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Abstract 

Human Epidermal Growth Factor Receptor-2 (HER2) is a driver and clinical target in a subset of 

breast and ovarian cancers with high rates of metastasis.  Metastatic cancer cells require rapid actin 

polymerization and remodeling. This vulnerability can be exploited with marine macrolide toxins 

targeting actin; however, to achieve clinical benefits, we must overcome the limited availability 

and delivery mechanisms for these actin toxins. The goal of this thesis is to test the vulnerability 

of metastatic HER2-positive (HER2+) cancer cells to the marine macrolide toxin Mycalolide B 

(Myc B) and a series of novel synthetic analogs. The effects of Myc B and analogs on HER2+ 

breast and ovarian cancer cell lines (HCC1954, SKOV3) were measured in cell viability, motility 

and invasion assays. Myc B showed potent growth suppressive and cytotoxic effects on HER2+ 

cancer cells. At sub-lethal doses, Myc B caused rapid loss of leading edge protrusions, and 

sustained defects in HER2+ cancer cell motility and invasion. Myc B treatment was compatible 

with killing of HER2+ cancer cells by the clinically used HER2 inhibitor Trastuzumab-emtansine 

(T-DM1). In a HER2+ tumor xenograft model, intratumoral injections of Myc B reduced tumor 

growth and metastasis, and was most effective when combined with Trastuzumab. To address the 

limited availability of Myc B, we screened a panel of synthetic analogs of Myc B, and identified 

several capable of promoting the collapse of the actin cytoskeleton in HER2+ cancer cells, leading 

to increased cytotoxicity, growth suppression and impaired cell motility. With further optimization 

of Myc B analogs, we can develop delivery systems, including novel antibody-drug conjugates 

that limit metastasis in HER2+ cancers.  
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Chapter 1 

Introduction and Literature Review 

1.1 Cancer Incidence and Metastasis 

Cancer arises from normal cells with inherited or acquired genetic mutations that 

favor unlimited growth, survival, tumor inflammation and vascularity, metabolism, and 

invasive properties (Hanahan & Weinberg, 2011). Approximately 1 in 2 Canadians will 

develop cancer at some point in their lifetime, while cancer accounts for 25% of deaths 

(Canadian Cancer Society, 2017). Metastasis – the dissemination of cancer cells from the 

primary tumor to secondary location – is responsible for 90% of these cancer deaths 

(Chaffer & Weinberg, 2011). In recent years, cancer incidence has increased in females, 

with breast and ovarian cancers among the leading causes of death (Figure 1.1) (Canadian 

Cancer Society, 2017).  

1.1.1 Breast Cancer 

Breast cancer accounts for the greatest percentage of both new cancer cases (25%) 

and deaths from cancer in women (13%) (Canadian Cancer Society, 2017). There are a 

variety of molecular breast cancer subtypes, however, clinically breast cancer is 

categorized based on testing for the expression of estrogen receptor (ER), progesterone 

receptor (PR) and human epidermal growth factor receptor-2 (HER2) (Table 1.1). The 

ER/PR/HER2 status can dictate treatment plans and differences in survival rates (Slamon 

et al., 1987; Lal et al., 2017). There are a variety of targeted treatments available for breast 

cancer, depending on the stage and molecular subtype at diagnosis. Due to early detection 
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and the development of targeted treatments, the 5-year survival rate for breast cancer has 

improved over time and now sits at approximately 80% (Canadian Cancer(Society, 2017).   

1.1.2 Ovarian Cancer 

Ovarian cancer has not seen similar prognostic improvement over time (Canadian 

Cancer Society, 2017). Ovarian cancer is the most lethal gynecologic malignancy and 

seventh in cancer deaths among women, despite a lower incidence of 1 in 75 women 

(Canadian Cancer Society, 2017). Approximately 2,800 Canadian women will be 

diagnosed, while an estimated 1,800 will die from the disease in 2018. It is known as a 

“silent killer” due to it being asymptomatic until later stages in disease development (Force 

et al., 2018). As a result of this, the majority of patients are diagnosed at late stages 

