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Abstract 

Breast and ovarian cancers are among the leading causes of cancer related deaths in women 

worldwide. In a subset of these cancers, dysregulation of the human epidermal growth factor 

receptor 2 (HER2) leads to overexpression of the receptor on the cell surface. Previous studies 

have found that these HER2+ cancers show high rates of progression to metastatic disease. 

Metastasis is driven by cytoskeletal rearrangements that produce filamentous actin (F-actin) 

based structures that penetrate and degrade extracellular matrix to facilitate tumour invasion. 

Advancements in targeted therapy have made F-actin an attractive target for the development of 

new cancer therapies. In this thesis, we tested the actin-depolymerizing macrolide toxin, 

Mycalolide B (MycB), as a potential warhead for a novel antibody drug conjugate (ADC) to 

target highly metastatic HER2+ breast and ovarian cancers. We found that MycB treatment of 

HER2+ breast (SKBR3, MDA-MB-453) and ovarian (SKOV3) cancer cells led to loss of 

viability (IC50 values ≤ 64 nM). Sub-lethal doses of MycB treatment caused potent suppression 

of leading edge protrusions, migration and invasion potential of HER2+ cancer cells (IC50 ≤ 32 

nM). In contrast, other F-actin based processes such as receptor endocytosis were less sensitive 

to MycB treatment. MycB treatment skewed the size of endocytic vesicles, which may reflect 

defects in F-actin based vesicle motility or maturation. Given that HER2+ cancers have been 

effectively targeted by Trastuzumab and Trastuzumab-based ADCs, we tested the effects of a 

combination of Trastuzumab and MycB on cell migration and invasion. We found that MycB/ 

Trastuzumab combination treatments inhibited motility of SKOV3 cells to a greater degree than 

either treatment alone. Altogether, our results provide proof-of-principle that actin toxins such as 

MycB can be used as a novel class of warheads for ADCs to target and combat highly metastatic 

cancers.  
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Chapter 1 

Introduction 

1.1 Clinical Problem of Cancer 

Cancer is the leading cause of death worldwide and accounts for approximately 30 % of 

deaths in Canada [1]. According to the National Institute of Health, cancer is a term for a 

collection of over 200 related diseases in which abnormal cells divide uncontrollably and spread 

into surrounding tissues where they may form tumours [2]. Although there are several types of 

cancers, my project focuses on a subset of breast and ovarian carcinomas that overexpress human 

epidermal growth factor receptor 2 (HER2+).   

Breast cancer can be divided into five prominent subtypes: luminal A, luminal B, HER2, 

basal-like and claudin-low [3, 4]. It is the most commonly diagnosed cancer in Canadian women 

with approximately 26 % of new cases being reported annually [1]. Although breast cancer 

deaths today are among the lowest they have ever been, approximately 20 - 30 % of all breast 

cancer cases advance to the metastatic stage and contribute to poor survival rates [1, 4-7].  

Ovarian cancer is one of the most devastating diseases affecting women today, as current 

treatments have not yet achieved satisfactory effects. It is a highly malignant gynecologic tumour 

that affects a small number of women but causes more death than any other cancer of the female 

reproductive system [8]. Between 70 - 75 % of ovarian carcinomas are not diagnosed until a late 

stage (III or IV), when the cancer has already spread into the pelvic abdominal cavity [9]. 

Morbidity and mortality from breast cancer have reduced significantly as a result of early 

detection. Once detected, the general goal of cancer treatment is to control the growth of these 

rapidly dividing cells through chemotherapy, radiotherapy and/or surgery to remove the tumour. 
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Over the last few decades, treatment efforts also focused on ways to prevent the cancer from 

spreading. However, to date, there are no approved therapies for targeting the escape and spread 

of cancer cells.  This project will focus on whether a marine macrolide natural product could 

effectively reduce the metastatic potential of human HER2+ breast and ovarian carcinoma cells, 

as well as tumour cells of other origins and/or subtypes. 

1.2 HER2+ Cancers  

Tumour cells have long been known to overexpress surface antigens; often proteins or other 

macromolecules (such as carbohydrates), as products of mutated oncogenes, tumour suppressor 

genes or other mutated genes not present in healthy cells [3, 10, 11]. A major contributor to the 

development of numerous tumour types is dysregulation of the human epidermal growth factor 

receptors (HER 1-4). Human epidermal growth factor receptors have long been associated with 

cancer, since the discovery that the v-ErbB oncogene a variant of the epidermal growth factor 

receptor (EGFR) gene [5, 6]. Several types of cancers have been found to be initiated and/or 

controlled by aberrant HER family receptor signaling, in particular EGFR and HER2 [5, 7, 11, 

12].  

Normal HER2 expression is important for cell growth and differentiation of some cell types; 

however, elevated HER2 levels has been shown to play an important role in growth and 

spreading of certain aggressive types of cancer. These subtypes are classifies as HER2 positive 

(HER2+) cancers. HER2+ cancers mostly result from amplification of the ErbB2 gene locus or 

altered transcriptional control of the ErbB2 gene [5, 7, 11, 12]. It is observed that HER2 is 

overexpressed in 20 - 25 % of human breast cancers; while in ovarian cancers the rates of 

overexpression are quite variable (1.8 - 76 %) [5, 13-15].  HER2+ cancers are highly aggressive 

with high rates of progression to metastatic disease. This phenomenon is prevalent in breast and 
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ovarian cancers, which are among the leading causes of cancer related deaths in women [16]. 

HER2 overexpression is associated with poor prognosis in breast cancer and shorter overall 

survival in ovarian cancer [7] [14, 15, 17-19]. 

HER2 is a receptor tyrosine kinase, and the preferred dimerization partner for HER1, 3 and 4. 

Dimerization of HER2 contributes to multiple signal transduction pathways (Fig.1.1). The rapid 

growth and dissemination of HER2+ cancer cells can occur because the extracellular domain of 

the HER2 molecule is configured as if it is ligand bound; meaning there is no need for ligand 

binding to prime the molecule for receptor dimerization events that enable autophosphorylation 

of the cytoplasmic domain of the receptors to initiate downstream signalling pathways. 

Additionally, HER2 heterodimers have been shown to have more potent effects in comparison 

with homodimers of the HER family members [10]. Sustained activation of these pathways 

promotes tumour cell proliferation, survival, angiogenesis, and metastasis. Stimulation of the 

Ras-Raf-MAPK pathway promotes enhanced cell proliferation while the PI3K-Akt pathway 

promotes cell survival [20]. In addition to proliferation and survival, HER2 signaling can control 

cytoskeletal dynamics and activate biological responses initiating metastasis such as loss of cell 

polarity, loss of adhesion and the production of invasive leading edge structures [21].   

Ligand activation of the HER family kinases triggers signaling pathways that control the 

dynamics of actin cytoskeleton polymerization within cells (Fig.1.1B). Most of these pathways 

eventually converge on common signaling hubs that include Src kinase, phosphoinositide 3-

kinase (PI3Ks), Rho family GTPases and downstream kinases at leading edge structures [21, 22]. 

Src kinase regulates invadopodia, which are filamentous actin (F-actin) based extracellular 

matrix (ECM) degrading protrusions of cancer cells [23]. Invadopodia are controlled by 

reversible phosphorylation of several actin regulatory proteins (Tks5, cortactin, WASP, N-
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WASP) [23]. Cortactin is a ubiquitously expressed, F-actin binding protein that also recruits the 

Arp2/3 complex to promote formation of branched actin networks in invadopodia and other 

cellular protrusions [24]. Arp2/3 nucleation of branched actin is also promoted by the severing 

activity of cofilin, and its release from cortactin upon tyrosine phosphorylation [25]. Inactivation 

of cofilin by LIM kinases promotes F-actin stability and elongation of structures within cells. 

Signal transduction from the Rho family GTPases (Rho, Rac, Cdc42) also controls the assembly 

and disassembly of F-actin within cells through their effectors (Rho/ROCK, Rac/WAVE, 

Cdc42/WASP). RhoGTPases are therefore essential in the formation and maturation of leading 

edge structures [25, 26].  

HER2 directed therapies have been developed as a strategy to combat the effects of HER2 

overexpression in cancer development and progression. Research has focused primarily on 

inhibiting downstream signal transduction that leads to enhanced proliferation and survival. 

Disruptions of HER2 signaling using small molecule inhibitors or antibodies were found to be 

effective in clinical trials for many cancers [27] [28-30]. One of the most prominent milestones 

to improving outcomes for HER2+ cancers came with the Food and Drug Administration (FDA) 

and Health Canada approvals of the antibody Trastuzumab (Herceptin ®) [31].   
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Figure 1.1. HER2 signaling pathways. (A) The two major HER2 signaling pathways in HER2+ 
tumour cells: the RAS/MAPK pathway (cell proliferation) and the PI3K/AKT pathway (cell 
survival).  (B) Signaling pathways involved with regulating the actin cytoskeleton to produce 
invasive leading edge structures: lamellipodia and invadopodia. Critical actin binding proteins 
and structures are highlighted in red. Adapted from Lin and Winer (2007) [23], Yamaguchi and 
Condeelis (2007) [24] 
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1.3 Antibody-based therapies for HER2+ cancers 

The use of monoclonal antibodies for cancer therapy has been one of the most important 

hallmarks in cancer treatment. Antibodies that predominantly bind antigens in cancer cells have 

been identified for various cancer types [30, 32, 33]. Patients with tumours expressing high levels 

of HER2 have benefited tremendously from HER2-targeted therapies such as Trastuzumab [30] 

[33] [34, 35] . 

Trastuzumab is a humanized monoclonal immunoglobulin G1 (IgG1) antibody that binds to 

sub-domain IV of the HER2 extracellular domain and prevents dimerization of the receptor [36-

38]. There are multiple mechanisms through which trastuzumab exerts its effects on different 

cancer types. One major mechanism of action is through inhibition of HER2 signaling (Fig1.2).  

Binding of trastuzumab to HER2 suppresses phosphorylation of the tyrosine kinase domain that 

normally triggers a variety of downstream signaling pathways implicated in tumour growth, 

survival and metastasis [36, 38-40]. Aside from inhibiting receptor signaling to control cancer 

cell proliferation and survival, trastuzumab displays antibody dependent cytotoxicity by 

activating immune cells with IgG receptors, leading to anti-tumour immune responses [41]. On 

its own, trastuzumab is sometimes used to treat patients with high HER2 status tumours that have 

not received chemotherapy or have not responded to chemotherapy [31]. However, trastuzumab 

is usually administered in combination with standard chemotherapy, and has greatly improved 

overall disease-free survival and decreased the risk of recurrence by nearly 50 % [36, 42-44]. 

This has led trastuzumab to become the first line treatment in combination with other 

chemotherapeutic agents for patients with HER2+ breast cancer.  

With the success of trastuzumab, several other HER2-targeting antibodies and small 

molecule inhibitors have been developed and evaluated. Many of these agents that include 
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lapatinib and pertuzumab have shown improved responses when used in combination with 

trastuzumab or other chemotherapy. These combination treatments increase anti-tumour activity 

by providing a more complete blockage of HER2 downstream signalling (Fig.1.2). Lapatinib is a 

small molecule inhibitor to EGFR and HER2 tyrosine kinases. The trastuzumab-lapatinib 

combination has shown significant reduction in tumour cell proliferation [28, 29, 40, 45]. Cancer 

patients that fail to respond to Trastuzumab have benefited from the antibody Pertuzumab. 

Pertuzumab binds to subdomain II of the extracellular portion of HER2 and inhibits receptor 

dimerization as well as promoting antibody-dependent cellular toxicity [44]. 

A study by Baselga et al. (2010) found that targeting HER2+ tumours with 2 anti-HER2 

monoclonal antibodies that have complementary mechanisms of action results in enhanced 

inhibition of HER2 activity [44]. Baselga and others showed that the combination of pertuzumab 

with trastuzumab and docetaxel significantly prolonged progression-free survival in metastatic 

breast cancer patients [36, 43, 44]. These researchers also found an overall 50 % positive 

response for at least 6 months when pertuzumab treatment was given to HER2+ advanced breast 

cancer patients whose disease had progressed while on trastuzumab [36, 43, 44]. The 

trastuzumab-pertuzumab combination has also reduced tumour progression in xenograft mouse 

studies [46, 47]. Though pertuzumab has primarily been used for treatment of ovarian cancer, it 

is also used for the treatment of recurrent HER2+ breast cancer and in combination with other 

chemotherapeutic agents [44, 48].  

Unfortunately, in most cases along with resistance, antibodies display insufficient cytotoxic 

activity. Many antibody-based therapies fail to provide full protection against cancer progression 

or recurrence. This has led researchers to develop new technologies to enhance the function and 
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cytotoxicity of clinical grade antibodies. A new emerging class of antibody based drugs called 

antibody drug conjugates (ADC) have been developed [11, 36, 49].  
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Figure 1.2. HER2 antibody mechanism of action. The figure shows how various antibody 
immunotherapies (trastuzumab, pertuzumab) work to perturb downstream HER signaling. The 
two major pathways usually affected are the RAS/MAPK pathway (cell proliferation) and the 
PI3K/AKT pathway (cell survival).  Both trastuzumab and pertuzumab also display antibody-
dependent cellular cytotoxicity by recruiting immune cells to the tumour. Adapted from 
Teplinsky and Komal (2014) [50] 
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1.4 Antibody Drug Conjugates 

ADCs are therapeutic agents that use the targeting ability of monoclonal antibodies to deliver 

highly cytotoxic drugs to tumour cells expressing specific antigens [51-54]. The desired effect is 

to improve the therapeutic activity of antibodies, and increase the specificity and effective dose 

of cytotoxic agents on tumour cells, while sparing normal cells. ADCs are currently the fastest 

growing class of targeted cancer therapeutics as exemplified by the success of Seattle Genetics’ 

ADC, brentuximab vedotin for certain lymphomas and Genentech’s trastuzumab emtansine (T-

DM1), for HER2+ breast cancer [55]. Trastuzumab emtansine is a microtubule-targeting ADC 

that incorporates the targeted actions of the monoclonal antibody trastuzumab on HER2+ cancer 

cells, with the cytotoxic microtubule inhibitor DM1 (a derivative of maytansine) (Fig.1.3) [45, 

55, 56]. T-DM1 is made up 3 - 4 molecules of DM1 conjugated to 1 molecule of trastuzumab via 

a non-reducible thioether linker. Amplification or overexpression of HER2 has been shown to be 

necessary for full efficacy of T-DM1 [40, 57]. Currently, T-DM1 is used as a third line 

treatment, or for patients with stage IV HER2+ breast cancer. T-DM1 has also been 

demonstrated to have some additional protection against central nervous system progression and 

metastases [58, 59].   

