR23 

A. HeLa S3 cells were synchronized by nocodazole (5 ng/ml for 18 h). At the end 

of 18 h, cells were collected and released into fresh medium in the absence (non-

treated) or presence of VR23 (5 µM). Cells were placed back into the incubator at 

time 0 h (37°C/5%CO2). Cells were collected at different timepoints (2-24 h) post-

release. Unlike non-treated cells, VR23- treated cells remain arrested in mitosis. 

Cells in non-treated samples reach G1 by 2 h. Cells in VR23-treated samples 

remain arrested in G2/M and began undergoing apoptosis (as indicated by a sub-

G1 peak). Representative flow cytometry profiles from three independent 

experiments are shown. 

B. HeLa S3 cells treated with VR23 show high levels of cdk1 Y15 phosphorylation 

and cyclin B. Cells released in the presence or absence of VR23 from G2/M arrest 

were collected at different timepoints: 0.5, 0.75, 1, 2, 3 and 4 h.  Figure shows 

Western blots with antibodies specific for cyclin B and cdk1. Equal quantity of each 

protein sample was loaded. Cyclin B was found to be degraded in non-treated cells 

at 0.5 and 0.75 min but did not degrade in VR23-treated cells. Inhibitory 

phosphorylation of cdk1 was decreased at 0.5 h in non-treated cells, facilitating the 

entry of cells into metaphase. Conversely, high levels of inhibitory phosphorylation 

(Y15) were found in VR23-treated cells at this same timepoint.  
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In HeLa S3 cell line, an increased accumulation of G2/M cells was seen by 

24 h post-treatment (Fig. A4). The more sensitive cells such as MCF7, MDA-

MB231 and Jurkat underwent apoptosis by 24 h post-treatment without showing an 

obvious G2/M arrest. When HeLa S3 cells were synchronized in prophase by 

nocodazole and released into the cell cycle, VR23-treated cells underwent cell 

death within 4 h (Fig. 8). 

To examine if cells are less sensitive to cell cycle arrest when adding VR23 

at different points in the cell cycle, cells were synchronized in G2/M and released 

into the cell cycle with VR23 added at different timepoints ranging from 2-6 h (Fig. 

A5).  This approach allows for the cells to progress into different points of cell cycle 

phases when the drug is introduced. In this case, while non-treated cells 

progressed through the cell cycle normally, VR23-treated cells remain arrested at 

the point in the cell cycle where the drug was added. 

Cells were then synchronized in G1/S by double thymidine block and 

released into cell cycle (Fig. 9). The progression of the cell cycle was delayed in 

the presence of VR23.  Non-treated cells progressed through G1/S to G2/M within 

4-6 h; in contrast, VR23-treated cells progressed to G2/M by 8-11 h. This suggests 

that G1/S to G2/M progression of these cells is impeded. Multiple foci of γ-tubulin 

were also seen in VR23-treated cells (Fig. 9), suggesting that the formation of 

multiple centrosomes occurred in the presence of VR23. 

I hypothesized that this delay in transition between cell cycle phases 

can be used as an anticancer treatment by combining VR23 with other cell cycle 

specific agents like paclitaxel (a mitotic poison). Indeed, combination of paclitaxel 

and VR23 significantly increases cell death (Fig. A6).  
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Figure 9: Cell cycle progression from G1/S to G2/M is slowed down in 
response to VR23 

Cells were synchronized by double thymidine block as shown in A. Synchronized 
cells were released in complete medium in the presence or absence of VR23 (20 
µM). Cells were fixed at different timepoints. In non-treated samples, the majority of 
cells reach mitosis by 4-6 h. Unlike non-treated cells, VR23-treated cells reach 
mitosis by 8-11 h. Figure shows images taken by confocal microscopy. Cells were 
immunostained with primary antibody specific for γ-tubulin (green) and α-tubulin 
(red), followed by secondary immunostain corresponding to these antibodies. γ-
tubulin were immunostained by secondary antibody that is fluorescent at 488 nm 
and α- tubulin that fluorescent at 546 nm. DNA was stained with DRAQ5 (blue). 
Multiple foci of γ-tubulin suggests the presence of multiple centrosomes in these 
cells.  
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Figure 10: VR23-treated cells arrest in prophase 

A. Mitotic cells were released in the presence or absence of VR23 (5 µM) for 2, 6 
and 10 h.  
B. Cyclins are not degraded in VR23-treated cells.  
Proteins were extracted from samples and subjected to SDS-PAGE. Western 
blotting was done for specific proteins. As compared to non-treated cells, VR23-
treated cells did not degrade cyclin A, B and E. phosphorylated chk2 on T68 was 
also increased. A significant increase in pp38 (T180 and Y182) was found. Cdc25A 
S123 levels were reduced in VR23-treated cells. Representative blots are shown. 
Tubulin is shown as loading control. 
C. Inhibition of p38 kinase delays apoptosis in VR23-treated cells. 
Mitotic cells were treated with a p38 inhibitor (SB203580, 10 µM) for 6 h. VR23-
treated cells underwent apoptosis by 6 h, whereas the inhibition of p38 in VR23-
treated cells resulted in cell cycle arrest at M phase at the same timepoint. SB is 
SB203580.  
D. Western blot of proteins extracted from samples shown in C. Drugs were added 
at 0 h in synchronized mitotic cells for 6 h. At the end of 6 h, proteins were 
extracted, followed by Western blotting for total p38 or pp38 (T180 and Y182). SB 
is SB203580 (10 µM) and Non is Non-treated. 

67 



68



3.3 VR23 activates p38 stress kinase at mitosis 

Progression through mitosis is driven by cdk1-cyclin B activity, which is 

below threshold levels during early prophase and reaches a maximum during 

metaphase (159).  

Recently, it has been shown (160) that cells commit to progress forward into 

the prometaphase when cdk1 activity is the highest, and ablation of cdk1 prevents 

cells from the passage through prometaphase to metaphase. As non-treated cells 

progress from prophase to metaphase (0.5 to 2 h), cdk1 phosphorylation on T161 

(activating) increases and phosphorylation on Y15 (inhibitory) decreases (Fig. 8). 

In contrast, in VR23-treated cells, cdk1 remain phosphorylated at the inhibitory 

phosphorylation (Y15) even at 2-3 h post-release.  Cyclin B is not degraded in 

VR23-treated cells (Figs. 8, 10). It should be noted that presence of non-

degradable cyclin B can prevent mitotic exit in cells (62, 63).  

Prolonged activation of p38 in mitosis activates apoptosis (161). Mitotic cells 

exposed to VR23 undergo cell death through the activation of p38 stress kinase 

(Fig. 10), as indicated by an increase in the protein level of pp38 (phospho-p38). 

While VR23-treated mitotic cells underwent apoptosis within 4-6 h, pp38 inhibition 

resulted in prolonged cell cycle arrest in mitosis, although they eventually 

underwent apoptosis.  

One of the well-studied mechanisms for mitotic arrest is the activation of the 

spindle assembly checkpoint (SAC).  At first, an assumption was that VR23 might 

prevent the degradation of the SAC complex, hence preventing cyclin B 

degradation leading to prometaphase arrest. However, in the presence of VR23,  
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Figure 11: APC is not activated in VR23-treated mitotic cells 

When cells are released after a G2/M block, APC (anaphase-promoting complex) 
is not activated as cdc27 (subunit of APC) is not bound to cdc20.  
A. Nocodazole-based cell synchronization scheme is shown. Cells arrested in 
G2/M were released at 0 h in the presence or absence of VR23. 
B. Cdc27 was immunoprecipitated at 0.5, 1, 2, and 4 h with anti-cdc27 antibody 
followed by Western blotting with antibodies specific for proteins indicated. Cdc20 
was bound to cdc27 at 1 h post-release in non-treated cells but not in VR23-treated 
cells. BubR1 is not bound to cdc20 either, suggesting that cells do not activate the 
spindle assembly checkpoint and remain arrested in prophase. BubR1 was 
immunoprecipitated followed by Western blotting with anti-cdc20 antibody. Emi1 
(early mitotic inhibitor) was bound to APC at the start of mitosis (0 and 0.5 h), but 
then at later timepoint (1-4 h) it is not bound to cdc20. In contrast, Emi1 in VR23-
treated cells is not bound to cdc20 at 0.5 or 1 h.  
C. Morphology of cells shown in B. Unlike non-treated cells, formation of the 
metaphase plate was not seen by 1 h in VR23-treated cells.  
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Figure 12: Summary of the proteins examined for cells undergoing mitosis in 
the presence of VR23  

Cyclin B is not degraded; APC/cdc20 is not activated; and levels of pp38 were 
elevated in VR23-treated cells. These results are consistent with notion that cells 
undergo apoptosis in the presence of VR23. Furthermore, the apoptosis is pp38 
mediated, as the inhibition of p38 caused cells to stall at mitosis for an increased 
duration. 
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the BubR1 complex is not found to be activated (Fig. 11), suggesting that VR23 

arrest cells is in prometaphase and cells don’t even reach the point of the 

activation of SAC, further supporting the pp38-mediated activation of apoptosis in 

prophase.  

Cells can be arrested in mitosis due to the activation of checkpoints that 

inhibits APC (anaphase-promoting complex). I then checked if APC is activated in 

VR23-treated cells.  APC/cdc20 was not found to be active in the presence of 

VR23 (Fig. 11). This conclusion was further confirmed by the presence of 

increased levels of cyclins A and B (as shown previously in Fig. 10). Since 

APC/cdc20 is not active in these cells, this data suggests that cells are not 

progressing towards anaphase. Emi1 (Early Mitotic Inhibitor) binds to cdc20 and 

prevents the activation of the APC complex when cells are not ready to progress 

through the next mitotic stage. In VR23-treated cells, cdc20 was not bound to Emi1 

(Fig. 11). Hence, these cells were completely arrested in prophase.  

In the presence of VR23, even though chk2 is activated in response to DNA 

damage it still does not inhibit its downstream target cdc25C (S216) (Fig. A7). 

chk1-dependent phosphorylation of cdc25A (S123) was also not observed either 

(as shown previously in Fig. 10). This suggests that VR23-mediated cell cycle 

arrest is independent of ATM/ATR-dependent DNA damage response. 

3.4 Formation of multiple spindle poles in VR23-treated cells 

Further study by microscopy showed the presence of abnormal spindles 

with extra centrosomes in VR23-treated cells (Fig. 13). Cells were arrested by 

double thymidine block in G1/S, and VR23 was added as they were released into  
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Figure 13: Cells undergo mitotic catastrophe when treated with VR23 

A. Cells synchronized by double thymidine block were released into the cell cycle 
at 0 h and incubated for 11 h in the presence or absence of VR23 (20 µM). 
B. Cells were fixed for staining when they reached mitosis. Cells show multi-polar 
(a, b), tri-polar segregation (c) and eventually undergo apoptosis (d). Green, red 
and blue panels show γ-tubulin, α-tubulin and DNA respectively. Representative 
pictures from three independent experiments are shown. 
C. Cells were quantified for each phenotype. Mitotic index in VR23-treated cells 
was 20%. 27% of mitotic cells showed multi-polar phenotype, 48% of mitotic cells 
showed tri-polar phenotype, and 5% showed apoptotic phenotype by 11 h post-
G1/S arrest. 
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complete medium (time 0 h). Cells were then fixed at 11 h post-release (Fig. 13) 

because VR23-treated cells take longer to reach mitosis as discussed previously in 

Fig. 9. In non-treated cells, all of the mitotic phases appeared normal with bipolar 

spindle formation. In contrast various spindle abnormalities and chromosome 

missegregation were observed in VR23-treated cells. Among 55.5% of total cells in 

mitosis 44.4% out of the 55.5% showed multiple spindle abnormalities in VR23 

treated cells. Uni- (10%), tri- (48%), and multi- (12%) polar spindles were quantified 

(Fig. 13). The cells with aberrant multiple spindles eventually underwent mitotic 

catastrophe.  