(Lengyel, 2010). First line treatments include cytoreductive surgery followed by a 

combination of platinum-taxane chemotherapies. Despite these aggressive treatments, 

recurrence occurs in approximately 70% of ovarian cancer patients (Agarwal & Kaye, 

2003). If recurrence occurs in less than six months, it is classified as “platinum resistant” 

and these patients are treated with a combination of aggressive chemotherapies. Though 

the mechanisms underlying chemo-resistance in ovarian cancer are being uncovered, 

overall therapeutic options remain limited (Cornelison et al., 2017; Li et al., 2018). This 

situation demonstrates the need for developing alternative therapies for ovarian cancer 

(Cornelison et al., 2017).  

1.1.3 Limitations of Current Therapies 

The majority of treatments for both breast and ovarian cancers include therapies 

that are aimed at exploiting the increased rate of proliferation of cancer cells; over 70% of 
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these are therapies that target either the microtubules or deoxyribonucleic acid (DNA) to 

limit growth of cancer cells (Brown & Newman, 2006). While these treatments have 

extended the lives of cancer patients, they produce high systemic toxicity, patient 

morbidities and often fail to prevent resistance, recurrence, and metastasis.  

This chapter will review literature regarding the HER2 subtype of cancer, current 

therapeutic approaches, and provide a rationale for a novel targeting agent and 

chemotherapeutic strategy. 
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  A   Percentage of Estimated New     Percentage of Estimated Cancer 
        Cancer Cases in Women, 2017                     Deaths in Women, 2017 

  

Figure 1. 1 Breast and ovarian cancer statistics.  

Percentage of estimated new cancer cases and cancer deaths in women for 2017. Adapted from the 
Canadian Cancer Society’s Statistics for 2017 publication.  

Molecular Subtype Incidence 

Luminal (ER+/PR+) ~ 65 - 75% 

HER2 ~ 20 - 25% 

TNBC ~ 10% 

 
Table 1. 1 Incidence of breast cancer subtypes 
Incidence of breast cancer based on molecular subtype of breast cancer. ER = estrogen receptor, 
PR = progesterone receptor, HER2 = human epidermal growth factor receptor-2, TNBC = triple 
negative breast cancer. 

25%

3%

72%

13% 5%

82%

Breast Cancer

Ovarian Cancer

Other Cancers
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1.2 HER2-positive Cancer 

 HER2 is one of four members of the HER family of cell surface tyrosine kinase 

receptors (Riese & Stern, 1998). All four receptors contain a cysteine-rich extracellular 

ligand binding site, a transmembrane lipophilic segment, and an intracellular tyrosine 

kinase domain (Vandergeer et al., 1994). HER2 is found in an open conformation and can 

become activated through homodimerization, heterodimerization with other ligand 

activated family members (HER1, HER3 and HER4), and in some cases with other cell 

membrane receptors such as insulin-like growth factor 1 (Riese & Stern, 1998; Nahta et 

al., 2005). Dimerization of the receptors leads to autophosphorylation of tyrosine residues 

within the cytoplasmic domain that recruit signaling proteins. These proteins trigger signal 

transduction pathways, including Ras/mitogen-activated protein kinase, 

phosphatidylinositol-4,5-bisphosphate 3-kinase (PI3K)/AKT, and protein kinase C 

pathways. These pathways regulate the expression of genes involved in cell-cycle 

progression, differentiation, migration, invasion, angiogenesis and survival (Figure 1.2) 

(Rubin & Yarden, 2001; Negro et al., 2004). 

Overexpression of the HER2 receptor, primarily due to gene amplification, can 

sustain the activation of signaling pathways that promote several hallmarks of cancer, 

which leads to its progression (Shih et al., 1981; Kallioniemi et al., 1992). This 

overexpression magnifies the downstream effects of HER2 mediated rapid cell-cycle 

progression through upregulation of cyclin D1 and mislocalizating cell-cycle inhibitor p27 

protein (Timms et al., 2002). Additionally, HER family members can enhance metastatic 

potential through promotion of basement membrane degradative enzyme secretion, 

including matrix metalloproteases (Tan et al., 1997). HER2 overexpression has been 
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observed in several cancers including breast (20-25%), ovarian (14-43%), gastric, 

esophageal and endometrial, and carries both prognostic and predictive significance 

(Scholl et al., 2001; McAlpine et al., 2009; Yan et al., 2014; Yan et al., 2015; Day et al., 

2017; Loibl & Gianni, 2017; Luo et al., 2018). 