As seen in Figure 1.4, T-DM1 binding to HER2 leads to targeted drug delivery to the cancer 

cell via the endolysosomal pathway [60-62]. Clathrin-mediated endocytosis is the generally 

accepted method of internalization of ADCs especially T-DM1 [45, 51, 57, 60, 62]. Endocytic 

vesicles fuse with early endosomes and cargo is transported to late endosomes containing 

proteases and hydrolases. Proteolytic degradation of the antibody in the lysosome causes release 

of the cytotoxic warhead DM1. Release of DM1 inhibits microtubule assembly, induces mitotic 

catastrophe and eventually tumour cell apoptosis [58, 62, 63]. In addition to delivering a 
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cytotoxic agent, T-DM1 also displays the functional activities of the naked trastuzumab antibody 

such as inhibition of the PI3K pathway and antibody-dependent cellular cytotoxicity [45, 50, 62].   

In a number of clinical trials, patients treated with T-DM1 had longer progression-free 

survival and improved overall survival rates when compared with patients on other 

chemotherapeutic drugs [45, 57, 64]. Junttila et al. (2011) have shown that T-DM1 is still active 

against cancers that have developed resistance to trastuzumab and/or the small molecule 

lapatinib [63]. Breast and ovarian tumour xenograft studies in mice treated with T-DM1, have 

shown complete and long lasting tumour regression [57, 65]. In spite of the many successes of T-

DM1, disease progression continues to occur; hence work still needs to be done to find therapies 

that will give a more complete response. To date, ADCs on the market or in development 

primarily use microtubule inhibitors (maytansine) or tubulin inhibitors (auristatin) as their 

cytotoxic component [66-68]. Most recently, studies have shown that DNA cross-linking agents 

(pyrrolobenzodiazepines) can also be developed as ADCs [69]. Collectively, these ADCs have 

provided proof-of-principle of antibodies selectively delivering cytotoxic cytoskeleton targeting 

payloads to cancer cells.  We believe that combination of antibodies with drugs that target the 

actin cytoskeleton will show improved response in treating highly metastatic cancers. The use of 

actin inhibitors represents a novel and mechanistically distinct class of ADCs that may protect 

cancer patients from metastasis.  
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Figure 1.3. Schematic of the ADC Trastuzumab emtansine. Trastuzumab emtansine is a 
HER2-targeted antibody-drug conjugate (ADC). It is made up of the humanized anti-HER2 
IgG1, trastuzumab (blue), covalently linked to the microtubule inhibitory drug DM1 (a 
maytansine derivative) via the stable thioether linker MCC (4-[N-maleimidomethyl] 
cyclohexane-1-carboxylate). Emtansine refers to the MCC-DM1 complex. The n is, on average, 
3.5 DM1 molecules per trastuzumab molecule [51]. 
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Figure 1.4. Schematic representation of the mechanism of action of the ADC Trastuzumab 
emtansine. Following tumour localization, ADCs bind to HER2 overexpressing cells, and is 
internalized via clathrin-mediated endocytosis. The ADC is trafficked along the endolysosomal 
pathway, where at the lysosomes the warhead moiety is released from the antibody following 
proteolytic degradation. The warhead (DM1) then freely enters the cytoplasm where it binds to 
microtubules and leads to mitotic arrest and apoptosis. Adapted from Barok et al. (2014) [62]. 
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1.5  The eukaryotic cytoskeleton 

The eukaryotic cytoskeleton is made up of three fundamental proteins: microtubules, 

intermediate filaments and actin [70, 71]. Together these proteins form a dynamic network that 

underlies many aspects of physiology including mitosis and cytokinesis, cell stiffness, cell 

polarity, ECM patterning and cellular motility [70-73]. Abnormalities in cytoskeletal dynamics 

are associated with many pathological disorders such as myofibrillar myopathies, neurological 

disorders and cancer [71, 73]. Given that cancer cells depend on enhanced proliferation and 

motility for growth and metastasis, the cytoskeleton (microtubules, actin) has been and still 

remains an attractive target for cancer drug development.  

Microtubules are hollow cylindrical polymers composed of the globular protein, tubulin 

organized as α- and β- heterodimers. They are involved in nucleic and cell division, and long-

range intracellular transport [73, 74]. Owing to its importance in cell division, the microtubule 

component of the cytoskeleton has been a successful target in the chemotherapeutic treatment of 

cancer since the early 60s. Many tubulin-binding drugs (taxanes, epothilones, vinca alkaloids) 

have been developed to suppress dynamics of the mitotic spindle and result in mitotic arrest and 

eventual apoptosis [74-76]. Despite the success of these agents, cancer progression occurs in 

many cases. One of the reasons for the cancer progression is due to the fact that most 

microtubule-targeting agents have little effect on tumour cell migration and invasion. Actin-

targeting agents on the other hand will directly disrupt the cells’ ability to successfully migrate 

and or invade and can thereby reduce cancer progression from metastases. 

Actin is one of the most abundant and highly conserved proteins in eukaryotes. It has a 

globular structure with a mass of 43 kDa that is composed of four subdomains. ATP and Mg2+ or 

Ca2+ bind and undergo hydrolysis within a cleft separating subdomains 2 and 4 (Fig.1.5) [73]. 
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Under physiological conditions, MgATP-bound globular actin (G-actin) monomers 

spontaneously polymerize in a head-to-tail arrangement into linear filaments (F-actin) after 

forming a nucleation seed of four monomers. This arrangement translates into topological and 

functional differences in the two ends of F-actin: one end is referred to as the pointed end (-) and 

the other the barbed end (+). Addition of MgATP-bound G-actin monomers predominantly 

occurs at the barbed end (Fig.1.8) [73, 77]. Once incorporated in the growing filament, actin 

subunits can hydrolyze their bound ATP to ADP. MgADP-bound subunits have a weaker affinity 

for other actin molecules, and will preferentially dissociate from the slower growing pointed end 

of F-actin. The outcome of this can be spontaneous elongation (polymerization) of the barbed 

end and shortening (depolymerization) at the pointed end leading to a “treadmilling” effect. 

Coordination of F-actin polymerization and depolymerization by a myriad of actin binding 

proteins produces forces that drive the generation of leading edge protrusions and the crawling 

locomotion of the cells (Fig.1.6) [73, 77, 78]. Such types of regulated actin polymerization also 

contribute to the scission of membrane invaginations into vesicles during endocytosis, thereby 

regulating compartmentalization of the cell [72, 73, 77]. Additionally, actin filaments together 

with myosin II-containing filaments form contractile structures in cells. In muscle cells, F-actin 

is a core component of the sarcomere and interacts with myosin filaments to enable force 

generation required during muscle contraction [78-80].  
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Figure 1.5. Atomic structure of actin. (A) The structure of G-actin with the 4 subdomains and 
the ATP binding cleft. (B) A model of F-actin with 5 actin subunits (3 in the front and 2 in the 
back).  
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1.6 Metastasis and the actin cytoskeleton 

Metastasis is one of the most life threatening events for patients with cancer; accounting for 

90 % of cancer related deaths. It is the spread of tumour cells from a primary tumour site to 

secondary sites [4, 9, 81, 82]. Distinct cancer types tend to metastasize to different sites. 

Common metastatic sites for breast cancer include the liver, lungs, brain and bone [4]. 

Metastases to the cervix, colon, liver, lung and peritoneum are frequent with ovarian cancer [9].  

In order for cells to metastasize, they undergo several discrete processes that include cell 

migration, ECM degradation, invasion, as well as both entry and exit from blood or lymphatic 

vessels (Fig.1.6) [81-83]. For the purpose of this thesis project, we will focus primarily on the 

cell migration and invasion steps of metastasis. These early steps involve actin cytoskeletal 

rearrangements, which produce plasma membrane protrusions, such as lamellipodia, filopodia 

and invadopodia at the leading edge to enable cell migration and invasion (Fig.1.7). In addition 

to membrane protrusions, cell cycle progression is also influenced by regulation of the actin 

cytoskeleton and can also be targeted [84, 85].  
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Figure 1.6. Simple schematic of key steps in metastasis. In order for cancer cells to 
metastasize, they must successfully complete all of the steps of the metastatic cascade. Cancer 
cells in the primary tumour acquire the ability to detach from the primary tumour and migrate 
through the surrounding ECM and basement membrane (invasion). They must also degrade 
vascular basement membrane and travel across the endothelium (intravasation). Tumour cells 
must survive in circulation before arrest in a capillary bed and exit from the vasculature 
(extravasation). Disseminated cells grow and interact with the extracellular environment to form 
secondary tumours at distant site(s). 
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1.7 Cell migration and invasion 

Cell migration is a vital feature of many cell types for both normal physiological and 

pathological processes such as embryonic morphogenesis, immune surveillance, tissue repair and 

regeneration, and cancer metastasis [83, 86, 87]. In response to chemical or mechanical stimuli, 

malignant tumour cells alter or completely lose cell-cell adhesion capacity, dissociate and attain 

a motile phenotype. This phenotype results in changes to the organization of the actin 

cytoskeleton and cell migration away from the primary tumour [24]. Migrating cells acquire a 

polarized morphology where one end is referred to as the leading edge and the other the trailing 

edge (Fig.1.7). Two distinct actin networks are formed as a result of actin polymerization at the 

cell’s leading edge. These networks are organized into structures known as filopodia and 

lamellipodia [73, 86, 88-91]. 

Filopodia are composed of parallel rod-like bundles of F-actin that are used for sensing the 

environment beyond the leading edge of the cell (Fig.1.7). Filopodia help to set the direction of 

cell movement and also aid the cell to infiltrate between small gaps. Fascin is the predominant 

actin bundling protein found in filopodia. Fascin expression is upregulated at the leading edge of 

invasive malignant cells [84, 86, 89-91].  Lamellipodia are composed of a branched network of 

F-actin that forms a flat, sheet-like membrane protrusion (Fig.1.7). Polymerization of actin 

filaments at the leading edge drives the lamellipodia extension, and interactions with focal 

adhesions generate a force to pull the cell body forward during in cell migration (Fig.1.7) [84, 

86, 89-91].  

In addition to migration, an early key step in the metastatic cascade is the ability of the 

tumour cells to degrade ECM within basement membranes to invade into adjacent tissues. The 

ECM surrounding the tissue is assembled from proteoglycans and fibrous proteins (collagen, 
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elastin, fibronectin). To cross the dense barrier of ECM, invasive cancer cells further exploit 

actin dynamics through remodeling of the actin cytoskeleton to produce ECM-degrading 

structures known as invadopodia [22, 24, 25, 27, 84, 90, 92-94].   
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Figure 1.7. Actin cytoskeletal features of a migrating cell. Actin polymerization at the leading 
edge results in protrusions known as A- lamellipodia (Lp) and B- filopodia (Fp) in migrating 
cells.  Cells connect their cytoskeleton to ECM through C- focal adhesions (FA). D-lamella (Lm) 
localizes behind the lamellipodium and is made up of condensed linear actin bundles. Rear 
retraction requires the coordinated contraction of the actin cytoskeleton and disassembly of the 
adhesions at the trailing edge. Focal contacts (FC) and stress fibers (SF) can also be seen in the 
schematic. Adapted from Le Clainche and Carlier (2008) [89]. 
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1.8 Invadopodia 

In recent years, a number of studies have identified invadopodia as cancer cell specific 

structures required for invasion, intravasation and extravasation of tumour cells during metastasis 

[25-27, 84, 93, 95]. An invadopodium consists of an adhesive domain (integrins), a protrusive 

domain supported by a F-actin core, and a proteolytic domain with localized activation of matrix 

metalloproteinases (MMPs) [26, 27]. Invadopodium formation can be induced by a number of 

stimuli that include growth factors that activate pathways leading to actin polymerization 

(Fig.1.1B) [22, 24-27, 92, 96].  

The adhesive and proteolytic domains play important roles in invadopodia maturation. 

Adhesive proteins (integrins, talin, focal adhesion kinase) enhance invadopodia maturation by 

promoting actin polymerization and ECM degradation through MMPs [27, 97].  Branch et al. 

(2012) found that inhibition of integrin-mediated adhesion reduces ECM degradation but has 

little to no impact on invadopodia formation [98]. Within adhesion sites, integrins bind and 

activate MMP-14, a receptor-type MMP transported via microtubules to invadopodia precursors 

[26]. Elevated levels of MMPs are commonly found to be associated with highly invasive and 

aggressive cancers [26, 99, 100]. Although targeting MMPs with small molecule inhibitors has 

been attempted in clinical trials, these efforts have limited benefits and many side effects [99]. In 

fact, some cancers cells altogether changed their mode of migration and invasion. These cells 

usually adopted a protease-independent mode of invasion and used actin polymerization forces to 

penetrate deeper into the ECM [101].  

The invasive domain, which makes up the core of the invadopodia is composed mainly of F-

actin and actin-associated proteins (Fig.1.8).  Among these proteins are cortactin, N-WASP, 

Arp2/3, Tks5 and formins. The binding of cortactin to Arp2/3 and N-WASP is critical for 
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invadopodia initiation [22, 24-26, 102].  Tks5 is a scaffolding protein that is unique to 

invadopodia and plays a vital role in invadopodia maturation [25, 95, 103]. Together, the actin 

protein interactions in this domain result in F-actin polymerization in both a branched and a 

parallel fashion. The polymerization of these actin bundles generates forces that push the plasma 

membrane deep into the ECM where it can be degraded by MMPs and create a passage for cells.  