Alternatively, cells were synchronized by double thymidine block and 

released into fresh medium for 6 h, at which point the majority of the cells reached 

G2/M (Fig. 14). VR23 was added to mitotic cells and cell cycle progression was 

examined by flow cytometry and microscopy. In VR23-treated cells, 52% of cells 

remain arrested in G2/M (Fig. 14), and 78% of them showed abnormal spindles. 

Cell were synchronized by double thymidine block instead of nocodazole block 

because double thymidine block was less toxic to cells and, unlike nocodazole, had 

no effect on the tubulin of cells.  

3.5 VR23 inhibits proteasome activity 

Previously, three observations were made with VR23: (a) cyclins were not 

degraded in the presence of VR23, and there is a delay in cell cycle progression; 

(b) an irreversible mitotic arrest which could not be rescued by using cdc25C, wee1 

or cdk1 inhibitor (Fig. A8); and (c) multiple spindle poles were formed. It is known  
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Figure 14: Multiple spindles observed in VR23-treated cells after G1/S 
synchronization 

VR23-treated cells form aberrant spindles and undergo mitotic catastrophe.  
The synchronization scheme is shown. Asynchronous population of HeLa S3 cells 
(a) were synchronized by double thymidine block (b), and released into the cell 
cycle for 6 h (c). At the end of 6 h when cells reached G2/M phase, VR23 was 
added and cells were exposed for another 6 h. Hence, the total duration would be 
12 h (d), of which exposing to VR23 is 6 h (e). Cells were immunostained with 
antibodies specific for α-tubulin (green) DNA was stained with DRAQ5 (blue). 
Panels (f and g) show DNA segregation defects in VR23 treated cells. Mitotic cells 
were examined from at least 20 different fields. Out of 38% of total mitotic cells, 
78% showed spindle abnormalities. Due to DNA missegregation, these cells 
undergo mitotic catastrophe in anaphase. Representative pictures from three 
independent experiments are shown. 
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that the inhibition of proteasomes causes irreversible mitotic arrest and 

proteasome activity is required for maintaining spindle pole integrity (40, 62, 146). 

Therefore, I looked into the proteasome activity in the presence of VR23 because 

protein degradation is essential for properly regulating the cell cycle progression. 

The ability of VR23 to inhibit proteolysis in proteasomes was determined 

with fluorogenic peptides as substrates using the proteasomes extracted from 

VR23-treated and non-treated cells. Hydrolysis of the fluorogenic substrate SUC-

LLVY-AMC was measured in VR23-treated samples in a time and dose-dependent 

manner. The chymotrypsin-like activity was measured every 5 min. The activity 

started to decrease by 10 min incubation with fluorogenic substrate and remain 

inhibited until 30 min (the last timepoint in the experiment). Inhibition of the activity 

of each of the subunit (β1, β2, and β5) was then measured at a fixed timepoint (30 

min reactions) at different doses of the drug (Fig. 15).  The strongest inhibition was 

observed for trypsin-like activity (1 nM), with somewhat less inhibition for 

chymotrypsin-like activity (50-100 nM) in HeLa S3, MCF7 and MDA-MB231 cell 

lines (Table 4). Caspase-like (peptidylglutamyl peptidase) activity was the most 

resistant to inhibition as the IC50 of VR23 is 3 µM in HeLa S3 and 5 µM in MDA-

MB231. The inhibition of proteasome activity by CQ was much weaker than VR23 

(Table 4). The activity of VR23 was compared with different concentrations of 

bortezomib®. VR23 showed enhanced inhibition of trypsin-like activity when 

compared with bortezomib®. 

When different concentrations of substrate (25, 50 and 100 µM) were used 

to measure trypsin-like activity on non-treated samples, a concentration dependent 

increase in fluorescence was seen (Fig. A9). Substrate conc. 25 µM of was used to 
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measure the trypsin-like activity with different concentrations of VR23. The trypsin-

like activity was also measured after 50 min of incubation with substrate, instead of 

30 min. After 50 min incubation, the decrease in relative fluorescence was similar 

to that observed at 30 min.  

Since proteasome inhibition leads to the accumulation of ubiquitinated 

proteins, I examined the ubiquitination status of proteins. Ubiquitinated proteins 

were pulled down using TUBEs (Tandem ubiquitin binding entities). Subsequent 

blotting with an anti-ubiquitin antibody showed that ubiquitinated proteins were 

accumulated in a dose-dependent manner in the presence of VR23 (Fig. 16). 

3.6 Inhibition of proteasome activity in vitro 

Inhibition of proteasome activity was measured in vitro using purified human 

20S proteasome catalytic subunit. VR23 inhibits the chymotrypsin-like activity 

noncompetitively. For trypsin-like activity, it gives a plot for mixed inhibition (Fig. 

17), suggesting that it binds directly to the catalytically active β2 subunits as well as 

to an outside of the substrate binding site. VR23 caused the inhibition of trypsin-

like activity better than bortezomib® (Fig. 15). This indicates that VR23 binds to a 

subunit or a binding site in trypsin-like (β2) site more effectively. 

3.7 Molecular modelling of VR23 to the active sites of the β2 subunit 

A molecular docking experiment was performed on all of the β subunits to 

identify potential interactions between β subunits and VR23. The crystal structure 

of proteasomes 2F16 and 1IRU obtained from protein data bank were used for the 

docking study (158, 162). The crystal structure of proteasomes (PDB: 2F16 and  
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Figure 15: Inhibition of trypsin-like, chymotrypsin-like and caspase-like 
activities by VR23 in HeLa S3 cells 

Release of fluorescence (AMC) was measured using a spectrofluorometer using 
an excitation at 360 nm and an emission at 480 nm. Proteasome activity was 
evaluated in relative fluorescence unit (RFU). The trypsin (a), chymotrypsin (b), 
and caspase-like (c) activities were determined by the measurement of 
fluorescence generated by the cleavage of the fluorogenic substrate LRR-AMC, 
SUC-LLVY-AMC, and LLE-AMC, respectively. The hydrolysis reaction was allowed 
to proceed for 30 min at 37°C. Relative proteasome activity represented the 
percentage of fluorescence compared with the non-treated control. The graphs 
were plotted in GraphPad prism V.  
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Table 4: IC50 of VR23 for trypsin-like, chymotrypsin-like and caspase-like 
activities 

IC50 was determined by the nonlinear regression analysis of the dose-response 
curve using GraphPad prism V. Relative fluorescence unit (measurement of 
activity) was plotted against the different concentrations of VR23.  
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Figure 16: Accumulation of ubiquitinated proteins in VR23-treated cells 

A. VR23-treated asynchronous HeLa S3 cells showed accumulation of 
ubiquitinated proteins. Ubiquitinated proteins were immunoprecipitated with TUBEs 
subsequently blotted with an anti-ubiquitin antibody. (i) Non-treated, (ii) MG132 (20 
µM), and (iii) VR23 (20 µM). Input is total protein loaded (Gapdh).  
B. Accumulation of ubiquitinated cyclin E in VR23-treated asynchronous HeLa S3 
cells. Cyclin E was pulled down with an anti-cyclin E antibody, followed by Western 
blotting with an anti-ubiquitin antibody.  (i) Non-treated, (ii) VR23 (20 µM), and (iii) 
bortezomib® (20 nM). Input is total protein loaded (cyclin E).  
C. MCF10A cells were treated similarly as HeLa S3 cells. In contrast to HeLa S3 
cells, the accumulation of ubiquitinated cyclin E was not observed in VR23-treated 
MCF10A cells. (i) Non-treated, (ii) VR23 (20 µM), (iii) VR23 (40 µM), (iv) 
bortezomib® (5 µM), and (v) MG132 (20 µM).  
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Figure 17: Inhibition of proteasome activity in vitro 

This figure shows a Lineweaver-Burk plot for trypsin-like activity (mixed inhibition) 
(a) and noncompetitive inhibition for chymotrypsin-like activity (b). Purified human 
20S proteasomes (Boston Biochem, MA) were incubated with 1 µM VR23. All 
samples were preincubated for 45 min at 37°C with assay buffer prior to the 
addition of different concentration of substrates (0-200 µM). Hydrolysis of 
substrates corresponding to trypsin-like and chymotrypsin-like activity was 
measured as relative fluorescent units after 1 h (for trypsin-like) and 30 min (for 
chymotrypsin-like) using a fluorescent spectrophotometer at 380 nm excitation and 
480 nm emission. The plot was generated using GraphPad Prism V. 
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PDB: 1IRU) was first docked with bortezomib® to test the credibility of the 

procedure in MOE software. In order to validate the docking studies, the ligand of 

bortezomib® was removed from the 20S proteasome (PDB: 2F16) and 

bortezomib® was redocked within the catalytic subunits using MOE software. The 

binding mode of bortezomib® and inter-molecular interaction energies within the 

β1, β2 and β5 subunits were evaluated. This is consistent with the previous report 

on the interaction between bortezomib® and 20S proteasome (158). 

Upon successfully reproducing the bortezomib interactions within the cavity 

of 20S proteasome, VR23 was then docked in the bortezomib pockets. The 

interactions with the lowest docking energy (S-score) and RMSD (root mean 

square deviation) values were selected. The docking results revealed that VR23 

binds to the active site of the β2 subunit (PDB: 2F16.H and F216.V).The free 

energy for docking (final score to indicate binding free energy) was in the range of -

5.6 to -6.5 kcal/mol and the lowest RMSD values were 0.6715 and 0.9363 Å in the 

F216, H (2F16, H-chain- β2 subunit) and 0.0035 Å in F216, V (2F16, V chain- β2 

subunit), respectively (Figs. 18, 19). The data suggests that the sulfone group of 

VR23 forms hydrogen bond interactions with the threonine 1 and threonine 21. The 

average bond interaction between the sulfone group and threonine 21 group is 

predicted to be less than 3.2 Å, suggesting that it is the most stable interaction. 

The CQ moiety of VR23 mostly interacted with the lysine 33 group (pi-H) of the β2 

subunit (Figs. 18, 19). The chlorine group in the CQ moiety showed hydrogen 

bonding with isoleucine 119 from the neighbouring subunit (β3). Besides the 

threonine 1 cluster, the glycine 47 cluster has also been shown to play a key role in 
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Figure 18: Interactions between VR23 and the β2 subunit of 20S proteasome 

A and B. (a) Molecular modelling of VR23 (green molecule) with the β2 subunit 

(PDB: 2F16.H). The ligand is shown as a stick and a protein surface is displayed 

as a ribbon. (b) Ligand interactions between receptor (proteosome) and ligand 

(VR23) shown in (a). The hydrogen bonds formed are indicated by arrows. 

Hydrogen bonds formed between VR23 and the receptor via threonine 1, threonine 

21, arginine 19, histidine 35. The arene group of CQ is forming pi-bonds 

(noncovalent binding) with lysine 33 (cation-pi interactions) RMSD values are in Å 

and S-scores are in kcal/mol. (c) Summary of ligand interactions, the average 

distance between the interacting sites, and type of bonds formed by VR23 in the 

pocket shown in (a). 