  Schoumacher et al. (2010) found that along with being enriched with many essential actin 

polymerization proteins, including cortactin and Arp2/3, invadopodia are also enriched with 

lamellipodia and filopodia associated proteins such as mDia2, VASP, myosin-X and fascin. 

Their team also found that microtubules are also required for the elongation of invadopodia 

where they likely aid in providing tracks for the delivery of MMPs [26, 104].  

In addition to the early steps of metastasis, invadopodia are also required for extravasation, 

which is the penultimate step in metastasis. Using intravital microscopy, Leong et al. (2014) 

showed that cancer cells extend invadopodia mainly at endothelial junctions into the 

extravascular stroma prior to and during extravasation [95]. Currently, therapies targeting the 

core steps of metastasis (invasion, intravasation, extravasation) are still lacking. Given that 

invadopodia are essential for each of these steps, therapies targeting invadopodia and its F-actin 

core holds promise as a checkpoint for metastasis [22, 25-27, 84, 92, 93, 95].  
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Figure 1.8. Schematic of the F-actin core of invadopodia. Invadopodia are composed of an F-
actin core with actin regulatory proteins (Arp2/3, N-WASP, cortactin, etc). N-WASP and Arp2/3 
activate actin polymerization. Cortactin replaces N-WASP and stabilizes the branched actin. 
Cortactin also regulates MMP trafficking and secretion. Adapted from Fife et al. (2014)[71]. 
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1.9 Actin Targeting Natural Products  

A vast number of actin-associated proteins regulate polymerization, branching, severing, 

stabilizing, capping, and disassembly of F-actin in a highly dynamic manner, depending on the 

needs of the cell (Fig.1.9). A large number of natural product small molecules that bind and 

modify actin in similar ways to these actin associated proteins have also been discovered in a 

variety of organisms that include bacteria, terrestrial plants, fungi, and marine sponges (Fig.1.10) 

[105-107].  Many of these molecules perturb actin dynamics to the extent that cell viability is 

compromised and apoptosis occurs at sub-micromolar (µM) concentrations. These actin toxins 

are classified as either filament stabilizing or filament destabilizing compounds, often based on 

their effect on purified actin polymer formation using kinetic pyrenyl-actin polymerization 

assays in vitro, or their effect on actin cytoskeleton structure in fluorescently stained cells. The 

most well known F-actin stabilizing compound and molecular probe is phalloidin from death cap 

mushroom, Amanita phalloides [108, 109].  

Phalloidin binds tightly on the surface of F-actin subunits and increases the stability of actin 

filaments. Phalloidin binds F-actin in a 1:1 ratio and inhibits G-actin dissociation from both ends 

of the filament [109]. Natural actin-binding competitors of phalloidin are chondramides. 

Chondramides are a C-18 myxobacterial cyclodepsipeptides that induce actin polymerization in 

pyrene assays [110]. In cell-based assays, chondramides inhibit cell proliferation, induce 

agglomeration of actin and bind to stress fibres [111, 112]. A 2014 study by Menhofer et al. 

showed that lung metastasis was inhibited when mice harbouring 4T1 mammary tumours were 

treated intravenously with chondramide D [112]. In the same study, the authors reported that 

chondramide treatment impairs both migration and invasion of human MDA-MB-231 breast 



 

26 

cancer cells [112]. This study provides proof-of-principle that actin-targeting compounds can be 

used to reduce the metastatic potential of tumour cells.  

Among the destabilizing class of actin toxins are the reidispongiolides and sphinxolides, 

lobophorolide, and trisoxazole macrolides (kabiramide, mycalolides). These molecules have 

similar structures that are made up of a highly variable macrocyclic ring and a linear aliphatic tail 

(Fig.1.10A). Although there are at least six different natural product-binding sites on actin, this 

class of compounds shares a common binding site (Fig.1.10B) and mimics endogenous actin 

barbed end-binding proteins [105, 106, 113-116]. These macrolides bind to the barbed end of 

actin with nanomolar affinity and inhibit further longitudinal interactions between adjacent actin 

subunits within the protofilaments of F-actin.  

A number of X-ray crystallography studies have shown that many of these actin-destabilizing 

toxins intercalate their tail region into the hydrophobic cleft between actin subdomains 1 and 3 

[105, 113, 117, 118]. Allingham et al. (2005) showed that the N-methyl-vinylformamide tail 

plays a vital role in determining binding affinity to actin, stability and functionality of the toxin 

[113]. Perrins et al. (2008) also confirmed the importance of the tail, when they developed 

analogs made up of predominantly the tail portion of actin toxins. The generated analogs not 

only retained actin-binding properties but also inhibited actin polymerization [54, 119, 120]. 

Many researchers including Hussain et al. (2010) have also used marine macrolide natural 

products and or analogs to show that the tail alone portion is able to independently bind to actin 

between subdomains 1 and 3; while the macrocycle on its own appears to be incapable of 

docking to its site on actin in the absence of the tail [118-121].  Pharmacological studies also 

provided evidence that the tail is important in determining the cytotoxicity of the compound on 

different cell lines [107, 118, 122]. Together, these studies provide support that actin dynamics 
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may be controlled through the use of these natural product toxins primarily through their N-

methyl-vinylformamide aliphatic tail.  

Although targeting actin dynamics as a way to inhibit tumour cell motility and invasion is not 

a new therapeutic approach [85, 123-125]; actin-binding drugs have not been successful as 

chemotherapeutic agents [126]. For example, the actin-binding natural products cytochalasin D 

and jasplakinolide showed promising in vitro anti-cancer properties and potent in vivo anti-

proliferative properties, but were found to be too toxic when used in in vivo studies [87, 101, 

127-129]. Deterred by toxicity and unsuitable therapeutic index, further investigation into actin 

targeting compounds, as therapeutic agents have not advanced. However, recent advancements in 

targeted therapy delivery mechanisms for cytotoxic agents, and improved synthetic chemistry 

methods to generate cytotoxic compounds in abundance have revived this line of inquiry. The 

studies described in this thesis involve a thorough investigation of the macrolide toxin 

Mycalolide B as a proof-of-concept that actin can be a suitable target to halt the underlying 

mechanisms of cancer metastasis in cell lines that present ADC-compatible antigens.  
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Figure 1.9. Actin dynamics and mechanisms of actin structure regulation.  Actin 
polymerization occurs by treadmilling. Polymerization is faster at the barbed end compared to 
the pointed end.  Actin polymerization is enhanced by nucleation. Once formed filaments are 
processed by a number of actin binding proteins that can lead to filament capping, severing, 
stabilization or sequestration of monomers.  
 

 

 

 

 

 

 

 

 

Sequestration 

StabilizationSeveringCappingTreadmilling 

X

X

Barbed
end (+)

Pointed
end (-)



 

29 

 

Figure 1.10. Actin targeting natural compounds. (A) Structure of a number of natural product 
small molecules. Top row are actin-stabilizing molecules (phalloidin, jasplakinolide, 
chondramide) while the bottom row are actin destabilizing molecules (lobophorolide, 
reidispongiolide A, kabiramide C).  (B) Actin binding site interaction of a few macrolide natural 
products. These molecules all share a similar binding site despite having different structures and 
potency [113]. 
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1.10 Mycalolide B 

Mycalolide B (MycB) is a naturally occurring and potent actin toxin that was originally 

isolated from the Mycale sp. marine sponge in the Bay of Gokasho, Kii Peninsula, Japan [130]. 

Its structure can be divided into two distinct parts: the characteristic macro-lactone ring (C1-

C24) with 3 contiguous oxazole units, and a side chain (C25-C35) with an N-methyl-

vinylformaide terminus (Fig.1.10A) [114, 115, 130].  Based on studies of related macrolides, 

such as kabiramide C, ulapualide A, lobophorolide, aplyronine A, and reidispongiolide [105, 

106, 114, 115], both the ring and the tail portions of mycalolides interact with actin (Fig. 1.10B) 

on a surface that is intimately involved in actin-actin subunit interactions within filaments. 

Additionally, these compounds all bind at a site that is common to many actin regulatory 

proteins. The first section of the ring (C1- C9) appears to be important for the initial actin 

interaction, while the tail region holds the cytotoxic properties [114, 117, 119, 131, 132]. On 

binding to the barbed end of actin, these toxins typically form a 1:1 complex with G-actin that 

inhibits polymerization of G-actin and quickly leads to complete depolymerization of F-actin. 

Satio et al. (1994) have proposed that MycB severs F-actin filaments to enhance 

depolymerization unlike cytochalasin D that caps F-actin filaments to promote net 

depolymerization [130].  

Since its discovery in the late 1980s, MycB has been shown to have antifungal and cytotoxic 

properties; as well as, inhibiting actin-myosin interactions [132-134]. Several synthetic and 

kinetic studies have been reported on the activity of marine macrolides and their derivatives; 

however, these do not represent the complexity of the intracellular dynamics of the actin 

cytoskeleton. To this end, many macrolides have been found to exhibit potent inhibition of 

proliferation of different cancer cell lines that include skin, blood, colon, and breast cancer [123, 
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131-133, 135]. Detailed studies of MycB and its effects in cancer biology are currently lacking. 

Considering the general cellular effects of MycB and related compounds such as aplyronine, it 

has been proposed that this class of compounds could be utilized to combat metastasis if they can 

be specifically targeted to cancer cells [105, 106, 112, 122, 132, 136, 137]. We propose that this 

targeted therapy could be accomplished by ADC technology, where actin toxins would be 

conjugated to cancer antigen specific antibodies such as Trastuzumab. This would result in the 

development of a novel MycB containing ADC, with the proposed mechanism of action shown 

in Figure 1.12.  
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Figure 1.11. Chemical structure of Mycalolide B. The structure of Mycalolide B (MycB) 
shows the trisoxazole-containing macrolide ring and side chain with an N-methyl-
vinylformamide terminus.  
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Figure 1.12. Proposed mechanism of action of an actin targeting ADC. Following tumour 
localization, ADC binds to HER2 overexpressing cells, and is internalized via clathrin-mediated 
endocytosis. The ADC is trafficked along the endolysosomal pathway, where at the lysosomes 
the warhead moiety is released from the antibody. The warhead (MycB) then freely enters the 
cytoplasm where it binds to actin and disrupts actin-mediated functions such as migration and 
invasion that drive metastasis.  
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1.11 Hypothesis and specific aim 

We hypothesized that inhibitors of actin dynamics can be used to develop a class of novel 

ADCs that will decrease cancer cell invasive potential and metastases. Specifically, we predicted 

that Mycalolide B analogs can be used as the warhead for an ADC that targets and inhibits actin 

cytoskeleton dynamics, leading to prevention of metastasis and promotion of apoptosis. By not 

only targeting cell proliferation but also the actin machinery involved in cell migration and 

invasion, which are critical during metastasis, this approach represents a novel and 

mechanistically unique strategy of targeting tumour cells. The overall aim of our study was to 

provide proof-of-concept that MycB can be sufficiently cytotoxic to HER2+ tumour cells to 

warrant its use as warhead for an ADC, in combination with HER2 inhibitory monoclonal 

antibodies such as trastuzumab. To test our hypothesis and overall aim, the objectives of this 

research project were as follows: 

Objective 1: Determine the mode of actin binding, cytotoxicity and anti-metastatic effects of 

MycB on HER2+ metastatic cancer cell lines 

Objective 2: Determine that MycB does not perturb receptor internalization  

Objective 3: Test and compare the effects of MycB in combination with a HER2 inhibitory 

antibody  
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1.12 Rationale 

Over the years, trastuzumab shows great success as a first line targeted therapy (with 

chemotherapy) for HER2+ breast cancers. Although trastuzumab has undeniably improved 

cancer control, it does not fully protect patients from cancer metastasis. Since cancer cell 

migration and invasion remain the underlying causes of cancer metastasis; inhibition of the 

structural or functional components of invasive features such as invadopodia could block 

metastasis. Actin-targeting toxins that can block invadopodia formation, maturation, and 

function could provide a powerful solution to this problem. The use of these actin toxins as a 

new class of warhead on ADCs, could offer a more targeted approach to minimize the off-target 

adverse effects of free actin toxins and provide a new chemotherapeutic defense against the 

critical steps of metastasis. Our proposed model uses the monoclonal antibody, trastuzumab that 

has been shown to have high affinity, selectivity and therapeutic activity with low 

immunogenicity; in conjunction with a cytotoxic actin toxin, MycB, with activity in low 

nanomolar (nM) ranges [31, 38, 41, 107, 130, 132]. Although the creation of a MycB-

trastuzumab ADC is beyond the scope of this project, the success of the T-DM1 for HER2+ 

breast cancer supports thorough pre-clinical investigations of this strategy.  
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Figure 1.13 Aim of study. The macrolide toxin Mycalolide B binds to and depolymerizes F-

actin filaments. MycB was tested as a potential warhead of a novel ADC to reduce the cancer 

cell migration and invasion, which are the underlying early steps in metastasis.  
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Chapter 2 

Materials and Methods 

2.1 Proteins and reagents  

Actin and Pyrene Actin used in the crystallizations and in vitro assays was purchased from 

Cytoskeleton Inc. (Denver, CO). Mycalolide B (MycB) was purchased from Wako Chemicals 

(USA) and dissolved in DMSO to 3 mM stored at -20 oC. Immediately before cell culture 

experiments, MycB was dissolved in growth medium containing DMSO at a final maximum of 

0.3- 1.0  % (v/v) depending on the experiment. Trastuzumab (Herceptin®) was provided by 

Genetech and was dissolved in complete media immediately before an experiment. 

 

2.2 Crystallization, data collection, and refinement 

MycB was mixed with 10 mg/ml G-actin from rabbit muscle in G-buffer (5 mM Tris, pH 8, 0.2 

mM CaCl2, 0.2 mM ATP and 0.5 mM DTT) at a 1:1 molar ratio. Mixture was incubated on ice 

for 1h. Crystals grew from 0.1 M sodium cacodylate:HCl pH 6.5, 20 % polyethylene glycol 

8000, 0.2 M magnesium acetate and diffraction data was collected at Canadian Light Source, 

beamline 08ID-1. Diffraction data was integrated and scaled with the program HKL200 [138]. 

The actin-MycB complex structure was solved by molecular replacement from chain A of the 

actin–ulapualide A structure (PDB accession code 1S22). The structure was refined with 

Refmac5 and manually optimized using Coot [139, 140].  

 

2.3 Pyrenl-actin polymerization assay  

Actin polymerization reactions were performed as follows: 63 µL of 9 µM (final concentration) 

30 % pyrene actin in G-buffer was mixed with 1.4 µL of 0 - 250 µM solutions of MycB in 
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DMSO in a fluorimeter cuvette at 25° C. After 50 s incubation, actin polymerization reactions 

were initiated by the addition of 7 µL of actin polymerization buffer (APB) (100 mM Tris-HCl 

pH 7.5, 500 mM KCl, 20 mM MgCl2 and 10 mM ATP) to pyrene actin – toxin mixture [113]. 

Fluorescence emission at 406 nm was measured using a Lifetime Fluorimeter (ISS, Inc.) with an 

excitation wavelength of 365 nm, for a time period of 600 s. 

 

2.4 Cell culture 

All cell lines were cultured under constant humidity at 37 oC with 5 % CO2. SKOV3 cells were 

provided by the Koti Lab (Queen’s University) and cultured using complete McCoy’s 5A media 

(10 % FBS + 1 % antibiotics-antimycotics). SKBR3, MDA-MB-453 and HCC1954 cells were 

obtained from ATCC, and cultured using complete DMEM media (10 % FBS+ 1 % antibiotics-

antimycotics). 

 

2.5 Immunoblot analysis 

For the detection of HER2 and EGFR protein in cell lysates, immunoblot analysis was 

performed. 5-8 x105 cells/mL were plated in 6-well plates and grown to ~90 % confluence.  Cells 

were placed on ice, rinsed once with PBS and lysed with radioimmunoprecipitation assay (RIPA) 

lysis buffer (Table 2.1). Protein quantification of whole cell lysates was done using the Bio-Rad 

protein assay (Bio-Rad). Lysates were diluted to 1mg/mL with 6x sodium dodecyl sulfate (SDS) 

sample buffer and PBS. (Table 2.1) and heated for 5 mins at 95 oC. Equal amounts of proteins 

were loaded and resolved by sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-

PAGE) using a Bio-Rad system. The gel was transferred to polyvinylidene difluoride (PVDF) 

membranes using a semi-dry transfer apparatus (Bio-Rad). Membranes were blocked with 5 % 
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skimmed milk in TBST buffer (Table 2.1) and incubated overnight at 4 oC with primary 

antibodies (Table 2.2). Following TBST washes; membranes were incubated for 1 hr at room 

temperature (RT) with LI-COR® horseradish peroxidase (HRP)-conjugated goat anti-rabbit IgG 

(1:25,000) or LI-COR® horseradish peroxidase (HRP)-conjugated goat anti-mouse IgG 

(1:25,000). Signals were detected with enhanced chemiluminescence (ECL) reagents and LI-

COR C-DiGit® blot scanner (LI-COR Biosciences). In some cases, membranes were stripped 

with mild stripping buffer (Table 2.1) for 10 mins and the method was repeated using other 

primary antibodies (Table 2.2). 
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Table 2.1: Immunoblot buffers  

 

 

 

 

 

 

 

 

 

Solution Composition 

RIPA lysis buffer 50mM Tris-HCl (pH 7.4), 150mM NaCl, 

1mM EDTA, 1% Triton X-100, 1% sodium 

deoxycholate, 0.1% SDS, protease and 

phosphatase inhibitors 

 

6x SDS buffer 375mM Tris-HCl (pH 6.8), 30%[v/v] 

glycerol, 10%[w/v] SDS, 5%[v/v] β-

mercaptoethanol, 0.03%[w/v] bromophenol 

blue 

TBST buffer 10mM Tris-HCl (pH7.5), 150mM NaCl. 

0.1% Tween-20 

Stripping buffer 0.15% w/v glycine, 0.001% w/v SDS, 0.01% 

Tween-20, pH 2.2 
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Table 2.2: Primary antibodies for immunoblot analysis 

Antibody Source Dilution Provider 

HER2 pY1221 (2243) rabbit 1:1000 Cell Signaling 

HER2 (2242) rabbit 1:1000 Cell Signaling 

EGF-R pY1068 (3777) mouse 1:1000 Cell Signaling 

EGF-R rabbit 1:1000 Cell Signaling 

 

 

2.6 Alamar blue viability assay 

1x104 cells/well was plated in 100 µL complete media in a 96 well plate and allowed to grow for 

24 hrs. The cells were then serum starved overnight before being treated with 0 - 200 nM MycB 

for 24  - 72 hrs. 10 µL alamarBlue® reagent (Life Technologies) was added to the media and 

incubated for 4 - 8 hrs at 37 oC. Absorbance was measured at 595 nm using a Multiskan 

Spectrum plate reader (Thermo).   

 

2.7 Trypan blue cytotoxicity assay 

The cytotoxicity effect of Mycalolide B was analyzed using the Trypan Blue exclusion assay. 

Cells were plated in triplicate in 24 well plates at 5-8 x104 cells per well and allowed to adhere 

for 24 hrs. The cells were then serum starved overnight before being treated with MycB doses 

from 12.5 – 200 nM for 24 – 48 hrs in complete media. 1 % DMSO was used as the vehicle 

control. At the end time-point of the study media was collected. Cells were trypsinized and re-

suspended with the collected media. 50 µL cell suspension was mixed with 50 µL Trypan blue 
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(Sigma-Aldrich). 10 µL of this mixture was added to either side of the hemocytometer. Viable 

and stained cells were counted under the microscope.  Cell viability was normalized to control (1 

% DMSO) and dose-response curves, and half maximal inhibitory concentration (IC50) values 

were determined using GraphPad Prism 6 (nonlinear regression). 

 

2.8 Phase contrast imaging 

Phase contrast microscopy was used to observe initial changes in cell morphology on treatment 

with MycB. Cells were plated in 24 well plates at 5-8 x104 cells per well and allowed to adhere 

for 24 hrs.  Cells were then treated with 12.5 - 100 nM MycB or 1 % DMSO which was used as 

our vehicle control. Phase contrast images were taken after 24 hrs and 48 hrs incubation with 

MycB or DMSO. To evaluate whether the morphological changes induced by MycB treatment 

was reversible, cells were rinsed twice with PBS and incubated in complete media for 24 - 48 

hrs. All images were acquired using the Nikon Eclipse TS100 inverted microscope at 20X and 

analyzed using Image J software.   

 

2.9 Fluorescence microscopy imaging 

#1.5 glass coverslips (Fisherbrand®) were acid washed and coated with 0.2 % gelatin. Cells were 

seeded (2–5x104 cells/ml) and allowed to grow on coverslips for 24 - 48 hrs before being treated 

with 0-100nM MycB for 10 - 14 hrs. Cells were then fixed with 4 % paraformaldehyde (PFA), 

permeabilized in PBS/0.2 % Triton X-100 followed by overnight incubation with anti-cortactin 

primary antibody (1:100) in a humidity chamber at 4 oC.  Coverslips were rinsed thrice with PBS 

and incubated in the dark for 1hr at RT with mouse anti-Cortactin followed by Alexa Fluor® 

488-phalloidin (1:400) to label F-actin, Alexa Fluor® 568- conjugated goat anti-mouse IgG 
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(1:400) to label Cortactin and DAPI (1:2000) to label nuclei. After 3 washes with PBS, 

coverslips were mounted in MOWIOL on glass slides and sealed with nail polish. Images were 

acquired using a Quorum WaveFX-X1 Spinning Disc Confocal system (Quorum Technologies 

Inc., Guelph, Canada). 

 

2.10 Migration and invasion assays 

Migration and invasion assays were carried out using Corning ® Transwell inserts. In the 

migration assay, 8 µm Transwell inserts were coated with 0.2 % gelatin. 5x104 SKOV3 or 

HCC1954 cells were seeded in serum free media with or without drug (MycB/ Trastuzumab) in 

an insert. 10 % FBS was used as the chemoattractant in the lower compartment. After 24 hrs, 

cells were fixed with 4 % PFA for 10 - 15 mins. Cells were then washed 3 times with PBS and 

the filters were stained with DAPI (1:2000) for 45-60 mins at RT. Filters were washed twice 

with PBS and cells on top of the filter were removed with a Q-tip. Each filter was cut and 

mounted with the bottom of the filter in MOWIOL on glass slides and sealed with a glass 

coverslip. Filters were photographed at 10X using the Olympus BX51 epifluorescence 

microscope.  Images were analyzed using Image-Pro Plus 6 software. Statistical analysis was 

done using an ordinary One-way ANOVA test in GraphPad Prism 6. The level of significance 

was set at p < 0.05. The invasion assays were performed in a similar way with the only 

differences being that inserts were coated with 50 µL of 20 % Matrigel and cells were fixed after 

48 hrs. Matrigel was allowed to polymerize for 30 - 60 mins at 37 oC before cell seeding. 

 

2.11 EGF uptake assay 

Glass coverslips (#1.5, Fisherbrand®) were acid washed, placed in a 24 well plate and coated 

with 20 µg/mL fibronectin (Fn). SKOV3 cells were seeded (2–5x104 cells/well) and allowed to 
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grow on coverslips for 24 hrs in complete media. Cells were then starved overnight in serum free 

media. The following day, cells were treated with 12.5 or 25 nM MycB for 1 hr before being 

stimulated with 100 ng/mL Texas Red-conjugated EGF ligand (EGF-TR)  (Molecular Probes) 

for 15 mins to study early endosome localization or 60 mins (in the presence of 10 ng/mL 

leupeptin) to study lysosomal localization. Cells treated with 0.5 % DMSO were used as 

controls. At the stimulation endpoint cells were placed on ice and washed twice with PBS. Cells 

were then fixed with 4 % PFA, permeabilized in PBS/0.2 % Triton X-100 and incubated 

overnight at 4 oC with anti-EEA1 primary antibody (1:100) to label early endosomes or anti-

LAMP1primary antibody (1:100) to label lysosomes. Cells were then washed and incubated for 

1hr at RT with Alexa Fluor® 488- conjugated goat anti-mouse IgG (1:400) to label early 

endosomes or Alexa Fluor® 488- conjugated goat anti-rabbit IgG (1:400) to label lysosomes and 

Alexa Fluor® 670-phalloidin (1:400) to label F-actin and DAPI (1:2000) to label nuclei. After 3 

washes with PBS, coverslips were mounted in MOWIOL (Sigma) on glass slides and sealed with 

nail polish. Images were acquired using a Quorum WaveFX-X1 Spinning Disc Confocal system 

(Quorum Technologies Inc., Guelph, Canada). To score the number of EGF-TR vesicles formed, 

Image-Pro Plus 6 software was used. Vesicles in a field of view were identified and counted. 

This number was then divided by the number of cells contributing to the vesicles in the field. 

Statistical analysis was done using an ordinary One-way ANOVA test in GraphPad Prism 6. The 

level of significance was set at p < 0.05. Co-localization analysis was performed using the 

Metamorph co-localization tool. Thresholds were set for the orange (EGF-TR) and green 

(EEA1/LAMP1) channels using a field in the control group. This threshold along with a low pass 

filter was then applied to all fields in all treated and control groups. Co-localization percentage 

values were taken as the percent area of A over B following co-localization analysis data output. 
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Statistical analysis was done using an ordinary One-way ANOVA test in GraphPad Prism 6. The 

level of significance was set at p < 0.05. 
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Chapter 3 

Results 

3.1 Mycalolide B inhibits actin polymerization by binding to the barbed end cleft of G-actin  

 The effect of MycB isolated from the marine sponge Mycale sp. from the Bay of 

Gokasho, Kii Peninsula, Japan on purified actin was first demonstrated over two decades ago 

[130, 133]. By measuring the fluorescence intensity of pyrenyl-actin in the presence of Mg2+ and 

K+, Saito et al. (1994) showed that MycB inhibited polymerization in a concentration-dependent 

manner. The authors also provided evidence that MycB prevented F-actin formation by binding 

to G-actin as a 1:1 complex with an affinity ≤ 20 nM [130]. Using F-actin fluorescence, viscosity 

and electron microscopy studies they further showed that MycB induced rapid depolymerization 

of pre-formed F-actin polymers; likely by a microfilament severing mechanism. Once severed, 

Saito and others presumed that the terminal actin subunit that is bound to MycB acts as a capping 

protein to prevent actin subunit addition to the new filament end [130, 141].  

3.1.1 Mycalolide B inhibits pyrenyl-actin polymerization 

To confirm that the MycB toxin we obtained is active against actin polymer formation, 

we performed the kinetic pyrenyl-actin polymerization assay [113, 130]. This assay is based on 

the enhanced fluorescence of pyrene-conjugated actin that occurs during Mg2+ and K+-stimulated 

polymerization. In the absence of MycB, fluorescence increases rapidly and then reaches a 

plateau, indicating acquisition of a steady state in which polymerization and depolymerization 

are in equilibrium (Fig.3.1). Alternatively, addition of MycB dramatically decreased both the rate 

and maximum level of fluorescence change compared to the untreated sample (Fig.3.1).  