Ligand interaction color scheme: hydrophobic residues are all colored with a green 

interior, whereas polar residues are colored in light purple. Basic residues are 

further annotated by a blue interior ring, and acidic residues with a red ring. Water 

molecules are drawn without interior color, and metals are colored grey. Hydrogen 

bonding interactions between the receptor and the ligand are drawn with an 

arrowhead to denote the direction of the hydrogen bond (i.e. the donor is at the 

base of the arrow and the acceptor is at the head). In cases where there could be a 

hydrogen bond in either direction, the arrow is two-headed. When the hydrogen 

bond is formed with the residue’s side-chain, the arrow is drawn in green. 

Hydrogen bonds to the residue’s backbone are drawn in blue, with an additional 

dot drawn at the residue attachment point.  
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Figure 19: Interactions between VR23 and the β2 subunit of 20S proteasome 

A and B. (a) Molecular modelling of VR23 (green molecule) with the β2 subunit 

(PDB: 2F16.V). (b) Ligand interactions between receptor (proteosome) and ligand 

(VR23) in the F216, V shown in (a). The hydrogen bonds formed are shown as 

arrows. The hydrogen bonds formed between VR23 and the receptor via threonine 

21. The arene group of chloroquine is forming pi-bonds (noncovalent binding) with

lysine 33 (cation-pi interactions) and alanine 49. Glycine 47 forms hydrogen bond 

with the C group. RMSD scores are in Å, and S-score are in kcal/mol. (c) Summary 

of ligand interactions, the average distance between the interacting sites, and type 

of bonds formed by VR23 in the pocket shown in (a). 
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proteolysis (163). VR23 also showed potential hydrogen bond interactions with 

glycine 47. Some other important interactions in the active site of β2 subunit 

include the interactions with alanine 49 (pi-H), arginine 45 (H-bond) and histidine 

35 (H-bond). 

The best fit conformation (pose) was examined manifold to check if there 

are any other poses with good scores that are also part of pose families (i.e., 

groups of poses with only minor variations in conformational structure). This further 

confirmed if the “best fit” pose is “realistic”. In MOE software docking, an ‘S score’ 

is calculated by considering Van der Waals interaction energy, electrostatic energy 

(taking place between the ligand and the protein and the solvation energy) and the 

ligand energy in the complex. VR23 did not show strong interactions/poses with the 

β1 or β5 subunit (Fig. A10). This docking data further supports the previous in vitro 

data that VR23 very efficiently inhibits trypsin-like proteasome activity but 

somewhat less efficiently inhibits chymotrypsin-like and not very effectively 

caspase-like proteasome activity. Even though some interactions may occur 

between VR23 and β5 subunits (PDB: 2F16. K and Y) (Fig. A10). 

 3.8 Formation of multiple centrosomes in response to VR23 

VR23 induced the formation of multiple spindles in asynchronous HeLa S3 

and MCF7 cells (Figs. 9 and 13). To further study the cause of these multiple 

spindles, asynchronous cells were immunostained with an antibody specific for γ-

tubulin, a centrosome marker (164). 20% of asynchronous HeLa S3 and 12% of 

asynchronous MCF7 cells had >4 centrosomes per cell (Fig. A11).  
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Figure 20: Cells form multiple centrosomes within 3 h post-G1/S arrest 

A. HeLa S3 cells synchronized by double thymidine block were released at time 0 
h into complete medium (non-treated) or in the presence of VR23 (20 µM) for 3, 6, 
12 and 24 h.  
B. Cells were fixed at the end of each timepoint and immunostained with an 
antibody specific for γ-tubulin (green). DNA was stained with DRAQ5 (blue). 
Multiple centrosomes were observed at 3 (b) and 6 h (d) post-G1/S block in VR23-
treated cells. Results shown are representative of three independent experiments. 
C. Cells with multiple centrosomes were quantified for each timepoint (3 to 24 h) in 
VR23-treated (20 µM) vs non-treated cells. The experiment was repeated three 
times. An average of twenty different fields/per coverslip/per trial was counted 
under a confocal microscope. 

96 



97



To further study how VR23 induces multiple centrosomes, centrosome 

formation was examined with cells synchronized in G1/S. Since HeLa S3 cells are 

synchronized very efficiently, they were used for synchronization experiments.  In 

VR23-treated cells synchronized with double thymidine, multiple foci of γ-tubulin, 

ranging from 5-15 per cell, were observed as early as 3 h post-release in 45-80% 

of HeLa S3 cells (Fig. 21). 

γ-tubulin is also present in PCM (pericentriolar material). Therefore, to 

determine if these are “true” centrosomes and not fragmentation of either 

centrosomes or PCM, cells were immunostained with an antibody specific for 

centriolin as it is localized to mature centrosomes in human cells (165). Centriolin 

was found to be co-localized with γ-tubulin in VR23-treated cells, showing that 

these are true and mature centrosomes (Fig. 21). 

It was shown previously that Mps1 and hSAS6 can induce the formation of 

multiple centrosomes. I therefore examined if VR23-induced centrosome 

amplification is accompanied with an increase in Mps1 or hSAS6. In G1/S 

synchronized non-treated cells, there was a decrease in Mps1 and hSAS-6 from 3 

to 6 h, which correlates with the initiation of centrosome duplication (Fig. 22). The 

down-regulation of these two proteins also prevents subsequent re-duplication. In 

contrast, a reverse pattern was observed in VR23-treated cells, in which MpS1 and 

hSAS-6 levels increased from 3 to 6 h, suggesting a continuous initiation of 

centrosome synthesis.  

The size of the centrosomes in VR23-treated cells was also bigger than 

those in non-treated cells (Fig. 21). This raises the possibility that other  
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Figure 21: Centriolin, a mature centrosome marker, and cyclin E are co-
localized to centrosomes in VR23-treated cells 

HeLa S3 cells synchronized at G1/S were released into cell cycle for 3 h by 
incubating them in complete medium ± VR23. Cells were fixed and immunostained 
with antibodies specific for proteins indicated at 3 h post release.  
A. Cells were immunostained with antibodies specific for γ-tubulin (green), and 
centriolin (red), respectively. DNA was stained with DRAQ5 (blue). Unlike non-
treated cells, multiple centrosomes were observed in VR23-treated (20 µM) cells 
and centriolin was co-localized with γ-tubulin.  
B. Cyclin E (red) was co-localized with γ-tubulin (green) in VR23-treated cells.  
C. Cells were immunostained with antibodies specific for centriolin (green), and 
cyclin E (red), respectively. DNA was stained with DRAQ5 (blue). Centriolin was 
co-localized with cyclin E to the centrosomes in VR23-treated cells. The 
experiment was performed three times, and representative figures are shown. 
Images were captured in an LSM510 microscope equipped with 488 nm, 546 nm 
and 633 nm lasers. 
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Figure 22: Increase in the levels of centrosomal proteins in VR23-treated 
cells 

A. HeLa S3 cells synchronized by double thymidine block at G1/S were released 
into the cell cycle ± VR23 (20 µM). Proteins were extracted from non-treated and 
VR23-treated samples at the indicated timepoints.  
B. Mps1 and hSas6 protein levels decrease in non-treated cells as cells progress 
from G1/S to G2/M (3 to 6 h), these protein levels increase in VR23-treated cells (3 
to 6 h). Representative blots are shown (B). Gapdh is shown as loading control. 
Non is non-treated. 
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Figure 23: Plk1, cyclin A and hSAS6 accumulate at the centrosomes in VR23-
treated cells 

HeLa S3 cells synchronized in G1/S were released into the cell cycle for 3 h by 
adding complete medium ± VR23. At the end of 3 h, cells were fixed and 
immunostained with antibodies specific for proteins indicated. 
A. Cells immunostained with antibodies specific for γ-tubulin (green) and plk1 (red) 
are shown. DNA was stained with DRAQ5 (blue). Unlike non-treated cells, multiple 
centrosomes were observed in VR23-treated (20 µM) cells and plk1 was co-
localized with γ-tubulin.  
B. Cyclin A accumulates on centrosomes in VR23-treated cells. Cells were fixed 
and immunostained with antibodies specific for γ-tubulin (green) and cyclin A (red). 
DNA was stained with DRAQ5 (blue). Unlike non-treated cells, multiple 
centrosomes were observed in VR23-treated (20 µM) cells, and cyclin A was co-
localized with γ-tubulin.  
C. hSAS6 accumulates on centrosomes in VR23-treated cells. Cells were fixed and 
immunostained with antibodies specific for γ-tubulin (green) and hSAS6 (red). DNA 
was stained with DRAQ5 (blue). Unlike non-treated cells, multiple centrosomes 
were observed in VR23-treated (20 µM) cells, and hSAS6 was co-localized with γ-
tubulin. The experiments were repeated three times and representative figures are 
shown. Images were captured by a LSM510 confocal microscope. 
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centrosomal proteins may be accumulated in PCM. To test this possibility, γ-tubulin 

was immunostained with antibodies specific for various centrosomal proteins that 

localize to the centrosome and drive centrosome duplication and maturation. Cyclin 

E, plk1, centriolin, hSAS6 and cyclin A, which fall in this category, were co- 

localized with γ-tubulin (Figs. 21 and 23). psmc6, an antibody specific for 26S 

proteasome subunits, was also co-localized with γ-tubulin (Fig. A12). This data 

confirms the previous studies that the active proteasomal machinery are present 

on centrosomes, and centrosomes expand in response to proteasome inhibition 

(166). The only positive regulator that was not found with the majority of γ-tubulin 

was plk4. To determine whether centrosomal localization of proteins involved in the 

centrosome regulation is different between non-treated and VR23-treated cells, co-

immunostaining experiments were performed. Cells were synchronized in G1/S 

and released into complete medium ± VR23. Cells were fixed and immunostained 

at 0, 1, 2 and 3 h. Multiple γ-tubulin foci appeared by 3 h in treated cells but not in 

non-treated samples. In some experiments, more than one γ-tubulin foci were seen 

at 2 h, but it wasn’t very reproducible. Therefore, all the subsequent experiments 

carried out at 3 h post-release from double thymidine block. Plk4 has previously 

been reported to initiate centrosome duplication, and overexpression of plk4 has 

been noted to cause centrosome amplification (148). Because of this important role 

played by plk4 in regulating centrosome biogenesis, further experiments were 

carried out to examine if plk4 localizes at centrosomes prior to the 3 h post-G1/S. 

Simultaneously, cyclin E and plk1 localization at centrosomes were also observed 

to examine differences between non-treated and VR23-treated cells. Cells 
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synchronized in G1/S by double thymidine block were released into the cell cycle 

at time 0 h in the presence or absence of VR23. Cells were examined at 0, 1, 2 

and 3 h timepoints. Cyclin E was not co-localized to centrosome at 0, 1 or 2 h in 

both treated and non-treated cells. At 3 h, cyclin E was co-localized with γ-tubulin 

at all of the centrosomal foci in the VR23-treated cells. Conversely, only a few foci 

of γ-tubulin (1.7%) were co-localized with cyclin E in non-treated cells (Fig. 24 and 

Table 5).  

In non-treated cells, 44% of γ-tubulin foci were co-immunostained with plk1 

(44%) at 3 h; however, co-immunostaining was not observed at 0, 1 or 2 h (Fig. 