Moreover, the magnitude of this inhibitory effect correlated with MycB concentration. Like other 

barbed end binding toxins, addition of MycB at a sub-stoichiometric ratio compared to G-actin 



 

47 

(9 µM) produced a larger reduction in polymerization than could be predicted by sequestration 

alone. This supports a filament capping function as at least part of the mechanism of action of 

MycB. 
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Figure 3.1 Mycalolide B inhibits pyrenyl-actin polymerization at sub-stoichiometric ratios. 
(A) Schematic of pyrenyl-actin polymerization assay. (B) Effect of MycB on polymerization of 
pyrenyl-actin. The reaction medium contained 9 µM G-actin and the reaction was started by 
adding polymerization buffer shown in (A).  Fluorescence intensity was measured for 6 mins in 
the presence of no toxin or varying concentrations of MycB. 
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3.1.2 X-ray crystal structure of actin bound Mycalolide B 

By determining the X-ray crystal structure of MycB in complex with actin, a binding 

interaction is observed that supports the studies described above (Fig.3.2). This structure was 

solved by molecular replacement to a resolution of 2.18 Å and shows a single MycB molecule 

bound within the cleft separating subdomains 1 and 3 of G-actin in its MgADP form (Fig.3.2B). 

The crystallographic statistics for diffraction data collection and model refinement are presented 

in Table 3.1. Interestingly, the electron density map for MycB shows addition of a sulfhydryl 

group to C5, and that the C5−C6 double bond was missing (Fig.3.2C). Previous studies have 

shown similar modifications to this moiety, which have been proposed to promote non-specific 

interactions of MycB with other protein targets vial free thiol groups [115, 142]. While we 

cannot demonstrate the mechanism of this modification, mass spectrometry analysis of our stock 

compound (MALDI-MS, m/z = 1027.5 [M+H]+) matches the absolute mass for MycB (expected 

= 1027 Da). Apart from this modification, the rest of the MycB is in agreement with the atomic 

structure and stereochemical assignments made by Matsunaga et al. (1994) (Fig.3.2A) [143] .  

In its binding mode, the macrolide ring of MycB interacts primarily with a hydrophobic 

patch on actin formed by Ile341, Ile345, Ser348 and Leu349. The long aliphatic tail participates 

in a more extensive group of interactions with Ala135, Tyr143, Gly146, Thr148, Gly168, 

Tyr169, Leu346, Leu349, Phe352 and Met355 of the barbed end cleft of actin. The interaction of 

the tail with actin is further stabilized by water molecules that bridge the terminal oxygen of the 

N-methyl-vinylformamide group and the backbone amide hydrogens of Tyr133, Ile136 and 

Ala170.  Together, these interactions would compete with longitudinal subunit interactions; 

either preventing new subunit addition during polymerization or promoting filament breaks in F-

actin polymers (Fig.3.2D).  
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Figure 3.2. Chemical and actin-bound structures of Mycalolide B. (A) The chemical scaffold  
of MycB is shown above the modified MycB structure observed in its complex with actin. (B) 
The actin-bound conformation of modified MycB is shown between subdomains 1 and 3 of the 
MgADP form of G-actin. (C) A close-up view of modified MycB is shown on the actin surface 
surrounded by experimental electron density. The Fo-Fc electron density omit map was 
contoured at 3.0 σ. (D) The G-actin-mycalolide structure is on the a model of F-actin to illustrate 
the mechanism by which it severs F-actin and caps the barbed-end of the filament [144, 145]. 
Each filament strand in shown in a different color and presented in surface representation. The 
pointed- and barbed-ends of this “mini-filament” are labeled. The binding position of mycalolide 
creates a steric clash with the lower longitudinal actin subunit. 
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Table 3.1  Summary of X-ray Diffraction Data Collection and Refinement Statistics  
 
Data collection 

 

Space group P21 
Cell dimensions    
      a, b, c (Å) 40.74, 75.57, 67.52 
      a, b, g  (°)  90, 99.6, 90 
Resolution (Å) 30.0-2.2 (2.28-2.2) a 
Rmerge 0.085 (0.352) 
I / sI 13.8 (4.0) 
Completeness (%) 98.8 (99.4) 
Redundancy 3.2 (3.1) 
  
Refinement  
Resolution (Å) 66.6-2.18 (2.24-2.18) 
No. reflections 19630  
Rwork / Rfree 

b 0.167/0.224 
No. atoms  
     Actin  2785 
     Mycalolide  74 
     MgADP  27 
     Water 132 
     Calcium 1 
B-factors  
    Actin  29.6         
    Mycalolide  31.2         
    MgADP  21.1         
    Water 33.8 
    Calcium 34.9         
R.m.s deviations  
    Bond lengths (Å) 0.016 
    Bond angles (°) 1.048 
Ramachandran Plot  
Favoured (%) 94.5 
Allowed (%) 5.5 
a Values in parentheses are for highest-resolution shell.  
b Rfactor=Σ⎢F(obs) – F(calc)⎢/ Σ ⎢F(obs)⎢, where Rwork refers to the Rfactor for the data utilized in 
the refinement and Rfree refers to the Rfactor for 5% of the data that were excluded from the 
refinement. 
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3.2 Mycalolide B shows nanomolar cytotoxicity against HER2+ cancer cell lines in vitro  

 Effective ADCs for cancer therapy require potent (sub-nanomolar) cytotoxic molecules 

as their warhead. This is critical since only a fraction of the administered ADC actually reaches 

the tumour cells [53]. Equally important to an ADC’s effectiveness is its ability to elicit its 

intended cytotoxic effect within the cells to which it is delivered. With this in mind, the potency 

and mechanism of action of MycB was assessed in an experimental panel of three HER2+ breast 

cancer cell lines, one HER2+ ovarian cancer cell line, and the triple negative breast cancer cell 

line MDA-MB-231 as a HER2 negative control cell line  (Table 3.2). All of the HER2+ cell lines 

we selected have high metastatic potential, and their growth is inhibited by the antibody 

trastuzumab [146, 147]. The HER2 status of these HER2 +cells was confirmed by immunoblot 

analysis using HER2 antibodies (Fig.3.3). The levels of phospho-HER2 (pY1221) was more 

variable with highest levels in SKBR3, HCC1954 and SKOV3 cells (Fig.3.3). Similar to other 

researchers including Ginester et al., we did not detect HER2 phosphorylation status in our 

MDA-MB-453 cells, which may explain resistance of these cells to trastuzumab (Table 3.2) 

[147]. We also tested for EGFR expression since it is also a dimerization partner and a proven 

clinical target [61, 148, 149]. As expected, MDA-MB-231 cells were EGFR+ and HER-, while 

the three HER2+ cell lines with evidence of HER2 phosphorylation were also EGFR+ (Fig3.3). 
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Table 3.2 Experimental cells used in the project.  

 

Cell Line Cell Type HER2 Status Cancer Status Trastuzumab 

Status 

     

SKBR3 Breast Erb2 Gene 

Amplification 

Metastatic Sensitive 

MDA-MB-453 Breast Erb2 Gene 

Amplification 

Metastatic Resistant 

HCC1954 Breast Erb2 Gene 

Amplification 

Metastatic Sensitive 

MDA-MB-231 Breast Negative Metastatic - 

SKOV3 Ovarian HER2 

Overexpression 

Metastatic Sensitive 
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Figure 3.3. HER2 and EGFR status of experimental cell lines. The cell lines indicated above 
were lysed and profiled for EGFR and HER2 status by immunoblot using phospho-HER2, pan 
HER2 and pan EGFR antibodies. α-actinin was used as a loading control. The positions of the 
molecular mass markers in kilodaltons (kDa) are indicated on the right  
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3.2.1 Mycalolide B induced overt morphological changes in HER2+ breast and ovarian 

cancer cells 

To begin testing effects of MycB on HER2+ cancer cells, we visualized these cells by 

phase contrast microscopy. We noted that low doses of MycB (12.5 - 25 nM) resulted in less 

cell-to-cell contact and cell rounding within 24 hours (Fig.3.4 – 3.6). At higher doses of MycB 

(50 - 100 nM), or longer exposure to MycB (48 hrs), these morphological changes were much 

more pronounced, with fewer adherent cells visible per field of view (Fig.3.4 -3.6). The SKOV3 

ovarian cancer cells were most sensitive to MycB treatment in terms of overt changes in 

morphology. Conversely, morphological changes in the MDA-MB-453 breast cancer cell line 

were almost imperceptible. However, the tendency of these MDA-MB-453 cells to be naturally 

round and grow in “grape-like” clusters in culture could account for the limited apparent impact 

of MycB treatment. For this reason, we selected SKBR3, HCC1954 and SKOV3 cell lines for 

further study with MycB. 

After 24 hrs, SKBR3 breast cancer cells incubated with the vehicle control (DMSO) were 

relatively flat, adherent, and approaching confluence as expected (Fig. 3.4A). At 12.5 nM MycB, 

numerous cells appeared rounded with fewer cell-cell contacts (Fig.3.4B). Additionally, these 

cells were less confluent than the DMSO control, indicating a MycB-mediated proliferation 

defect and/or cell death. At 25 nM MycB (Fig.3.4C), these defects were much more evident; and 

with 50 and 100 nM MycB treatment, SKBR3 cells had a completely rounded morphology after 

24 hrs (Fig.3.4D and Fig.3.4E). These MycB-mediated phenotypic changes were maintained up 

to 48 hrs incubation (Fig.3.4I and Fig.3.4J). When MycB was removed by washing treated cells 

with PBS and then replacing MycB-containing media with fresh complete media, the cells did 

not recover as no apparent change in morphology or cell confluence was observed (Fig.3.4K-O). 
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Figure 3.4. Mycalolide B induces morphological changes in SKBR3 cells at low doses. 
SKBR3 breast cancer cells were plated in a 24 well plate and allowed to adhere. After 24 hrs 
cells were treated with either 1 % DMSO or 12.5 - 100 nM MycB for either 24 or 48 hrs. Top 
panel (A-E) are cells treated for 24 hrs while the bottom panel (F-J) shows cells treated for 48 
hrs. The bottom panel (K-O) shows cells treated with DMSO or MycB for 48hrs before being 
washed with PBS and incubated in drug free complete media for 48 hrs. Representative phase 
contrast micrographs are shown at 20X magnification. 
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Compared to the SKBR3 cells, the HCC1954 breast cancer cells were less sensitive to 

MycB treatment. After 24 hrs incubation, cells in both the DMSO control group and the 12.5 – 

50 nM MycB-treated groups were adherent and growing with appreciable cell-to-cell contacts 

(Fig.3.5A-D). Only at 100 nM MycB treatment did the cells show a clear change in morphology, 

such as rounding, after 24 hrs (Fig.3.5E). Following 48 hrs of MycB incubation, HCC1954 cells 

were almost confluent in the presence of DMSO or 12.5 – 25 nM MycB (Fig.3.5F-H), while cells 

treated with 50 nM MycB showed less proliferation and many rounded cells (Figure3.5I). MycB 

treatment at 100 nM for 48 hrs resulted in the majority of HCC1954 cells having a rounded 

morphology (Fig.3.5J). Washout of MycB and replacement of the growth media allowed 

HCC1954 cells originally exposed to 12.5- 50 nM MycB treatment to recover normal 

morphology and reach confluence (Fig.3.5K-N). However, the effect of 100 nM MycB treatment 

was irreversible, as cells failed to regain normal morphology or proliferation after MycB 

washout (Fig.3.5O).  
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Figure 3.5.  Mycalolide B induces morphological changes in HCC1954 cells. HCC1954 
breast cancer cells were plated in a 24-well plate and allowed to adhere. After 24 hrs, cells were 
treated with either 1 % DMSO or 12.5 - 100 nM MycB for 24 or 48 hrs. Top panel (A-E) shows 
cells treated for 24 hrs, while the middle panel (F-J) shows cells treated for 48 hrs. The bottom 
panel (K-O) shows cells treated with DMSO or MycB for 48 hrs before being washed and 
incubated in drug free complete media for 48 hrs. Representative phase contrast micrographs are 
shown at 20X magnification.  
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As shown in Figure 3.6, SKOV3 ovarian cancer cells were the most sensitive to MycB 

treatment in terms of morphological changes. Relative to the DMSO vehicle control group 

(Fig.3.6A), cells incubated with 12.5 nM MycB for 24 hrs were flat and evenly spread with 

fewer cell-to-cell contacts (Fig.3.6B). Proliferation defects were evident at 25 nM MycB by 24 

hrs (Fig.3.6C), and cells took on a rounded morphology at 50 nM (Fig.3.6D). At 100 nM MycB, 

many cells had lifted off the plate within the 24 hr treatment (Fig.3.6E). These effects were 

slightly more pronounced by further incubation with MycB for 48 hrs (Fig.3.6F-I), in which case 

the most drastic effects were observed in the 50 and 100 nM MycB conditions. Mainly visible in 

these treatments are “specks” of cell debris likely due to apoptosis (Fig.3.6J). As seen in Figures 

3.5 L-M, 48 hrs after being replenished in complete media, the cells appear to have completely 

recovered from the 12.5 - 25 nM MycB treatment, while only partial recovery was seen in the 50 

nM MycB condition (Fig.3.6N). Not surprisingly, the effect of 100 nM MycB treatment was 

irreversible; all of the cells were washed away after media removal. 
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Figure 3.6.  Mycalolide B induces morphological changes in SKOV3 cells at low doses. 
SKOV3 ovarian cells were plated in a 24-well plate and allowed to adhere. After 24 hrs, cells 
were treated with either 1 % DMSO or 12.5 - 100 nM MycB for 24 or 48 hrs. Top panel (A-E) 
shows cells treated for 24 hrs while the middle panel (F-J) shows cells treated for 48 hrs. The 
bottom panel (K-N) shows cells treated with DMSO or MycB for 48 hrs before being washed 
with PBS and incubated in drug free complete media for 48 hrs. Representative phase contrast 
micrographs are shown at 20X magnification.  
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3.2.2 Alamar blue cell viability of HER2+ Mycalolide B treated cells 