25). Interestingly, all of γ-tubulin foci in VR23-treated cells were co-immunostained 

with plk1 at 3 h. However, again, there was no co-immunostaining at 0, 1 or 2 h. 

97% of γ-tubulin foci were co-immunostained with plk4 at 0, 1 and 3 h in non-

treated cells (Fig. 26). Interestingly, plk4 was localized to centrosomes at 3 h. This 

pattern was not seen in VR23-treated cells. Plk4 was not co-localized to 

centrosomes at any of these timepoints in the majority of VR23-treated cells (only 

9% of treated cells had one centrosome which co-stained with plk4). The cells 

were also examined at 6 h post-G1/S to learn if plk4 localizes at centrosomes at a 

later timepoint. When cells were approaching G2/M at 6 h timepoint, however, plk4 

was not localized to centrosomes in VR23-treated cells. In these cells, plk4 was 

present inside the nucleus, suggesting that cyclin E can initiate centrosome 

duplication in the presence of VR23 even when plk4 is not localized to 

centrosomes. Thus, this data obtained from cells treated with VR23 is not 

consistent with the previous reports that plk4 is the one responsible for initiating 

centrosome duplication (105). 
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Some variations were observed in non-treated samples at 2 h where plk4 

was found in the nucleus, but not at centrosomes. The variations at 2 h timepoint in 

this set of experiments were observed mostly in non-treated cells. Plk4 in some 

experiments was co-immunostained with γ-tubulin at 2 h in some of the non-treated 

cells. In addition, immunostaining of cyclin E and γ-tubulin was increased at 2 h. 

However, the general pattern in non-treated cells was that plk4 was mostly co-

localized with γ-tubulin in non-treated controls. Plk1 was localized to centrosomes 

at 3 h in 40% of cases but not at 1 or 2 h in non-treated controls. Cyclin E was not 

found at centrosomes at 1 or 2 h post-release from G1/S. 1.7% of non-treated cells 

had cyclin E localized to centrosomes by 3 h. Whereas, in VR23-treated cells, all 

the foci of γ-tubulin were co-immunostained with cyclin E and plk1 at 3 h, but not at 

1 or 2 h (Table 6). Since these centrosomes formed multiple spindle poles, they 

are apparently functional in forming MTOCs (Microtubule organizing centres). 

It was surprizing to observe the absence of plk4 from centrosomes in VR23-

treated cells, given its presumably essential role in the initiation of the centrosome 

synthesis. However, in some cases, a minority of VR23-treated cells (9-11%) with 

multiple centrosomes (>5 centrosomes per cell), plk4 was co-immunostained with 

γ-tubulin on one of the centrosomes (Fig. 26). Interestingly, a minority of cells did 

not form multiple centrosomes in VR23-treated cells that also contain plk4. (Fig. 

A15).  

3.9 De novo centrosome amplification in response to VR23 in malignant cells 

The multiple centrosomes induced by VR23 were dispersed throughout the 

cytoplasm and were not in a ‘rosette-like’ pattern as previously observed with plk4  
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Figure 24: Localization of cyclin E to the centrosomes at different timepoints 

A. Localization of cyclin E was observed in cells released into the cell cycle at 0 h ± 
VR23 after double thymidine block (G1/S synchronization).  
B. Cells fixed at 0, 1, 2, and 3 h in the presence of VR23 (20 µM). Non-treated cells 
were examined at the same timepoints as VR23-treated cells. Cells were 
immunostained with antibodies specific for γ-tubulin (green) and cyclin E (red). 
DNA was stained with DRAQ5 (blue). No centrosome amplification was seen at 1 
or 2 h in VR23-treated cells, nor the accumulation of cyclin E at early timepoints. 
The experiment was performed three times in duplicate. Twenty different fields 
were observed per coverslip, per sample, and representative figures are shown. 
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Figure 25: Localization of plk1 on centrosomes at different timepoints 

A. Localization of plk1 was examined in cells released into the cell cycle ± VR23 
after double thymidine block (G1/S synchronization).  
B. VR23-treated (20 µM) and non-treated cells were collected at 0, 1, 2, and 3 h. 
Cells were immunostained with antibodies specific for γ-tubulin (green), and plk1 
(red). DNA was stained with DRAQ5 (blue). No centrosome amplification was seen 
at 1 or 2 h in VR23-treated cells, nor the accumulation of plk1 at early timepoints. 
The experiment was repeated three times in duplicate. Twenty different fields were 
observed per coverslip, per sample, and representative figures are shown. 
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Figure 26: Differential localization of plk4 on centrosomes 

Differential localization of plk4 in non-treated and VR23-treated cells was observed 
in cell released into the cell cycle after double thymidine block.  
A. Cells maintained in medium ± VR23 (20 µM) were collected at 0, 1, 2, 3 h.  
B. In non-treated cells, plk4 (red) was co-localized with γ-tubulin (green) at 0, 1 and 
3 h but not at 2 h. Thus, plk4 localization appears at 1 h and then disappears at 2 h 
and reappear at 3 h in non-treated cells. In VR23-treated cells, plk4 was not co-
localized at centrosomes at 1 or 2 h. At the 3 h timepoint, some of the centrosomes 
(yellow arrow) were co-localized with γ-tubulin but it was not common (11.3% of 
cells with multiple centrosomes had one centrosome that was co-localized with 
plk4). Each VR23-treated cell had more than 5 centrosomes. The experiment was 
repeated two times in duplicate. Twenty different fields were observed per 
coverslip per sample, and representative figures are shown. 
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Table 5: Co-localization of cyclin E, plk1 and plk4 with γ-tubulin at different 
timepoints in VR23-treated and non-treated cells 

Summary of the co-localization of cyclin E, plk1 and plk4 at centrosomes in the 
presence or absence of VR23 treatment. Samples were collected at 0, 1, 2, and 3 
h post-double thymidine block. “No” indicates no co-localization, and “yes” 
indicates co-localization with γ-tubulin. 
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overexpression (104). The appearance of >5 mature centrosomes within 3 h 

suggests that it is a de novo amplification. This may be caused by the assembly of 

centrosomal proteins by the accumulation of centriolar proteins (as a result of 

inhibition of proteasomes). To systematically examine the role of cyclin E and plk4 

in centrosome amplification caused by VR23, the formation of multiple 

centrosomes was further studied by knocking down cyclin E or plk4 with siRNA, in 

the presence or absence of VR23.  

Centrosome amplification was not observed in cells where cyclin E was 

knocked down in combination with VR23. In contrast, cells treated with only VR23 

showed increased levels of multiple centrosomes (89%) (Fig. 27). Unlike cyclin E 

knockdown, plk4 knockdown could only partially rescue the multiple centrosome 

phenotype caused by VR23.  However, the cells that formed multiple centrosomes 

in VR23-treated+plk4 knockdown cells had cyclin E co-localized at the 

centrosomes, while cells with rescued phenotype did not have cyclin E co-localized 

with γ-tubulin. Thus, cells formed multiple centrosomes in the absence of plk4 and 

presence of VR23 if cyclin E was co-localized with γ-tubulin (Fig. 28).  

To examine the possibility of cyclin E accumulation at centrosomes in VR23-

treated cells is somehow preventing the localization of plk4 at centrosomes, the 

localization of plk4 was determined in cyclin E ablated cells in the presence of 

VR23. Plk4 was still not localized to centrosomes in the absence of cyclin E in the 

majority of cells (Fig. 29). 11.3% of cells with multiple centrosomes had one 

centrosome containing plk4 in the presence of VR23. When cyclin E was knocked 

down (in the presence of VR23), this was increased to 18.6%.  
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Figure 27: Rescue of VR23-mediated multiple centrosomes by the ablation of 
cyclin E with siRNA 

A. Cyclin E was ablated with siRNA in cells that were synchronized in G1/S, 
followed by release into the cell cycle in the presence or absence of VR23 (20 µM) 
for 3 h. The knockdown of cyclin E completely suppressed the formation of multiple 
centrosomes in the presence of VR23. Results shown are representative of three 
independent experiments. 
B. Quantification of cells with multiple centrosomes. The number of cells with 
multiple centrosomes was counted in each sample.  Twenty different fields were 
counted per coverslip per sample.  
C. Western blot of the proteins extracted from different samples shown in A. 
Samples for protein extraction were taken in parallel with the immunostained. Two 
independent samples for VR23 + cyclin E siRNA are shown to reveal the efficacy of 
siRNA. (i) Non-treated, (ii) VR23-treated, (iii) VR23 + scrambled siRNA, (iv) Non-
treated + scrambled siRNA, (v) Nontreated + cyclin E siRNA, (vi and vii) VR23 + 
Cyclin E siRNA. 
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Figure 28: Partial rescue of VR23-mediated centrosome amplification by plk4 
knockdown  

A. Cyclin E (red) was co-localized with γ-tubulin (green) in plk4 ablated (+VR23) 
cells. Cells treated with plk4 siRNA were synchronized at G1/S, followed by 
release into complete medium for 3 h in the presence or absence of VR23. At the 
end of 3 h, cells were fixed and cyclin E localization was determined with 
antibodies specific for γ-tubulin and cyclin E. Cyclin E was co-localized with γ-
tubulin in VR23-treated plk4 ablated cells, which showed multiple centrosomes. 
The cells that rescued the multiple centrosome phenotype were negative for cyclin 
E localization at centrosomes although cyclin E was still present inside the 
cytoplasm.  
B. Quantification of cells that formed multiple centrosomes in plk4 siRNA + VR23 
cells. Results are shown from three independent experiments. 
C. Western blot of proteins extracted from samples shown in A.  
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Figure 29: Plk1 and plk4 do not localize to centrosomes in VR23-treated cells 
when cyclin E is ablated  

A. The localization of plk4 was examined in cells treated with VR23 in conjunction 
with cyclin E siRNA treatment, Cyclin E was knocked down using siRNA and cells 
were synchronized in G1/S by double thymidine block, which were then released 
into the cell cycle for 3 h in the presence or absence of VR23. After 3 h, cells were 
immunostained with antibodies specific for plk4 (red) and γ-tubulin (green). DNA 
was stained with DRAQ5 (blue). In VR23-treated cells and VR23 + cyclin E 
knockdown cells, plk4 does not localize to centrosomes. While only 11.3% of 
VR23-treated cells had one of their many centrosomes co-immunostained with 
anti-plk4 antibody. 18.6% of the VR23 + cyclin E siRNA samples had one 
centrosome, which co-stained with plk4. ‘Non’ is non-treated. The experiment was 
performed two times in duplicate, and representative figures are shown. Cells in 
twenty different fields were counted for each coverslip per sample. 
B. Same as in A, except immunostaining samples with antibodies specific for γ-
tubulin (green), cyclin E (red) and plk1 (blue). As compared to VR23-treated cells, 
cells knocked down with cyclin E siRNA + VR23 rescued the multiple centrosome 
phenotype, and these cells do not have plk1 co-localization at γ-tubulin. 
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Inhibitors of DNA synthesis such as hydroxyurea and aphidicolin have 

previously been reported to cause centrosome amplification by uncoupling the cell 

cycle and centrosome cycles (167, 168). To study if the observed centrosome 

amplification is not a by-product of the inhibition of DNA synthesis by VR23.  Cells 

were stained with EdU, a thymidine analogue which is incorporated into replicating 

DNA. EdU labelled DNA in treated samples indicated DNA replication is not 

inhibited in the presence of VR23 (Fig. 30). 

Most of the published data generated using hydroxyurea and aphidicolin as 

synchronization agents required 16-48 h of drug treatment to observe the multiple 

centrosomes (167, 168). In contrast, VR23 induces the centrosomes amplification 

within 3 h, suggesting that its centrosome amplification mechanism is different from 

these DNA replication inhibitors.  

Cdk2 is the activating partner of cyclin E (169).  Therefore, in an alternative 

method to inhibit cyclin E activity, cdk2 was inhibited to examine if it would prevent 

VR23-induced de novo formation of centrosomes. NU6140 (4-[[6-

(cyclohexylmethoxy)-1H-purin-2-yl]amino]-N,N-diethylbenzamide) was used 

because it has been reported to be the most selective inhibitor for cdk2 (170) with 

an IC50 of 0.41 µM for cdk2 and 6.6 µM for cdk1. Three different concentrations of 

NU6140 were used (0.5, 1.0 and 2.0 µM). The higher concentration (2 µM) did 

rescue some VR23-treated cells from the multiple centrosome phenotype (Fig. 31). 

In these samples cyclin E was often not co-localized with γ-tubulin, suggesting that 

VR23-induced de novo centrosome amplification depends on cyclin E 

accumulation at centrosomes (Fig. 31). In these cells, many ‘small’-sized 

centrosomes were observed and cyclin E was co-localized only at the ‘large’-sized  
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Figure 30: Multiple centrosomes induced by VR23 are not caused by the 
inhibition of DNA replication 

A. HeLa S3 cells synchronized at G1/S were released into the cell cycle for 3 h in 
the presence of EdU (5-ethynyl-2'-deoxyuridine). EdU integrates into replicating 
DNA allowing detection of newly synthesized DNA. EdU (green) was efficiently 
incorporated into DNA in the presence of VR23. 
B. The number of cells positive for EdU incorporation were counted. 500 cells were 
counted for each sample. The experiment was performed twice with internal 
duplicates. 
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Figure 31: Formation of multiple centrosomes upon the inhibition of cdk2 in 
the presence of VR23  

A. Cells synchronized at G1/S by double thymidine block, were released in 
complete medium ± drug(s) for 3 h. Cdk2 was inhibited by using three different 
concentrations of NU6140. Although the majority of these cells still formed multiple 
centrosomes (green) in the presence of VR23 (e, f), increasing the concentration of 
NU6140 (2 µM) did reduce number of centrosomes in VR23-treated cells (g-i). In 
these cells (11-15%), the number of centrosomes per cell and the size of 
centrosomes decreased. A decrease in centrosomal localization of cyclin E (red) 
was also observed. DNA is shown in blue. 
(a) Non-treated, (b) VR23-treated (20 µM), (c) NU6140 only (0.5µM), (d) NU6140 
(1 µM), (e) VR23 (20 µM) + NU6140 (0.5 µM), (f) VR23 (20 µM) + NU6140 (1µM), 
and (g-i) VR23 (20 µM) + NU6140 (2 µM). Yellow arrow (f) shows a ‘small’ sized 
centrosome with no co-localizaion of cyclin E, and white arrow (g) shows 
localization of cyclin E in nucleus. The experiment was performed three times. 
Representative pictures are shown. 
B. Quantification of VR23-treated cells forming multiple centrosomes in the 
presence of the cdk2 inhibitor NU6140. This graph summarizes the total number of 
cells that formed multiple centrosomes. 
C. Quantification of the number of cells in the NU6140 (2 µM) + VR23 (20 µM) 
sample that had a decrease in number (≤5 per cell) and size of centrosomes. 200 
cells were counted for each sample in duplicate, repeated three times. 
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centrosomes. Furthermore, cells treated with VR23 + NU6140 (2 µM) had fewer 

(<5 per cell) centrosomes than observed in VR23-treated cells (Fig. 31). As 

previously observed, VR23 inhibits proteasome activity and also causes 

accumulation of ubiquitinated proteins. To test if the presence of excess cyclin E at  

centrosomes is due to the accumulation of ubiquitinated cyclin E, cells were 

stained with TUBEs (Tandem ubiquitin binding entities). 

TUBEs bind to ubiquitin molecules a 1,000 times more efficient than an anti-

ubiquitin antibody. A triple staining of TUBEs, cyclin E and γ-tubulin showed an 

accumulation of ubiquitinated cyclin E at centrosomes in the presence of VR23 

(Fig. 33). This was further examined by immunoprecipitation and Western blotting. 

The accumulation was observed within 3 h of VR23 treatment (Fig. 32). The 

experiment was performed by pulling down cyclin E and subsequently blotting with 

ubiquitin antibody (Fig. 32C). Alternatively, ubiquitin was pulled down and blotted 

with anti-cyclin E antibody (Fig. 32D). 

 To further investigate cyclin E localization at centrosomes in the presence 

of VR23, cells were subjected to immunostaining with antibodies specific for cdk2, 

cyclin E and γ-tubulin. As expected, cyclin E was co-immunostained with cdk2, and 

the complex was co-localized with γ-tubulin (Fig. 33). However, cyclin E was also 

bound to ubiquitin (Fig. 33 and 34). 

To determine whether cyclin E was ubiquitinated and at the same time 

bound to cdk2, cyclin E was immunoprecipitated and blotted with antibodies 

specific for ubiquitin (Fig. 34) and cdk2. Ubiquitinated cyclin E was bound to cdk2 

(Fig. 34B). The inhibition of cdk2 in VR23-treated cells with NU6140 further  
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Figure 32: Ubiquitinated cyclin E accumulates at centrosomes in the 
presence of VR23 

Cells synchronized by double thymidine block were released into medium ± VR23 
for 3 h. After 3 h, cells were either fixed and immunostained with corresponding 
antibodies or had proteins extracted for immunoprecipitation. 
A. Co-immunostaining of cyclin E and ubiquitin was seen in VR23-treated samples. 
TUBEs-FLR (Tandem ubiquitin binding entities-fluorophore) are shown in green, 
cyclin E in red, and DNA in blue. 
B. Cells were immunostained with TUBEs (green), cyclin E (red) and γ-tubulin 
(blue). As compared to non-treated cells, VR23-treated cells show the localization 
of ubiquitinated cyclin E to centrosomes. The experiment was performed three 
times and representative figures are shown. 
C. Cyclin E was immunoprecipitated, followed by protein separation by SDS-PAGE 
on a 4-6% polyacrylamide gel. Western blot (WB) with an antibody specific for 
ubiquitin shows the accumulation of ubiquitinated cyclin E in VR23-treated cells. 
(i) Non-treated, (ii) VR23-treated (20 µM), (iii) VR23-treated (40 µM), (iv) 
bortezomib® (20 nM), and (v) IgG only. The experiment was repeated 3 times and 
a representative figure is shown. Input is total protein (cyclin E).  
D. Ubiquitin proteins were immunoprecipitated with TUBEs, followed by SDS-
PAGE on a 4-6% polyacrylamide gel. Western blot carried out with an antibody 
specific for cyclin E shows accumulation of ubiquitinated cyclin E in VR23-treated 
cells. (i) Non-treated, (ii) VR23-treated (20 µM), (iii) bortezomib® (20 nM). The 
experiment was repeated three times and a representative figure is shown. Input is 
total protein (cyclin E).  
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Figure 33: Co-localization of cdk2-cyclin E at centrosomes upon the 
inhibition of cdk2 activity in the presence of VR23 

HeLa S3 cells synchronized by double thymidine block were released into the cell 
cycle for 3 h in the presence or absence of drug(s). At the end of 3 h, cells were 
fixed and immunostained with antibodies specific for γ-tubulin (green), cyclin E 
(red) and cdk2 (blue). In the VR23-treated samples, cyclin E and cdk2 are co-
localized to the centrosomes (γ-tubulin). VR23 + NU6140 samples showed a 
decrease in the number of centrosomes with cyclin E localized at γ-tubulin with or 
without cdk2. The experiment was repeated twice in duplicate.  
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increased the accumulation of ubiquitinated cyclin E (Fig. 34C). The quantification 

of cells with a reduced number and size of centrosomes in NU6140+VR23 is 

shown in figures 31 and 33. 

Microscopic data obtained from triple immunostaining with TUBEs, cyclin E 

and cdk2, showed that some cyclin E molecules were ubiquitinated while some 

other cyclin E molecules bound to cdk2. In addition, some cyclin E molecules were 

co-immunostained both with TUBEs and with cdk2, suggesting that ubiquitinated 

cyclin E also binds to cdk2 (Fig. 34A). The intensity of staining for TUBEs was very 

high in VR23-treated cells (Fig. 34A). Therefore, I had to reduce the exposure time 

to observe the association of cdk2 with ubiquitinated cyclin E. Data from these 

experiments suggests that ubiquitinated cyclin E localized at the centrosomes and 

also accumulated in the cytoplasm in VR23-treated cells because of the inhibition 

of proteasome activity. The excess of cyclin E (Fig. A13) bound to cdk2 at 

centrosomes may drive the formation of de novo centrosomes.  

My data is consistent with the notion that cyclin E ubiquitinated but not 

degraded, resulting in its accumulation at the centrosomes and at discrete sites 

throughout the cytoplasm. Unbound cyclin E was ubiquitinated but because it has 

not been degraded it keeps on accumulating at centrosomes and in cytoplasm.   

No amplification of centrosomes was found in the MCF10A non-malignant 

cells under the same treatment conditions (Fig. 36). Similar to non-treated HeLa S3 

cells, plk4 was localized to centrosomes in VR23-treated MCF10A cells (Fig. 36C). 

The subcellular localization of centrosomal proteins in VR23-treated MCF10A cells 

was similar to that in non-treated HeLa S3 cells. No accumulation of ubiquitinated 

proteins was found in MCF10A cells either at short-exposure (3 h) or long  
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Figure 34: Ubiquitinated cyclin E and cdk2-cyclin E accumulates in VR23-
treated cells 

A. Cells synchronized by double thymidine block were released into complete 
medium ± drug(s) for 3 h. At the end of 3 h, cells were fixed and stained with 
TUBEs-FLR (green) and antibodies specific for cyclin E (red) and cdk2 (blue). The 
localization of cyclin E and cdk2 was observed in VR23-treated and VR23 + 
NU6140-treated cells. In VR23-treated and NU6140 + VR23-treated samples, 
cyclin E was co-localized with cdk2. Ubiquitinated (TUBEs) cyclin E also co-
localized with cdk2. The increased fluorescence in VR23-treated samples made it 
difficult to visualize the co-localization with cdk2, therefore signal intensity for 488 
nm (TUBEs-green) was reduced. The experiment was repeated two times in 
duplicate and representative pictures are shown. 
B. Cells synchronized by double thymidine block were released into medium ± 
VR23 for 3 h. At the end of 3 h, cyclin E was immunoprecipitated with an antibody 
specific for cyclin E, followed by SDS-PAGE on a 4-6% polyacrylamide gel. 
Western blot carried out with an antibody specific for ubiquitin shows the 
accumulation of ubiquitinated proteins in VR23-treated cells. Western blot was also 
carried out with an antibody specific for cdk2. Cyclin E immunoprecipitated from 
VR23-treated samples is ubiquitinated and bound to cdk2 (sample (iii) in the top 
and bottom blot). (i) Non-treated, (ii) VR23-treated (20µM), (iii) VR23-treated 
(40µM), (iv) IgG only.  
D. Accumulation of ubiquitinated cyclin E was considerably increased in cells 
treated with both a cdk2 inhibitor (NU6140) and VR23 (iii), as compared to VR23 
alone (ii). (i) Non-treated, (ii) NU6140 (2 µM), (iii) VR23 (20 µM), (iv) NU6140 (2 
µM) + VR23 (20µM). All samples were collected 3 h post-release from G1/S block. 
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Figure 35: Schematic illustration of multiple centrosome formation in the 
presence of VR23 