For a more quantitative assessment of the cytotoxicity of MycB toward cultured HER2+ 

cell lines, we performed the AlamarBlue® assay. This assay measures cellular health by 

employing a cell permeable, non-toxic and weakly fluorescent blue indicator dye called 

resazurin, which undergoes colorimetric change in response to cellular metabolic reduction by 

the components of the electron transport chain (FMNH2, FADH2, NADH, NADPH and 

cytochromes) via oxidation-reduction (REDOX) reactions [150]. The reduced form of resazurin, 

called resorufin is pink and highly fluorescent; and the intensity of the fluorescence produced is 

proportional to the number of living cells respiring (Fig. 3.7A). Thus, alamarBlue® gives a direct 

and quantifiable indication of cell viability and cytotoxicity. However, in our hands, MycB 

treated cells remained viable since metabolic activity was retained at treatment doses that clearly 

disrupted normal cell morphology (i.e. at doses that elicited a morphologic response in Fig.3.4-

3.6).  In fact, we observed little to no difference in fluorescence signal between the DMSO 

control group and the MycB treated groups (Fig.3.7A).  Espiña et al. observed a similar effect 

with their work on a hepatocyte cell line with cancer properties (Clone9) using pectenotoxins, a 

marine toxin that depolymerizes actin [151, 152]. This finding along with research that indicates 

that the AlamarBlue® assay may require very extensive optimization for reproducible results led 

us to explore a more accurate measure of viability [153-155].  
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Figure 3.7. Mycalolide B has limited effects on cell viability of HER2+ cancer cells based on 
the alamarBlue® assay. (A) Photograph of 96 well plate of SKBR3 cells incubated for 48 hrs 
MycB. Fluorescence was read on a plate reader 8 hrs after addition of alamarBlue®  to the cells. 
(B) Viability of HER2+ cells after 48 hrs incubation with MycB and 8 hrs incubation with 
Alamar Blue. OD (Optical Density) is proportional cell viability. 800 nM taxol was used as a 
positive control.  
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3.2.3 Trypan blue cytotoxicity of Mycalolide B treated HER2+ breast and ovarian cancer 

cells 

As an alternative to AlamarBlue®, we assessed the cytotoxic effect of MycB using the 

Trypan Blue exclusion assay. This assay determines cell viability by assessing membrane 

integrity. The Trypan Blue dye is normally cell membrane impermeable and only enters cells 

whose membrane has been compromised.  When Trypan blue enters the cell, it binds to 

intracellular proteins and turns the cell blue, thereby allowing for direct identification and 

enumeration of live (unstained) and dead (blue) cells in a given population. This assay revealed 

that MycB had potent cytotoxicity toward SKBR3, MDA-MB-453 and SKOV3 cells in a time- 

and dose-dependent manner (Fig.3.8). Dose-response curves from cells incubated for 24 hrs with 

MycB and stained with Trypan Blue showed the following half maximal inhibitory 

concentrations (IC50): 167 nM (SKBR3), 54 nM (MDA-MB-453) and 65 nM (SKOV3). 

Incubation with MycB for 48 hrs further reduced viability and decreased IC50 values to 64 nM 

(SKBR3), 43 nM (MDA-MB-453) and 55 nM (SKOV3). These results are summarized in Table 

3.3.  
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Figure 3.8. Mycalolide B has potent cytotoxicity against HER2+ breast and ovarian cancer 
cells. (A) Schematic of Trypan blue assay. (B) SKBR3, MDA-MB-453 and SKOV3 cells were 
incubated with 0 - 200 nM MycB for 24 hrs, and cell viability was determined using Trypan blue 
exclusion. (C) SKBR3, MDA-MB-453 and SKOV3 cells were incubated with 0 - 200 nM MycB 
for 48 hrs, and cell viability was determined using Trypan blue exclusion. Unstained and stained 
cells were counted on a hemocytometer. Values are means ± SEM of triplicate experiments.  
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Table 3.3 Summary of IC50 values for Mycalolide B-treated HER2+ cancer cell lines. IC50 

values for cell viability were determined after 48 hrs incubation with MycB. IC50 values for 

migration and invasion were determined after 24 hrs and 48 hrs incubation with MycB, 

respectively.  

 

Assay Cell Line IC50 

Viability  

 

SKBR3 64 nM  

MDA-MB-453 43 nM 

SKOV3 55 nM  

Migration 

 

SKOV3 20 nM 

HCC1954 32 nM 

Invasion 

 

SKOV3 16 nM 

HCC1954 28 nM 
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3.3 Mycalolide B alters cytoskeletal phenotype in HER2+ cancer cells  

Like many other actin-targeting natural products, mycalolides potently induce cellular 

actin disassembly [124, 132, 136, 156]. However, their impact on specific actin-based structures 

that drive cell migration and invasion, or that mediate local cell shape changes such as 

endocytosis, has not been directly assessed. This has a number of important implications for 

actin-targeted drug development and actin-related cellular research in general. To observe 

changes to the actin cytoskeleton on treatment with MycB, HER2+ breast and ovarian cells were 

incubated with MycB for 12 - 14 hrs and then stained with Phalloidin, which selectively stains F-

actin, and a Cortactin antibody; which detects cortactin protein that is typically present within 

leading edge structures, where it promotes polymerization and rearrangement of the actin 

cytoskeleton. These cells were also stained with DAPI to resolve nuclei and visualized by 

fluorescence microscopy.  

As seen in Figures 3.9 and 3.10, SKBR3 and SKOV3 cells in the vehicle control (DMSO) 

exhibit a somewhat polarized shape with prominent leading edge protrusions tipped with high 

concentrations of F-actin cells. The high degree of co-localization of F-actin and cortactin 

fluorescence (yellow) confirms that leading edge structures are being formed in these cells. 

Treatment of SKBR3 cells with MycB results in dramatic changes in cell shape and actin 

cytoskeleton structure even at low doses. At 12.5 nM MycB, we saw a reduction in leading edge 

protrusions, and more prominent stress fibers (Fig.3.9). These changes are not seen to the same 

extent in SKOV3 cells treated with 12.5 nM MycB (Fig.3.10). However, at a dose of 25 nM 

MycB, neither cell line produced leading edge protrusions. F-actin staining around the cell 

periphery is also condensed into a thin layer that is almost uniformly distributed, and the interior 

of the cell shows a much more punctate distribution of actin. Higher doses of MycB treatment 
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also resulted in a similar actin cytoskeletal phenotype in both the SKBR3 and SKOV3 cells. At 

50 nM MycB, the cell membranes and cytoplasm collapse around the nucleus, and at 100 nM 

MycB, F-actin is so disrupted that no staining is seen (Fig.3.9; 3.10).  In all the MycB treated 

cells, cortactin co-localization with F-actin is either greatly reduced or undetectable. Altogether, 

these studies show that MycB treatment disrupts the organization of F-actin structures in a 

concentration dependent manner in HER2+ breast and ovarian cancer cells. 
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Figure 3.9.  Mycalolide B disrupts leading edge protrusions in SKBR3 cells. SKBR3 cells 
were plated on 0.2 % gelatin coated coverslips and allowed to adhere and flatten. After 48 hrs 
cells were treated with either DMSO or 12.5 -100 nM MycB for 14 hrs before they were fixed 
and stained with Phalloidin (F-actin), Cortactin and DAPI. Representative fluorescent 
micrographs are shown where the yellow shows co-localization of Phalloidin with Cortactin. 
White arrows indicate leading edge structures. Scale bar represents 15 µm.  
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Figure 3.10.  Mycalolide B disrupts leading edge protrusions in SKOV3 cells. SKOV3 cells 
were plated on 0.2 % gelatin coated coverslips and allowed to adhere and flatten. After 24 hrs 
cells were treated with either DMSO or 12.5 -100 nM MycB for 12 hrs before they were fixed 
and stained with Phalloidin (F-actin) in green, Cortactin in orange and DAPI in blue. 
Representative fluorescent micrographs are shown where the yellow shows co-localization of 
Phalloidin with Cortactin. White arrows indicate leading edge structures. Scale bar represents 15 
µm.  
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3.4 Mycalolide B diminishes HER2+ cancer cell migration and invasion 

Given our earlier observation that leading edge protrusions appeared to be inhibited 

within 12 hrs of MycB exposure, we wanted to investigate the possibility that this would 

compromise the cells’ ability to migrate and invade; which are both early key steps in the process 

of cancer metastasis. Accordingly, Transwell assays were used to test the effect of MycB on 

migration and invasion of SKOV3 and HCC1954 cells (Fig.3.11A; 3.12A).  

For assessment of migration specifically, 8 µm Transwell inserts coated with 0.2 % 

gelatin were used. After 24 hrs, it was found that even low doses of MycB significantly inhibited 

the ability of both HCC1954 breast and SKOV3 ovarian cancer cells to traverse across the 

membrane (Fig. 3.11B, C). The SKOV3 cells showed greater sensitivity to MycB with an almost 

50 % reduction in migration at 12.5 nM of the toxin, while only about a 20 % reduction was seen 

at the same dose in the HCC1954 cells. As seen in Figure 3.11, MycB treatments from 25-100 

nM all resulted in significant reduction (p<0.0001) in the migratory capacity of both cell lines.  

To assess the impact of MycB on HER2+ ovarian and breast cancer cell invasion, 20 % 

Matrigel coated Transwell inserts (8 µm) were used.  After 48 hrs, a dose dependent inhibition of 

invasion was observed in both the SKOV3 ovarian and HCC1954 breast cancer cells. All doses 

of MycB significantly inhibited SKOV3 and HCC1954 cancer cell invasion (Fig. 3.12B,C). 

MycB had a more potent effect on the ovarian SKOV3 cells (p<0.0001) at all doses (12.5 - 100 

nM). Over 50 % reduction was observed at the lower doses of MycB (≤ 25 nM) in the SKOV3 

cells (Fig. 3.12B). On the other hand, higher doses of MycB (≥50 nM) were required for 50 % 

reduction in invasion of the HCC1954 cells (Fig. 3.12C).  
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Figure 3.11. Mycalolide B inhibits migration of SKOV3 and HCC1954 HER2+ cancer cells. 

(A) Schematic of Transwell migration assay. SKOV3  (B) or HCC1954 (C) cells were seeded on 

Transwell inserts with 8 µm pores. Cells were treated with DMSO or MycB doses from 12.5 -

100 nM.  The lower chamber of the Transwell system contained complete media (10 % FBS) to 

serve as the chemoattractant. Cells were allowed to migrate for 24 hrs before they were fixed and 

stained with DAPI to label nuclei. Mean percentages are shown of at least three independent 

experiments. Statistical analysis from an ordinary One- way ANOVA test showed that migration 

and invasion by SKOV3 and HCC1954 cells are significantly inhibited with all doses of MycB. 

Bars, SEM;  **p< 0.01, ***p<0.005, ****p<0.0001  
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Figure 3.12. Mycalolide B inhibits invasion of SKOV3 and HCC1954 HER2+ cancer cells. 

(A) Schematic of Transwell invasion assay. SKOV3 (B) or HCC1954 (C) cells were seeded on 

Transwell inserts with 8 µm pores. Cells were treated with DMSO or MycB doses from 12.5 -

100 nM.  The lower chamber of the Transwell system contained complete media (10 % FBS) to 

serve as the chemoattractant. Cells were allowed to invade for 48 hrs before they were fixed and 

stained with DAPI to label nuclei. Mean percentages are shown of at least three independent 

experiments. Statistical analysis from an ordinary One- way ANOVA test showed that migration 

and invasion by SKOV3 and HCC1954 cells are significantly inhibited with all doses of MycB. 

Bars, SEM; *p< 0.05, ***p<0.005, ****p<0.0001  

 

 

 

B C 

A

Matrigel Complete
Media 
(10% FBS)

Cells

Porous transwell
membraneSerum Free

Media
(+/- MycB)

Matrigel Complete
Media 
(10% FBS)

Cells

Porous transwell
membraneSerum Free

Media
(+/- MycB)Allow to invade (48hrs)

DMSO 12.5 25 50 100
0

50

100

R
el

at
iv

e 
In

va
si

on
 (%

)

Mycalolide B (nM)

****

****

****
****

SKOV3

DMSO 12.5 25 50 100
0

50

100

* *

***

****

Mycalolide B (nM)

R
el

at
iv

e 
In

va
si

on
 (%

)

HCC 1954



 

73 

3.5 Limited effects of Mycalolide B treatment on receptor internalization in SKOV3 

ovarian cells 

 Actin dynamics plays a crucial role in receptor endocytosis. In yeast and mammalian 

cells, actin has been shown to have a regulatory role at certain endocytic steps especially scission 

of vesicles [72, 157-159]. Apart from roles in clathrin-mediated endocytosis, actin is essential in 

types endocytosis that do not involve clathrin [157, 160, 161]. Actin and actin-binding proteins 

provide the framework for support and growth as membrane invaginations are formed [72, 157-

159]. As ADCs rely on receptor endocytosis for the delivery of their cytotoxic payload to tumour 

cells, we recognized the importance of determining the impact of MycB treatment on this 

process. Should MycB prevent receptor endocytosis when the receptor gets activated, this could 

compromise its usefulness as an ADC payload. To study the endocytic process, DMSO or MycB 

pre-treated cells were stimulated with Texas-Red conjugated EGF ligand (EGF-TR) to induce 

receptor trafficking to early endosomes and lysosomes.   

Using confocal microscopy, it was observed that EGF-TR containing vesicles were 

formed in all treatment groups after 15 mins of stimulation with 100 ng/mL EGF-TR (Fig. 

3.13B). It was also noted that the vesicles formed in the 25 nM MycB treated group were on 

average smaller than those formed in the 12.5 nM MycB or DMSO treated groups. Vesicles were 

scored to determine whether there were differences in the number of vesicles being formed in the 

control versus MycB treated cells. Quantification of the EGF-TR containing vesicles showed that 

MycB treated cells had on average slightly fewer vesicles per cell when compared to the DMSO 

control (Fig. 3.13C). Statistical analysis from an ordinary One-way ANOVA showed that there 

was no statistical difference between our vehicle control and MycB treated cells.  
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To define the subcellular localization of internalized receptors, we labeled early 

endosomes with an Alexa-Fluor 488-anti-EEA1 antibody and measured co-localization using the 

Metamorph co-localization analysis feature. The representative images in Figure 3.13B show 

that many EGF-TR vesicles were overlapping with the EEA1 markers in all treatment groups. As 

seen in Figure 3.13D, DMSO treated group had approximately 36 % co-localization of EGFR 

with EEA1, while 12.5 nM MycB and 25 nM MycB conditions had 33 % and 28 %, respectively. 

Statistical analysis from an ordinary One-way ANOVA showed that co-localization of EGFR 

with EEA1 is significantly reduced with 25 nM MycB (p<0.05).  
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Figure 3.13.  EGFR/HER2 endocytosis (endosome) in active in Mycalolide B treated 
SKOV3 cells. SKOV3 cells were starved overnight and pre-treated with 0.5 % DMSO or MycB 
(12.5 nM, 25 nM) for 1 hr before being stimulated with 100 ng/mL EGF-TR for 15 mins at 37 
oC. (A) Schematic of internalization assay. (B) Representative fluorescent micrographs are 
shown in which orange represents EGF-TR containing vesicles, green labels early endosomes 
(EEA1) and yellow shows the co-localization of EGF-TR with EEA1. White arrows highlight 
some areas of co-localization.  Scale bar, 15 µm (C) EGF-TR containing vesicles were quantified 
using ImagePro software. Graph shows the mean values ± SEM from at least three experiments. 
Statistical analysis from an ordinary One-way ANOVA showed that there is no statistical 
difference between our vehicle control and MycB treated cells. (D) Quantification of co-
localization of EGF-TR with EEA1. Mean percentages are shown of at least three independent 
experiments. Statistical analysis from an ordinary One-way ANOVA showed that co-localization 
of EGF-TR with EEA1 is significantly reduced with 25 nM MycB. Columns: SEM; *p< 0.05.  
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To further examine the effects of MycB on the trafficking of post-internalized receptors, 

analyses were performed at the lysosomal level. Cells treated for 1 hr with MycB or DMSO were 

stimulated with 100 ng/mL EGF-TR for 60 mins in the presence of 10 ng/mL leupeptin. 

Fluorescent micrographs from confocal microscopy showed that EGF-TR containing vesicles 

were being formed in each of the treatment conditions (Fig. 3.14B). Analysis of the images also 

showed that fewer, and often-smaller vesicles were being formed in the MycB treated groups 

with limited variability in vesicle numbers (Fig. 3.14C). Statistical analysis from an ordinary 

One-way ANOVA showed that there was no statistical difference between our vehicle control 

and 12.5 nM MycB treated cells; however 25 nM MycB treatment significantly reduced 

(p<0.005) vesicle formation during the 60 mins incubation (Fig. 3.14C).  

To further define the subcellular localization of internalized receptors, we labeled 

lysosomes with an Alexa-Fluor 488-anti-LAMP1 antibody and measured co-localization using 

the Metamorph co-localization analysis feature. Representative images in Figure 3.14B showed 

that there was some level of overlap between EGF-TR vesicles and LAMP1 staining in all 

treatment groups. As seen in Figure 3.14D, the cells treated with only DMSO had approximately 

13 % co-localization of EGFR with LAMP1, while 12.5 nM MycB and 25 nM MycB had 11 % 

and 14 %, respectively. Statistical analysis from an ordinary One-way ANOVA showed that co-

localization of EGFR with LAMP is not significantly different when MycB treated cells are 

compared with our DMSO vehicle control. 
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Figure 3.14.  Lysosomal trafficking of EGFR/HER2 endocytosis is reduced in Mycalolide B 
treated SKOV3 cells. SKOV3 cells were starved overnight and pre-treated with 0.5 % DMSO or 
MycB (12.5 nM, 25 nM) for 1 hr before being stimulated with 100 ng/mL EGF-TR for 60 mins in the 
presence of 10 ng/mL leupeptin at 37oC. (A) Schematic of internalization assay. (B) Representative 
fluorescent micrographs are shown in which orange represents EGF-TR containing vesicles, green 
labels lysosomes (LAMP1) and yellow shows the co-localization of EGFR with LAMP1. White 
arrows indicate some areas of co-localization. Scale bar, 15 µm (C) EGF-TR containing vesicles 
were quantified using ImagePro software. Graph shows the mean values ± SEM from at least three 
experiments. Statistical analysis from an ordinary One-way ANOVA showed that the number of 
vesicles formed per cell was significantly reduced with 25 nM MycB treatment (***p<0.005). (D) 
Quantification of co-localization of EGF-TR with LAMP1. Mean percentages are shown of at least 
three independent experiments. Statistical analysis from an ordinary One-way ANOVA showed that 
co-localization of EGFR with LAMP1 is not significant with 12.5 nM or 25 nM MycB. Columns: 
SEM. 
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3.6 Combination treatments with Mycalolide B and trastuzumab significantly suppresses 

HER2+ cancer cell migration and invasion  

HER2+ cancers show a range of sensitivity to trastuzumab as a single agent [15, 38, 43, 

147, 162]. To boost its therapeutic potential, trastuzumab has been used in combination with 

other drugs [28, 30, 39, 40, 45, 55]. As a result, we wanted to assess the MycB-trastuzumab 

combination to determine that they do not perturb the activity of each other; and to test whether 

their use in combination improves the activity of either as a single agent.  

We previously observed potent inhibition on migration and invasion of SKOV3 cells 

using MycB (Fig.3.11 and Fig.3.12).  Consequently, these cells were used again in Transwell 

migration and invasion assays to test the effects of our MycB-trastuzumab combination on 

HER2+ cell motility.  Our combination treatment was made up of 12.5 nM MycB and 50 µg/mL 

Trastuzumab. As seen in Figure 3.15A, 12.5 nM MycB (p<0.005) and Combo (p<0.0001) 

treatments significantly inhibited SKOV3 cell migration while trastuzumab treatment only 

slightly reduced SKOV3 cell migration. On the other hand, SKOV3 cell invasion was 

significantly inhibited in all treatment conditions (Fig.3.15B). The MycB-trastuzumab combo 

resulted in the most potent (p<0.005) inhibition of cell invasion when compared with 12.5 nM 

MycB (p<0.05) and 50 µg/mL trastuzumab (p<0.05) treatments.   

A trypan blue viability study showed that 12.5 nM MycB treated cells had approximately 

88 % viability while 50 µg/mL trastuzumab treated cells had approximately 97 % viability when 

compared with the DMSO control.  The MycB-trastuzumab combo group had approximately 85 

% cell viability after 48 hr treatment.  An ordinary one way ANOVA analysis showed that the 

MycB and MycB-trastuzumab combination treatments were statistically significant when 

compared with our DMSO vehicle control (p<0.01) (Fig.3.15C).  
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Figure 3.15. Combination treatments with Trastuzumab and Mycalolide B effectively block 
cell migration and invasion of SKOV3 ovarian cancer cells. SKOV3 cells were seeded on 
Transwell inserts with 8 µm pores. Cells were treated with DMSO or 12.5 nM MycB or 50 
µg/mL Trastuzumab or a combination of 12.5 nM MycB and 50 ug/mL Trastuzumab. The lower 
chamber of the Transwell system contained complete media (10 % FBS) to serve as the 
chemoattractant. Cells were allowed to migrate (A) for 24 hrs or invade (B) for 48 hrs before 
they were fixed and stained with DAPI to label nuclei. Mean percentages are shown of at least 
three independent experiments. (C) Viability of SKOV3 cells was determined using Trypan blue 
exclusion in the different treatment groups. Statistical analysis from an ordinary One- way 
ANOVA test showed that inhibition of migration and invasion by SKOV3 cells were further 
enhanced by a combination of Trastuzumab and MycB. Bars, SEM; *p< 0.05, ***p<0.005, 
****p<0.0001. 
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Chapter 4 

Discussion 

4.1 Evidence supporting the use of Mycalolide B as a potential anti-metastatic compound  

 Metastasis remains the leading cause of cancer related deaths worldwide [1, 17]. Tumour 

cell motility underlies the core stages of the metastatic cascade. Current chemotherapeutic agents 

are effective in killing rapidly growing tumour cells, however, treatments targeting invasive cells 

are currently lacking. The actin cytoskeleton represents a major network of proteins and 

structures that drive cancer cell migration, invasion, polarity and survival. Invasive tumour cells 

restructure their actin cytoskeleton to produce invadopodia, which degrade ECM and provide a 

means of tumour escape. In this thesis, we have shown that the macrolide toxin MycB binds to 

the barbed end of actin to form a 1:1 complex that inhibits the formation of F-actin, and likely 

severs and caps actin filaments. In HER2+ breast and ovarian cancer cells, theses activities are 

likely responsible for the dose-dependent changes in cell morphology and organization of the 

actin cytoskeleton that we observed microscopically; as well as inhibition of their migration and 

invasion in vitro.  

4.1.1. Mycalolide B affects cell morphology and spreading  

Cell morphology is largely regulated by the actin cytoskeleton. Phase contrast 

microscopy showed that MycB treatment changed cell morphology by altering the cell size, and 

the ability of the cells to adhere or to spread when adhered. In a separate experiment, using 

markers for F-actin and cortactin, we examined the effects of MycB on the actin cytoskeletal 

phenotype using confocal microscopy. Phalloidin selectively binds to and stabilizes F-actin. 

Cortactin is a ubiquitously expressed actin binding protein that activates the Arp2/3 complex and 

stabilizes nucleation sites for branched actin filaments. Cortactin is involved in the general 
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regulation of actin dynamics and enhances actin polymerization through actin binding during the 

formation of lamellipodia and invadopodia [24, 25, 27, 102]. The co-localization of phalloidin 

with cortactin staining in our control and low dose MycB treated cells indicated sites of actin 

polymerization, which are necessary for the production of lamellipodia and invadopodia. In the 

SKBR3 cells, the response to 12.5 nM MycB treatment resulted in the production of stress fibers 

likely through activation of the Rho signaling pathway. Stress fibers are the major contractile 

feature of cells and are typically needed for the maturation of focal adhesions. In addition to 

focal adhesions, stress fibers can also be anchored to adherens junctions [163].  Altogether the 

cell morphology and actin cytoskeletal phenotype point to a cell that is in a non-motile state. The 

appearance of the actin cytoskeleton with 25 nM MycB treatment may be an additional stress 

response and a sign that the cell may be having difficulty forming and or maintaining actin 

filaments. This supports our finding that MycB severs and caps actin filaments. The phalloidin 

staining at the higher MycB doses (50 –100 nM) confirm that F-actin is greatly reduced in these 

cells. Since phalloidin is a probe for F-actin, the decrease and eventual absence in fluorescence 

staining and intensity indicated disassembly of F-actin upon MycB treatment of HER2+ cancer 

cells.  

Although fixed cells are useful to assess multiple markers and the general state of the 

cell, live cell imaging of cells treated with MycB will help us to better understand how actin 

cytoskeletal dynamics are perturbed. Total internal reflection fluorescence (TIRF) microscopy 

will allow us to better visualize and understand the severing and capping activity of MycB [164, 

165]. This method would allow for several actin-binding models to be visualized using filaments 

of actin adhered to glass coverslips and fluorescently labeled actin binding proteins. 

Additionally, live cell imaging of cells transfected with pLifeAct-TagRFP would allow us to 
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assess formation and maturation of leading edge structures so that careful differentiation between 

the stages of formation and or abrogation can be understood [166, 167]. This is especially 

important for invadopodia, which is the main invasive structure of cancer cells facilitating 

metastasis.  

4.1.2 Mycalolide B has anti-proliferative properties on HER2+ breast and ovarian cancer 

cells 

Mycalolide B also has anti-proliferative properties as demonstrated by the differences in 

cell confluency during the phase contrast experiments. At the lower doses of MycB (12.5 - 25 

nM), even though cell death is not the major mechanism of action, cell division rates are clearly 

impaired. To confirm that cell division rates are actually perturbed, cell growth kinetics and cell 

cycle analysis studies can be performed. Treated cells showed slowed growth, while removal of 

MycB followed by incubation with complete media for 48 hrs caused some cells to return to 

normal cell proliferation at low MycB concentrations (12.5 - 25 nM).  In this context, the MycB 

induced morphological and proliferation changes appear to be reversible. Whether or not this is 

true for the changes at the level of the actin cytoskeleton at 48 hrs and beyond remains to be 

determined. As our team and others have shown, the reversibility of MycB induced cellular 

effects is cell line and dose dependent [156, 168].  

4.1.3 Mycalolide B impairs HER2+ breast and ovarian cancer cell motility 

 Transwell migration and invasion assays are commonly used to assess migration and 

invasion of cancer cells in vitro [168-170]. The pore size chosen was large enough for cell nuclei 

to pass through the filter and facilitate quantification of cell motility. We have shown that MycB 

is a potent inhibitor of HER2+ breast and ovarian cancer cell migration and invasion. In this 

study we saw a significant inhibition of migration using 12.5 – 100 nM MycB at an earlier time-
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point (24 hrs) where most cells are viable. Additionally, even greater reductions in the ability of 

cells to invade through the Matrigel barrier are evident at lower doses (12.5 – 25 nM MycB) 

where over 75 % cell viability was recorded.  We propose that these effects are not due to cell 

death, but rather the cells’ ability to restructure the actin cytoskeleton to produce and/or maintain 

invasive structures. This reasoning is also supported by confocal micrographs where incubation 

with MycB for an even shorter time period (10 – 14 hrs) resulted in cells that had reduced ability 

to produce leading edge structures at low doses (12.5 – 25 nM).  To validate this hypothesis, 

assays that quantify invadopodia formation and activity can be performed. These include ECM 

degradation assays, live cell imaging looking at invadopodia formation and maturation, and 

Transwell assays using a smaller pore (~ 2 µm) through which only leading edge protrusions 

would pass.  The ECM degradation assays could also include markers for invadopodia (Tks5) 

and other actin binding proteins (Arp2/3, LIM Kinase) so as to better understand MycB 

interactions and mechanism of action.  