Multiple centrosome formation in response to VR23 is largely cyclin E-dependent. 
(a) Multiple centrosomes are formed in the presence of VR23. Cyclin E 
accumulates at centrosomes and positive regulators of centrosomes also 
accumulate at centrosomes. (b) When cyclin E is knocked down, the multiple 
centrosome phenotype induced by VR23 is rescued, suggesting that it is not 
compensated by other proteins such as cyclin A or plk4. (c) Partial rescue was 
seen in plk4 knockdown + VR23 cells. Cells that formed multiple centrosomes in 
plk4 knockdown + VR23 samples had cyclin E localized at the centrosomes. (d) 
When cdk2 is inhibited with an inhibitor, the majority of cells still formed multiple 
centrosomes. In these cells, cyclin E was co-stained with ubiquitin, some co-
stained with cdk2, while some others co-stained with both cdk2 and ubiquitin. 
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Figure 36: VR23 treatment does not lead to the formation of multiple 
centrosomes or accumulation of cyclin E, plk1 or plk4 at centrosomes in the 
MCF10A non-malignant cells 

MCF10A cells synchronized at G1/S were fixed at 3 h post-release from G1/S. 
Cells were immunostained with antibodies specific for γ-tubulin (green), Cyclin E 
(A), plk1 (B) or plk4 (C) (red), DNA was stained with DRAQ5 (blue). 
A. Unlike the malignant HeLa S3 and MCF7 cells, multiple centrosomes were not 
observed in VR23-treated MCF10A cells, in which case cyclin E was not co-
localized with γ-tubulin.  
B. Plk1 was not co-localized with γ-tubulin in VR23-treated cells. 
C. Unlike VR23-treated HeLa S3 cells, plk4 co-localizes to centrosomes in the non-
malignant MCF10A cells treated with VR23 (b).  The experiment was performed 
three times, and representative figures are shown. Images were captured by 
confocal microscopy.  

138 



139



exposure (24 h) to VR23 (Fig. A14). The accumulation of excessive cyclin E was 

not found in MCF10A non-malignant cells regardless, its ubiquitination status. This 

provides further evidence in support of cyclin E accumulation at centrosomes in the 

presence of VR23, driving de novo centrosomes formation.  
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 4.1 Identification of VR23, a promising proteasome inhibitor 

Screening the library of compounds designed and synthesized in Dr. Hoyun 

Lee’s lab identified VR23, a compound which showed preferential cytotoxicity 

toward malignant cells. VR23 was initially selected from cytotoxicity assay and was 

then confirmed for its efficacy by cell survival assays (Fig. 7, Table 3). This 

compound was selected for further studies as it caused apoptosis in malignant cell 

lines while showing no cell death in non-malignant cells (Fig. 7). Similarly to CQ, 

VR23 preferentially kills cancer cells over non-cancer cells. Furthermore, an animal 

study revealed that VR23 does not have any notable ill-effects to animals. 

(Determined from animal toxicology and efficacy studies; not described in this 

thesis). VR23, when combined with other drugs such as paclitaxel, substantially 

increases the efficacy in selectively killing malignant cells while reducing the 

toxicity caused by paclitaxel (data from animal work).  

The most striking feature of VR23 is that it is a strong inhibitor of trypsin-like 

activity of the proteasome. Recent efforts to develop specific trypsin-like inhibitors 

have been met with limited success (171). Current proteasome inhibitors show 

increased toxicity toward malignant hematologic cells with very limited cytotoxicity 

toward solid tumors (172). The most important property of VR23 that distinguishes 

it from existing proteasome inhibitors is that it inhibits solid tumors with high 

efficacy (data from animal studies). Furthermore, unlike VR23, other reported 

proteasome inhibitors (e.g., bortezomib® and PR-171) lack specificity toward killing 

malignant cells over non-malignant cells (172-174). Inhibiting all three sites of the 

proteasome (β1, β2, and β5) may increase the efficacy in killing cells but it may 

also lead to undesirable side-effects on non-malignant cells (175). Thus, selective 
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inhibition of only one specific site at a low dose by VR23 can increase its selectivity 

toward malignant cells while retaining sufficient anti-tumor activity. Thus, while 

complete inhibition of proteasomes may increase malignant cell death, but the 

inhibition of one specific site effectively (in this case, trypsin-like) may improve the 

therapeutic effect with low side effects.  

 The experiments presented in this thesis demonstrates that the inhibition of 

proteasome activity is the key property of VR23 that leads to the accumulation and 

localization of ubiquitinated cyclin E at the centrosomes and discrete sites in the 

cytoplasm in malignant cells but not in non-malignant cells.  

4.2 VR23 binds primarily to the β2 subunit of proteasomes 

Compounds with a high degree of selectivity have been developed for the 

β5 subunit of proteasomes, whereas the attempts for the selective inhibition of the 

β2 and β1 subunits have been less successful (171). Among many proteasome 

inhibitors designed in the recent years, a non-toxic drug primarily site-specific for 

trypsin-like activity was notably missing. This could be because the chymotrypsin-

like site was previously considered as the only site suitable for drug development 

against proteasomes (175, 176). However, recent data suggests that the trypsin-

like site is an important co-target for proteasome targeting drugs. NC-022 has been 

reported as a site specific inhibitor of trypsin-like activity. However, a toxicity study 

of NC-022 is currently unavailable (171). 

Suppression of the proteolytic activity of the proteasome depends on the N-

terminal threonine residue hydroxyl group, as it is responsible for the cleavage of 

peptides by the nucleophilic attack (177-179). Interestingly, the most energetically 
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favourable conformation found for VR23 at the β2 subunit was the one where the 

sulfone group of VR23 would form a hydrogen bond with the N-terminal threonine 

group (Figs. 18, 19 and, A10).   

The tripeptide vinyl sulfone (Z-L3VS) and related compounds inhibit 

proteasome activity by a covalent modification of the amino-terminal threonine of 

the catalytically active β subunit (177, 179-182). Selective covalent binding with the 

targets is considered highly beneficial because it brings increased biochemical 

efficiency, as desired inhibition can be achieved at a lower dose. Lower drug doses 

can avoid off-target effects. Similar to vinyl sulfone proteasome inhibitors, the 

binding potency of the VR23 depends strongly upon the sulfone group of VR23 

(Figs. 18, 19 and A10). However, VR23 displays better characteristics in terms of 

selectivity and potency compared to the vinyl sulfones. Vinyl sulfones also have 

very poor cell permeability (171). At a concentration of 1 nM, VR23 specifically and 

effectively inhibits the activity of trypsin-like proteasome (Fig. 15, and Table 4.). 

This unique property can be exploited in future to study the role of trypsin-like sites 

in the protein degradation and other biological processes. 

Recent work by the Kisselev’s group (182) suggests that the inhibition of 

trypsin-like sites sensitizes cell death when combined with the inhibitors of 

chymotrypsin-like activity. With respect to this aspect, VR23 binds to the substrate 

binding site in β2 and may inhibit β5 activity allosterically (Fig. 17).  

4.3 VR23 deregulates the centrosome cycle by stabilizing ubiquitinated 

cyclin E at centrosomes 
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VR23 specifically amplifies the centrosomes in cancer cells through the 

stabilization of ubiquitinated cyclin E in cytoplasm. (Figs. 27 and 32). Multiple 

centrosomes can be formed by the following mechanisms: cell cycle arrest in S-

phase, aborted mitosis, cell fusion and de novo formation. The formation of 

centrosomes from mother centrosomes is known as “template” dependent, 

whereas the concurrent formation of multiple centrosomes is known as “de novo” 

mechanism (183). HeLa cells have been previously shown to induce centrosome 

amplification by the de novo pathway (184). However, typically the presence of a 

single centrosome suppresses or inhibits the de novo pathway in a cell. Therefore, 

it was concluded in previous studies that centrosomes have to be removed (by 

laser microsurgery) to induce de novo pathway. In contrast, the mechanism by 

which de novo centrosomes are formed in VR23-treated cells is unique in that 

multiple centrosomes are synthesized in the presence of pre-existing centrosomes.  

Drugs such as hydroxyurea and aphidicolin that inhibit S phase progression 

can cause multiple centrosomes in cells lacking p53. No arrest or inhibition of DNA 

replication was seen in VR23-treated cells 3 h post-release from G1/S arrest, the 

time when centrosome amplification is observed (Figs. 14, 30). This rule out that 

centrosomes are not amplified simply due to cells being arrested in G1/S  (or S) 

which is the case of cells arrested by hydroxyurea or aphidicolin. VR23 is thus 

causing the centrosome amplification via a different mechanism. Similarly, 

abnormal centrosome amplification was still seen when cells in G2/M (i.e., 6 h 

post-G1/S) were treated with VR23 for 6 h.  Since cells in G1/S form multiple 

centrosomes in the presence of VR23, this rules out abortive mitosis. Thus, 

multiple centrosomes formed by VR23 are most likely due to de novo synthesis. 
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Furthermore, the formation of more than 5 centrosomes per cell occurred within 3 h 

in VR23-treated cells. It is difficult to conceive that the formation of multiple 

centrosomes in such a short time is the result of successive rounds of “template” 

dependent centrosomes duplication. 

The formation of multiple centrosomes was seen in the p53-wild type MCF7 

cell line as well as p53-defective HeLa S3 cell line (Figs. 20 and A11). Therefore, it 

can be inferred that the effect of VR23 is p53-status independent. Knockdown of 

cyclin E using siRNA in the presence of VR23 prevented the cells from forming 

multiple centrosomes, indicating that the effect of VR23 is dependent upon cyclin E 

(Fig. 27). In further support of this, the accumulation of cyclin E was not observed 

in MCF10A cells, which does not form multiple centrosomes (Figs. 16, 36 and 

A14). In contrast, HeLa S3 and MCF7 showed significant accumulation of 

ubiquitinated cyclin E at centrosomes and increased number and size of 

centrosomes (Figs. 32 and A11). 

Although it has been shown previously that proteasome inhibition leads to 

the accumulation of centrosomal proteins, the effect of proteasome inhibition on 

the centrosome duplication cycle has not been studied in detail. Therefore, a 

detailed mechanism characterizing the formation of centrosome amplification by 

proteasome inhibition remains to be explored. 

A study by Duensing, et al. (89) reported that the proteasome inhibitor Z-

L3VS caused the formation of multiple centrioles concurrently from a single mother 

centriole in a “rosette” like arrangement within 48 h. VR23 differs from Z-L3VS in 

that it causes the formation of multiple centrosomes within 3 h and the distribution 

of these centrosomes is random in a cell (Fig. 20). The Z-L3VS caused the 
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formation of multiple centrosomes by the overexpression of plk4 and cyclin E. In 

contrast, plk4 was not found to be overexpressed or co-localized with γ-tubulin in 

VR23-treated cells (Fig. 28 and A15). The knockdown of cyclin E rescued the 

centrosome amplification phenotype in 100% of cells.  A 37.5% decrease in cells 

with multiple centrosomes was also observed in plk4 knockdown cells (Fig. 28). 

However, all the cells in the plk4 knockdown samples that formed multiple 

centrosomes still had cyclin E co-localized with γ-tubulin. This suggests that if 

cyclin E is co-localized with γ-tubulin, multiple centrosomes are formed irrespective 

of the presence of plk4.  

The majority of cells showed cyclin E co-localized with γ-tubulin in the plk4 

knockdown cells, and these cells formed multiple centrosomes. It still remains to be 

elucidated why the other half of the population did not show cyclin E co-localization 

with γ-tubulin and no formation of multiple centrosomes is observed. This could 

either be because the knockdown of plk4 could be affecting the cell cycle 

progression of certain populations of cells, and is preventing a cell from reaching a 

point required for cyclin E-mediated centrosome amplification. Alternatively, plk4 

could be working either downstream or in parallel to cyclin E in centrosome 

biogenesis. However, since plk4 was not found to be co-localized with γ-tubulin in 

the majority of cells, this latter possibility is unlikely. Another possibility is that plk4 

localization is only transient at centrosomes and it could be working upstream of 

cyclin E and this transient localization escaped its detection in microscopy at fixed 

timepoints. However, non-treated cells still showed the localization of plk4 at 

centrosomes at the same timepoints, so the transient localization could not explain 

the absence of plk4 co-localization with γ-tubulin in the presence of VR23. 
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Because plk4 was still present in VR23-treated cells, as seen by Western blot (Fig. 

A15.), its presence in the cell may affect the localization and regulation of other 

proteins involved in centriole biogenesis for e.g. Cep135 and CPAP.  

The constitutive presence of cyclin E at centrosomes in the presence of 

VR23 may overcome the requirement of localization of plk4 at centrosomes and 

plk4-dependent de novo centrosome amplification. This is further supported by the 

fact that the minority of cells in the VR23-treated samples where plk4 co-stained 

with γ-tubulin did not show the formation of multiple centrosomes (Fig. A15). 

Further study is needed to explain the regulation of plk4 in the presence of 

excessive cyclin E accumulation at centrosomes.  

The activity of cdk2 is very high during G1/S, which drives centrosome 

amplification. The activity of cyclin E can also be inhibited, in part, by inhibiting its 

binding partner cdk2 (85, 126). The next question addressed was whether the 

accumulation of cyclin E alone in cytoplasm can cause centrosome over-

amplification, or it is driven by cyclin E acting in complex with cdk2. I therefore 

investigated the effect of cdk2 inhibition on centrosome amplification. Cdk2 

inhibition still allowed for the accumulation of ubiquitinated cyclin E and caused the 

de novo formation of multiple centrosomes in VR23-treated cells (Fig. 31). Using 

microscopy and immunoprecipitation, it was observed that cdk2-cyclin E complex 

co-localized to the γ-tubulin sites. Inhibition of cdk2 did rescue some cells from the 

multiple centrosome phenotype (Figs. 31 and 34), and many cells had several 

‘small’-sized centrosomes with no cdk2 localization at smaller sized centrosomes. 

When cyclin E dissociates from cdk2, it becomes tagged with ubiquitin 

marking it for degradation by proteasomes. This is one mechanism how cyclin E 
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turnover is regulated. The use of the proteasome inhibitor may cause an excess of 

cyclin E available for cdk2 to bind. Free cyclin E is readily ubiquitinated and 

localizes to centrosomes and in the cytoplasm.  As shown in figure 34, the 

inhibition of cdk2 increased the accumulation of ubiquitinated cyclin E in the 

cytoplasm, which was bound to cdk2 (Fig. 34). Thus, the excessive number of 

cyclin E molecules oversaturates the available cdk2 molecules in the cell. In this 

case, ubiquitinated/non-ubiquitinated cyclin E molecules may bind to cdk2 or exist 

as unbound free molecule. 

Overexpression of cyclin E in the absence of a functional p53 and p21 can 

lead to amplification of centrosomes (107). Studies have shown that a loss of cyclin 

E does not lead to the abrogation of centrosome formation because cyclin A can 

compensate for the lack of cyclin E in centrosome duplication (93). When cyclin E 

was knocked down in VR23-treated cells, centrosome amplification was completely 

inhibited. This suggests that cyclin A is not involved in the VR23-mediated 

centrosome amplification, even though cyclin A is co-localized with γ-tubulin in 

VR23-treated cells (Fig 23). This data also raises the possibility that de novo 

centrosome amplification can only be induced by cyclin E accumulation, whereas 

cyclin A plays only a role in template-dependent duplication of centrosomes. Future 

study will be needed to shed light on the difference between these two specific 

mechanisms of centrosome duplication in more detail. 

       To explain why HeLa S3 cells form an increased number of centrosomes but 

not MCF10A cells, I found that cyclin E was not co-localized with γ-tubulin in 

MCF10A cells, unlike in MCF7 and HeLa S3 cells (Figs. 36 and A14). Thus, cells 

without excessive accumulation of cyclin E did not form multiple centrosomes. My 
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results are in line with a previous study which reported that the use of proteasome 

inhibitor did not induce multiple centrosomes in the IMR-90 normal fibroblast cell 

line (148).  Further study on the regulation of cyclin E and proteasome activity is 

needed to explain this differential phenotype between non-malignant and malignant 

cells. 

The proteasome inhibitor ZL3-VS causes multiple centrosomes in U2OS 

cells and, to a lesser extent, in T98G and HeLa. Proteasome inhibitors MG262 and 

MG132 caused the formation of multiple centrosomes but significantly less than Z-

L3VS. Epoxomycin and lactacystin have not been reported to cause formation of 

multiple centrosomes. Bortezomib® has also been reported to cause the formation 

of multiple centrosomes in a small sub-population of cells. These differences could 

be because of the different mechanisms by which these inhibitors inhibit the 

proteasome activity, and each of them may have several different off-target effects 

that are yet to be fully elucidated. For example, MG132 inhibits the centrosome 

separation by inhibiting separase activity (186), thus, preventing further 

reduplication of centrosomes. Alternatively, some inhibitors may activate different 

mechanisms of cell death and cell cycle arrest which could prevent cells from 

reaching a point required for centrosome amplification. 

Genomic instability is a hallmark of cancer cells (185, 186). Given the wide use 

of proteasome inhibitors at clinics and the development of new inhibitors as a 

strategy against cancer, it is important to characterize the effects of each 

proteasome inhibitor on the centrosome cycle to avoid potentially unwanted 

effects.  
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4.4 Perspectives 

The general aim of this thesis has been to study the property of VR23, a 

novel compound derived from the CQ pharmacophore. The findings from this work 

suggests that the strong inhibition of trypsin-like proteasome activity in conjunction 

with the inhibition of chymotrypsin-like activity may offer better therapeutic effect, 

compared to the complete inhibition of all three proteasomes activities. The 

significance of the work described in this thesis is two-fold: firstly, VR23 is a non-

toxic and specific inhibitor of trypsin-like proteasome activity with high potency. Cell 

survival assay suggests that we can use VR23 in combination with other 

chemotherapeutics to increase specificity and efficacy against malignant cells. 

Secondly, the VR23 effect on cell cycle and centrosome cycle is studied in detail. 

Despite the remarkable efficacy of CQ against malignant cells, several 

limitations of CQ are noted. Most importantly, it is mostly effective only when used 

in combination with other chemotherapeutic agents. The data described in this 

thesis suggest that VR23 has superior anti-cancer properties than its parent 

molecule. It also highlights the potential of the CQ pharmacophore as a lead in the 

design of effective and safe anticancer drug. An attempt has been made in the 

work described in this thesis to characterize the multiple effects of VR23 on cell 

cycle, abnormal centrosome amplification and chromosome missegregation.  

In this work, I have shown that the accumulation of ubiquitinated cyclin E is 

critical mechanism in inducing de novo centrosome amplification. This adds to the 

previous reports of proteasome inhibitors being able to cause centrosome 

amplification (148, 150, 187). Given the wide use of proteasome inhibitors at clinics 

to treat leukemia and multiple myeloma, it’s important to investigate the possibility 
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of this mechanism potentially leading to genomic instability in cells exposed to 

proteasome inhibitors, if apoptosis is not activated. I report here, for the first time, 

that accumulated ubiquitinated cyclin E can synthesize centrosomes de novo in the 

absence of plk4 overexpression.  

It has been reported previously that transformed cells are more sensitive to 

proteasome inhibition than normal cells (175, 188). The observation that the similar 

doses of VR23 show only a minimal effect in non-malignant cells is a very 

desirable property for an anti-cancer drug. However, the precise mechanism for 

this differential response is a subject of further studies. Three possible 

explanations for this differential response could be: (a) Previously, it has been 

reported that quiescent cells are not effected by proteasome inhibition, whereas 

the actively replicating cells are severely affected by proteasome inhibition (188). 

The high proliferating rate of malignant cells may make them more sensitive to the 

drug. However, the proliferating rates of MCF10A and 184B5 cells are not 

significantly different from malignant cells in in vitro cell culture conditions. 

Therefore, this possibility may not be the case of VR23 exposed cells, at least for 

my experimental conditions. One plausible explanation could be that malignant 

cells are often aneuploid, and high chromosome numbers may lead to the 

overproduction of certain proteins. This may cause an overload of protein 

complexes in malignant cells. Their high dependency on the proteasome system to 

regulate the degradation/recycling of extra proteins may make malignant cells 

overly sensitive to even a slight inhibition of proteasome activity. (b) It has been 

previously reported that a sub-population of lymphoblastoid cells are able to 

survive in the presence of proteasome inhibition. This survival was not due to multi- 
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drug resistance or genetic mutations, but these cells could survive by up-regulating 

protease expression that can compensate for the inhibited proteasomes. It still 

remains to be explored if MCF10A or VR23-resistant cells such as T98G have 

similar mechanisms. MCF10A cells did not show any increase in the accumulation 

of cyclin E either at high concentration of the drug (40 µM) or at long treatment 

duration (24 h). Perhaps some other proteases may function in these cell lines to 

compensate for the known proteasome activity in degrading cyclin E. (c) A third 

possibility is that VR23 may not effectively penetrate through the cell membrane of 

MCF10A cells. Selective permeability of the cell membrane and the presence of 

pumps expulsing drugs from the cell have been previously noted reasons for drug 

resistance in cells (189, 190). Experiments using labeled or tagged VR23 

molecules allowing VR23 to be monitored in cells may give the definitive answer in 

future. 