 Altogether these data highlight that MycB has the properties of an anti-metastatic 

compound, that is active in multiple tumour- associated antigen-expressing cell lines. Going 

forward, it will be prudent to identify which specific steps in the metastatic cascade are most 

vulnerable to MycB action, but these will require more complex assays that are more 

representative of in vivo settings. It will also be important to elucidate whether the effects on the 

actin cytoskeleton are irreversible as this can have huge implications on both tumour and normal 

cells when tested as an ADC. To do this, the phenotypic effects of MycB on immortalized 

normal epithelial cells (MCF10: breast; OSE-C2: ovarian) can be explored for a more complete 

characterization of MycB as a cytotoxic ADC payload.  
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4.2 Mycalolide B as a warhead for a novel antibody drug conjugate 

 An ADC is composed of three parts: an antibody, a cytotoxic warhead and a linker 

connecting the two. ADC research and development have established the necessity of a number 

of key criteria for therapeutic benefit. One criterion as is evident from lead therapeutic ADCs 

using microtubule or DNA targeting agents is that the warhead must possess cytotoxicity within 

the picomolar to low nanomolar range as free drugs [53, 171]. To our knowledge, the toxicity of 

MycB on many cancer cells is unknown. We determined that MycB has nanomolar cytotoxicity 

on a panel of HER2+ breast and ovarian cancer cell lines. This cytotoxicity appears to become 

more potent with an increase in time. Incubation with MycB for 24hrs had an IC50 ≤ 167 nM 

while incubation with MycB for 48hrs had an IC50 ≤ 64 nM. Our Trypan blue results indicate that 

MycB initiated apoptosis in our panel of HER2+ breast (SKBR3, MDA-MB-453) and ovarian 

(SKOV3) cancer cells. This was likely through actin’s role in maintaining cellular integrity. For 

many years, actin-targeting drugs such as cytochalasin and jasplakinoloide have been widely 

used to induce apoptosis, yet the role of actin as an initiator of apoptosis remains to be elucidated 

[172].  Although we have shown that MycB initiates cell death, the exact mechanism is still 

being investigated. With a deeper understanding of the apoptosis pathways as they relate to actin 

cytoskeleton disruption in cancer cells, we may become aware of a variety of avenues for 

development of these toxins as therapeutics.  

Much of the evidence to date in yeast, mammalian and plant cells shows that actin-

binding agents induce apoptosis by regulation of the mitochondria [172, 173]. Studies with 

cytochalasin D suggested that apoptosis occurred due to loss of actin regulation of the 

mitochondrial membrane [174]. In addition to inducing caspase-mediated apoptosis in MCF-7 

cells, latrunculin A also induced changes to the mitochondrial membrane that eventually led to 
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cell death [175]. We have provided evidence that metabolic indicators such as Alamar Blue that 

rely on mitochondrial activity or permeability are not representative of MycB mechanism of cell 

death. Though cellular integrity and morphology were perturbed, the mitochondria seemed to be 

unaffected for up to 72 hrs incubation with MycB in our experiments.   

 A second criterion for a successful ADC is that the warhead does not interfere with the 

binding or inhibitory effects of the antibody on its target cell antigen. To test that MycB satisfies 

this criterion, we performed cell motility and viability studies using a combination of MycB and 

the antibody trastuzumab. We found that MycB - trastuzumab combination treatments inhibited 

cell migration and invasion of SKOV3 cells to a greater degree than either treatment alone; while 

our viability study showed that over 80 % cells remained alive in all treatment groups. 

Collectively, these data suggest that the inhibition of migration and invasion seen is not due to 

loss of viability. In a mechanism yet to be determined, MycB, in addition to reducing invasive 

structures, somehow adds to the cell killing potential of trastuzumab. Moreover, MycB 

significantly enhances anti-motility properties of trastuzumab through a mechanism that requires 

further exploration. We propose that this may be as a result of decreased downstream signaling 

through actin binding proteins (cortactin, Arp2/3, N-WASP) and the reduced availability of actin 

for binding and forming invadopodia.  Collectively, our combination study suggests that 

trastuzumab resistant cancer cells may be made more responsive by a combination treatment of 

MycB – trastuzumab. To test this hypothesis, viability studies will need to be performed using 

our MDA-MB-453 cell line, which has low HER2 status and is resistant to trastuzumab [147].  

 Collectively, our results show that MycB satisfies two of the main criteria to be 

considered for a warhead of a novel ADC. It possesses potent nanomolar cytotoxicity and does 

not appear to inhibit the activity of the antibody trastuzumab. We have shown that trastuzumab 



 

86 

and MycB work together; however, our data is not sufficient to conclude whether this 

relationship is additive or synergistic. Future drug combination studies will need to be performed 

to determine the combination index of trastuzumab and MycB, and to classify the type of 

relationship between the two agents [162].  

4.3 Mycalolide B treatment does not prevent receptor internalization 

ADCs are activated on binding to their target antigen, usually a cell surface receptor. On 

binding to the target receptor, the ADC-receptor complex is internalized by endocytosis[62]. The 

general accepted mechanism of internalization is clathrin-mediated endocytosis. This method of 

internalization is one of the most studied and has a well-defined path involving fusion of 

endosomes with lysosomes [61, 73, 176]. Clathrin- mediated endocytosis usually involves the 

activity of actin and actin-binding proteins in the formation and trafficking of endocytic vesicles 

[61, 73].  

Our study shows that once stimulated with ligand, cells pre-treated with MycB are able to 

undergo receptor internalization and trafficking to early endosomes and lysosomes. The number 

of vesicles being formed in MycB treated groups was often comparable to the number of vesicles 

formed in the DMSO control group. This shows that the process of receptor internalization is less 

sensitive to the effects of MycB. The 25 nM MycB treated group did have a significantly lower 

number of vesicles being formed at the later stages of endocytosis. Analysis of the confocal 

micrographs showed that vesicles in the MycB treated group (25 nM) were often times smaller 

than vesicles formed in the control group. This may reflect early defects in F-actin based vesicle 

motility and/or maturation during endocytosis. Additionally, upon acidification of late 

endosomes, the EGF-TR ligands may have dissociated from their receptors and recycled 

receptors back to the cell surface. This would result in a loss of signal to be tracked and the lower 
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number of vesicles scored. Generally speaking, there were higher levels of receptor trafficking to 

early endosomes (~30 %) than there were to the lysosomes (~13 %). This is not unexpected 

considering the process of endocytosis in which each step is accepted to be approximately 50 % 

efficient. It is for this reason that the warhead of the ADC needs to be very potent in its effects 

once it is released and bound to its intracellular target. The significant difference observed in 

trafficking to the early endosome at 25 nM MycB was lost at the lysosomal level. Our results 

highlight that MycB treatment possibly affects the dynamics and loading of endosomes and 

lysosomes. This behavior is important to understand for the advancement of MycB as a warhead 

for a novel ADC.  

These MycB influenced receptor trafficking observations have huge implications in the 

design of a future ADC and the linker strategies involved [171, 177-180]. A major determinant 

of the success of an ADC is the linker chemistry. Though outside the scope of this current 

project, it is important to highlight that the linker technology strongly influences the stability, 

safety and activity of the ADC [51, 171, 177, 178, 181, 182]. Linkers are either classified as 

cleavable or non-cleavable; this classification also contributes to potency by determining where 

along the endolysosomal pathway the warhead will be released [178]. Cleavable linkers rely on 

pH, protease, or gluathione sensitivity differences within the cell and cellular microenvironment 

while non-cleavable linkers rely on complete degradation of the antibody after internalization 

[177, 178, 182]. It is possible that unlike the maytansine derivative -DM1, MycB may need to be 

released at the endosomal level to ensure full efficacy on tumour cells, given the dose dependent 

cytotoxicity and reversibility effects we have reported.  
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4.4 Future Perspectives 

The actin cytoskeleton represents a major network of proteins that are involved in a 

number of signaling pathways within the cell. Since leading edge structures were modified 

and/or abrogated with MycB treatment, it would be interesting to decipher the mechanisms 

through which the activity of MycB cytoskeletal changes are linked to these cellular signaling 

pathways. Understanding the effects on the downstream signal transduction pathways, especially 

of Src and the RhoGTPases may lead to a hub for targeting by combination therapy. Among the 

RhoGTPases are Rac1, Cdc42 and RhoA, which are important in lamellipodia, filopodia and 

invadopodia formation. Tyrosine kinases of the Src family are also important in the assembly of 

invadopodia [24, 96, 183, 184]. Given that some cell detachment is usually seen, investigating 

the effects of MycB on the activity of integrins and their signaling pathways (FAK/Src) will be 

of further help to better elucidate the binding partners and mechanism(s) of action of MycB [24, 

185].   

At the in vitro level, MycB appears to be an ideal compound for combating early events 

leading to metastasis. To test if these MycB properties are maintained at the in vivo level, 

xenograft mouse studies are currently underway in our lab using SKOV3-GFP ovarian cancer 

cells in Rag2 -/- IL2Rγc -/- mice. Previous in vivo work using the actin toxins latrunculin A and 

chondramide provides evidence that actin toxins can be used in an in vivo setting without 

showing acute toxicity [112] [186].  In our subcutaneous SKOV3-GFP tumour studies, MycB 

will be injected into the tumours while trastuzumab will be administered systemically. In our 

intraperitoneal SKOV3-GFP tumours, both MycB and trastuzumab will be administered by 

intraperitoneal injections. In both cases, over the treatment period, tumour volume, tumour 

weight and body weight will me measured. Metastases and tumour burden will also be assessed. 
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These preliminary studies will also allow for the evaluation of the effects of MycB on normal 

tissues.  

Marine natural products such as MycB have a low potential as cancer drugs in their 

natural form due to limited supply in the organisms from which they are isolated, many of which 

are protected from overfishing or overharvesting in order to maintain biodiversity of our oceans. 

However, the potency and effects of MycB in our assays provide a rationale for development of 

MycB analogs by chemical syntheses in order to access new actin-targeting drugs. Notably, 

several researcher groups including our labs at Queen’s University have shown that synthetic 

analogs comprising the tail portion alone can potently disrupt actin dynamics [118, 120, 121, 

131, 137, 187]. This is an important discovery as it simplifies bioactive analog synthesis 

immensely.  Combined with our crystallographic data showing the mycalolide-actin interface at 

atomic resolution, our studies are poised to employ structure guide designs to develop chemical 

libraries of bioactive analogs.  

 Outside the scope of cancer, our characterizations of MycB can lead to development of 

MycB as a molecular probe to study complex mechanisms of actin binding proteins and cellular 

functions [188-190]. Within the last year, MycB was found to be a novel dynactin inhibitor. In 

this study the researchers showed that MycB disassembles dynactin, which is required for 

retrograde axonal transport of dense core vesicles, without affecting anterograde transport [191]. 

This highlights that MycB can be potentially used in studying neurological diseases as well as 

dynactin dynamics. Regulation of actin dynamics has also been shown to contribute to cystic 

fibrosis primarily through the cystic fibrosis trans-membrane conductance regulator (CFTR). 

Research in this area has highlighted that organization of actin filaments modulates the activity 

of CFTR, and dysfunction of the CFTR is responsible for the onset of cystic fibrosis [192-194]. 
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Mycalolide B can therefore be used to study cystic fibrosis and the dynamics of the CFTR 

complexes.  

4.5 Summary and significance 

 The reality of cancer treatment is that most patients fail to respond on a single 

chemotherapeutic approach, and thus combination therapy is needed. One form of combination 

therapy that stands out in recent years is the use of ADCs that employ the effects of an antibody 

in combination with a potent cytotoxic agent. The ADC Trastuzumab emtansine (T-DM1) has 

been ground breaking in the treatment of HER2+ cancers, yet it has some drawbacks. Although 

successful, a population of HER2+ patients fails to respond to this therapy or show reduced 

efficacy.  Consequently, work still needs to be done to find therapies that will give a more 

complete response. We believe that combination with drugs that target the actin cytoskeleton will 

show improved response.  

 Actin cytoskeletal rearrangement is the main driving force for metastasis, yet it is not 

utilized directly as a point of intervention against cancer. To our knowledge, actin-binding drug 

are not used clinically, primarily due to their lack of selectivity for diseased cells. Research to 

date has shown that diseased cells expressing unique markers such as overexpressed receptors on 

their cell surface can be specifically targeted using antibodies [10, 30, 33, 36, 146]. These 

antibodies can be conjugated to actin binding drugs as a means to improve the selectivity and 

targeted activity on diseased cells. The development of actin-targeting ADCs would represent a 

novel and mechanistically unique approach to combating metastasis during cancer treatment.  

4.6 Conclusion  

In addition to being a potent inhibitor of cancer cell migration and invasion, MycB slows 

down cell proliferation and kills tumour cells, all within the low nanomolar range (IC50 ≤ 64 
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nM). There are detectable discrepancies in cytotoxicity depending on the specific HER2+ cancer 

cell line. Within cells, MycB disrupts the formation and maturation of leading edge structures. 

On the other hand, other F-actin based processes such as receptor endocytosis were less sensitive 

to MycB treatment, further supporting its use as a potential warhead. We have also shown that 

combination treatments of MycB and trastuzumab improve efficacy in blocking HER2+ ovarian 

cancer cell migration and invasion. Altogether, this study provides proof-of-principle that actin 

toxins such as MycB can be used as the warhead in the development of a novel ADC targeting 

HER2+ metastatic cancers. The resulting ADC will aim to block the very early steps of 

metastasis, which should result in lower mortality rates and delayed or inhibited disease 

progression. 
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