The properties of VR23 provide an extremely promising tool to study 

biological mechanisms, in addition to its potential as an effective and safe 

anticancer drug. The findings described in this thesis elucidate a basis for the 

evaluation of VR23 as an effective and safe anti-cancer agent to be used alone or 

in combination with existing chemotherapeutic agents. 
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Figure 37: Proposed model of de novo formation of centrosomes by VR23 

Inhibition of proteolytic activity by VR23 prevents the cyclical degradation of 
centrosome regulatory proteins at centrosomes. As a result, proteins (such as 
cyclin E) accumulate at centrosomes and at discrete sites in the cytoplasm which 
in turn, attract other centrosomal proteins (plk1, hSAS-6, centriolin). This accrual of 
proteins leads to formation of de novo centrosomes.  
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Figure A1. Optimization of confocal microscopy experiments 
HeLa S3 cells in G1/S were treated with VR23 for 3 h. Cells were stained with different 
combinations of primary (1°) and secondary (2°) antibodies. Images were captured with 
all channels open with the identical settings used for all the experiments in the thesis. 
The results show the stringent settings and filters used and that each fluorophore 
recognize the intended target with no bleed through into other channels when captured 
simultaneously. 
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Figure A2: Structures of 4-aminoquinoline propyl sulfonamide derivatives designed and 
synthesized in Lee lab (Figure obtained from Dr. V.R. Solomon) 
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Table A1: IC50 (µM) of 4-aminoquinoline propyl sulfonamide derivatives on different cell lines 

Code MB231 MB468 MCF7 184B5 

VR-20 40.36 30.15 22.37 15.19 

VR-22 77.16 18.25 9.23 6.36 

VR-23 3.2 0.7 1.5 8.99 

VR-24 20.25 16.03 7.56 1.98 

VR-25 74.70 5.13 14.78 3.32 

VR-34 29.35 28.75 63.96 47.46 

VR-35 10.32 1.63 60.59 2.37 

VR-36 40.12 35.06 42.68 1.48 

VR-37 85.04 27.47 22.30 28.25 

VR-38 28.58 44.41 25.64 93.93 

VR-39 20.20 4.75 20.51 9.09 

VR-40 61.44 4.91 27.36 21.80 

VR-41 9.44 19.15 24.32 37.78 

VR-42 32.19 18.55 10.84 7.73 

VR-43 42.70 33.56 20.77 2.95 

VR-44 21.96 23.56 22.85 1.98 

VR-45 20.27 22.35 66.70 20.44 

VR-46 44.74 3.91 5.97 5.88 

CQ 22.52 28.58 38.44 76.13 
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Figure A3: NMR profile of VR23 
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Figure  A4. Increase in G2/M population in VR23-treated  asynchronous HeLa 
S3 cells 
FACS profile of asynchronous HeLa S3 cells treated with 5 µM of VR23 show an 
increase in G2/M cell population 12  h post- treatment.  

G1 G2/M G2/M G1 

Sham-treated VR23-treated 
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Figure A5. Progression of cells through the cell cycle is impeded in the presence of 
VR23 
A. Cells synchronized in mitosis (0 h) were released into complete medium for 2, 3, 4,  or  6 h. 
At the end of each timepoint VR23 was added and cell cycle progression was observed at +2 h 
(b and d), +4 h (c and e). As compared to nontreated cells (b and c) VR23 treated cells (d and 
c) remain arrested at each timepoint (compare (d) with panel (b) and eventually underwent
apoptosis compare panel (e) with panel (c). 
B. Morphology of Non-treated and VR23-treated cells corresponding to FACS profile shown in 
A (0+ 2 h) ( c and e). 

Non-treated VR23 

A 

B 

0 h Non-treated VR23-treated 

DNA 
α tubulin 
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Nontreated VR-0.78µM VR-1.5µM VR-3.1µM VR-12.5µM VR-6.2µM 

+ Paclitaxel (2 nM) with increasing concentration of VR23 

Nontreated  VR-1.5µM VR-0.78µM VR-3.1µM VR-6.2µM VR-12.5µM 

+ Paclitaxel (1 nM) with increasing concentration of VR23 

Figure  A6. VR23 sensitizes paclitaxel mediated cell killing  
Combination of paclitaxel and VR23 effectively inhibits the colony formation in MCF7 cells. 
Figure shows colonies in clonogenic assay of MCF7 cells. Top panel shows combined 
treatment of paclitaxel (2 nM) in combination with increasing conc. of VR23 and bottom panel 
shows combination of paclitaxel (1 nM) with increasing conc. of VR23. Number of colonies 
were counted. Table shows average no. of colony cell survival in each sample. 

Treatments  (MCF7 breast cancer cells) Survival (% of the control) 
Percentage of survival in 1 nm of Paclitaxel alone 35.8% 
Percentage of survival in 1.5 µM of VR23 alone 50.3% 
Percentage of survival in 1 nm of paclitaxel in combination with 1.5 µM 
of VR23 

21.9% 

Percentage of survival in 2 nm of Paclitaxel alone  9.5% 
Percentage of survival in 1.5 µM of VR23 alone 50.3% 
Percentage of survival in 2 nm of paclitaxel in combination with 1.5 µM 
of VR23 

 3.0% 
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 (a) 

(d) (a) 

(b) (c) (d) (e) 

(b)  (c)  (e) 

(d) (a) (b)  (c)  (e) 

Figure A8. Phosphatase and kinase inhibitors could not rescue  cells from VR23 –
induced mitotic arrest 
Cells synchronized in prophase were released in cell cycle for 4 h with or without drugs. (a) 
Cells synchronized in prophase - 0 h, (b) Non-treated, (c) VR23-treated, (d) PP2A inhibitor 
(1 µM) in A, cdc25C inhibitor (25 µM) in B and wee1 inhibitor (0.5 µM) in C, (e) VR23 (5 µM 
+ phosphatase or kinase inhibitors). Inhibition of PP2A, cdc25C or wee1 in VR23-treated 
cells did not rescue cells from mitotic arrest. 
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Figure A9. Measurement of trypsin-like activity 
Different concentrations of VR23 were added. Points 1-8  on the X-axis of graph 
corresponds to 0.1, 0 .25, 0.5, 1.0, 2.0, 5.0, 10, 20 (µM) conc. of VR23. 
In the same graph different conc. of substrate (25, 50 and 100 µM) conc. was also used on 
a set of nontreated samples (circles). An increase in fluorescence was observed with 
increased conc. of substrate. 25 µM of substrate was used for the assay in nontreated, 
VR23, Bortezomib (100 nM), MG132 (20 µM) and Chloroquine (20 µM)  samples. Pos. 
control is the extracts from jurkat cells with increased proteasome activity. 
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Figure  A10. Molecular modelling of VR23 to the β subunit of 20S proteasomes. 
Panels (a, b) shows interactions formed by VR23 in two different pockets of β2 subunit of 
20S proteasomes (2F16, H). (c, d) shows interactions formed by VR23 in the cavity of β5 
subunit of 20S proteasomes. (c) 2F16, Y corresponding to β5 and (d) 2F16, K coresponding 
to β5 subunit. 
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Appendix A11. VR23 induced multiple centrosomes in asynchronous HeLa S3 and 
MCF7 cells 
VR23 induced the formation of multiple centrosomes in asynchronous HeLa S3 and 
MCF7 cells. HeLa S3 and MCF7 cells were treated with VR23 for 24 h at 4 (b and e) and 
5 µM concentrations (c and f). Multiple foci of γ-tubulin (green panels) were observed. 
Red panels represent cyclin E. At lower concentration (4 µM), increased foci of cyclin E 
was also observed (b, yellow arrow). At higher a concentration (5 µM), multiple 
centrosomes were observed (panels c and f). 20% of asynchronous HeLa S3 cells had ≥4 
centrosome per cell, 12% of MCF7 cells had ≥4 centrosome per cell, results shown are 
representative of three independent experiments per cell line. 
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Figure  A12. 26S proteasomes subunit is assembled on centrosomes 
HeLa S3 cells synchronized in G1/S were released in complete medium for 3 h ± VR23 
(20 µM) (A). After 3 h, cells were fixed and stained with antibodies corresponding to γ-
tubulin (green panels), psmc6 (red panels) and DRAQ5 for DNA (blue panels). psmc6 is 
a marker for 26S proteasomes (corresponds to regulatory subunit ATPase 6). psmc6 was 
found to be co-localized with γ-tubulin suggesting that proteasomes assemble on 
centrosomes. The experiment was repeated twice and representative figures are shown.  
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Non-treated 
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0  2  4  6  8  10  24  2  4  6  8  10   24 

Figure A13. VR23 prevented the timely degradation of cyclin E in G1/S cells 
The figure shows the western blot of protein samples extracted from cells treated with 
VR23 or left non-treated. Cyclin E levels decrease at 6-8 h when majority of cells are in 
G2/M whereas in VR23-treated cells, levels of cyclin E remain high (2 h timepoint). 
Gapdh is shown as loading control. 
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Figure A14. Ubiquitinated cyclin E does not accumulate in VR23-treated MCF10A 
non-malignant cells 24 h-post treatment  
A. Asynchronous MCF10A cells were treated with drugs for 24 h. After 24 h cyclin E was 
immunoprecipitated (IP) followed by Western blot (WB) with ubiquitin antibody. 
Accumulation of ubiquitinated cyclin E was observed in bortezomib® treated cells (Bz. 100 
nM) but not in VR23-treated cells (20 and 40 µM). (i) Non-treated, (ii) VR23- 20µM, (iii) 
VR23- 40µM, (iv) IgG beads only, (v) Bortezomib (100 nM). 
B. MCF10A cells synchronized in G1/S were released into cell cycle for 3 h with or without 
drugs. No accumulation of ubiquitinated cyclin E was observed in VR23-treated cells. (i) 
Non-treated, (ii, iii and iv) VR23- 10, 20 and 40 µM (v, vi, vii). Bortezomib®- 10, 20 and 
100 nM respectively, (viii) IgG beads only. 
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Figure A15. Differential localization of plk4 in VR23-treated cells 
The minority of HeLa S3 cells that did not form multiple centrosomes in response to plk4 
localized at centrosomes (a). In contrast the majority of cells that formed multiple 
centrosomes in the presence of VR23 did not show co-localization of plk4 at γ-tubulin (b). 
HeLa S3 cells were synchronized by double thymidine bock and released into medium 
containing VR23 (20 µM) for 3 h. (c) shows Western blot from lysates prepared from VR23-
treated and non-treated (Non) HeLa S3 cells. Nuclear (Nuc) and cytoplasmic  (Cyto) 
fractions were extracted separately. An increase in the plk4 protein levels were observed in 
nuclear extracts of VR23. (d) shows the protein samples  from whole cell lysates from non-
treated (Non), Bortezomib® (Bz. 100 nM) and VR23 (20 µM)-treated samples. Gapdh is the 
loading control. The band of 110Kd is the reported size of plk4 antibody.  
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α-tubulin sc-5286 

BUBR1 sc-47744 

BUBR1 sc-16195 

cdc6 sc-56273 

cdk1 sc-137034 

cdk2 sc-6248 

cdk2 (T14Y15) sc-28435-R 

cdk2 T160 Sc-101656 

Centriolin sc36552 

Cyclin A sc-271682 

Cyclin B sc-7393 

Cyclin E sc-198 

Cyclin F sc-952 

Karyopherin sc-6918 

Mcm4 sc-22779 

MASTL sc-243417 

Mps1(TTK) sc-540 

NFkB(p65) sc-8008 

PARP-1 (cleaved) sc-56196 

plk sc-17783 

SPAG5 (astrin) sc-100885 

Sas-6 sc81431 

SAK (plk4) sc98929 

γ-tubulin sc7396 

p38 α(total) Invitrogen33-1300 

p38 α(Y180/Y182) Invitrogen36-8500 

Ubiquitin Invitrogen13-1600 

p-chk1 Cell Sig.#2349P 

cdc25AS124 ab63391 

cdc27 ab64878 

cdc20 ab18217 

cdc25A S124 ab63391 

cdc25C ab13145 

cdc25CS216 ab32051 

Centrin1 ab11257 

Emi1 ab129905 

MAP126 (astrin) ab56724 

Orc1 ab85830 

PSMC6 ab22639 

Proteasome (αβ) ab22673 

plk1 ab17057 

Securin ab3305 

wee1 ab2315 

γH2A.x S139 ab11174 

Table A2. List of  primary antibodies used in  the  experiments 
sc- santa cruz and ab- abcam 
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