1.2.1 HER2 in Breast Cancer 

HER2 overexpression in breast cancers leads to aggressive, high histological grade 

tumors with an increased rate of recurrence and increased mortality in node-positive 

patients (Borg et al., 1990; Pestalozzi et al., 2006; Moasser, 2007; Ross et al., 2009). 

Moreover, HER2 positive (HER2+) breast cancers have an increased potential for brain 

metastasis (Yuan & Gao, 2017). Studies have also suggested that HER2+ breast cancers 

may be resistant to alkylator-based chemotherapies (Allred et al., 1992; Gusterson et al., 

1992). Alkylator-based therapies bind to DNA, attaching an alkyl to nucleic acids thereby 

inhibiting proper DNA function and ultimately cellular division. These therapies are often 

administered as part of chemotherapy regimens to treat breast cancer patients. However, 

several forms of targeted therapy for HER2+ tumors have been developed and are 

discussed in more detail below. 

1.2.2 HER2 in Ovarian Cancer 

As mentioned previously, the majority of ovarian cancer patients resist 

chemotherapy, highlighting the critical need to develop new therapies (Teplinsky & 

Muggia, 2015). In ovarian cancer, reporting of HER2 overexpression has been variable due 

to inconsistencies in methods and a smaller sample size, resulting in a wide range from 14 

– 43% depending on the study (Fujimura et al., 2002; Tan et al., 2011; Chao et al., 2014; 
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Jayson et al., 2014; Chang et al., 2016). HER2 ovarian cancers have been correlated with 

poorer outcome and worse overall survival when compared to those identified as HER2 

negative (Camilleri-Broet et al., 2004; Zhao et al., 2013; Wang et al., 2017; Luo et al., 

2018). This indicates a clinically relevant and promising therapeutic target for HER2+ 

ovarian cancers. 
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Figure 1. 2 HER2 activation and signaling.  

Domain organization of activated HER tyrosine kinases depicting the extracellular and intracellular 
domains. Upon HER2 binding to ligand activated HER family members, HER1-4, or in the case of 
gene amplification will form heterodimers or homodimers respectively. Dimerization leads to 
autophosphorylation initiating the multiple signal transduction pathways including the mitogen-
activated protein kinase and phosphatidylinositol-4,5-bisphosphate 3-kinase leading to both the 
recruitment of nuclear factors responsible for cell-cycle progression, differentiation, angiogenesis 
and survival, as well as the promotion of motility and invasion. 
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1.3 HER2 Targeted Therapies 

In the past, HER2+ breast cancer has been associated with poor prognosis, 

however, with the development of several HER2 targeted therapies, this has improved. 

Some treatment approaches currently applied to HER2+ cancers include the inhibitory 

monoclonal antibody Trastuzumab (TZ) and the antibody-drug conjugate (ADC) Ado-

Trastuzumab emtansine (T-DM1) (Figure 1.3) (Slamon et al., 1987; Hernandez-

Blanquisett et al., 2016; Lv et al., 2016). 

1.3.1 Monoclonal Antibodies 

Monoclonal antibodies developed against the extracellular domain of HER2 were 

one of the earliest approaches to HER2 inhibition (Parakh et al., 2017). TZ was the first of 

these approved for clinical use against HER2 (Albanell & Baselga, 1999).  Several other 

anti-HER2 antibodies have been developed, including Pertuzumab. Nonetheless, few have 

seen similar success in the clinical setting (Ceran et al., 2012; Ko et al., 2015; Mahdavi et 

al., 2015). Monoclonal antibodies including TZ and Pertuzumab have several proposed 

mechanisms of action including prevention of receptor dimerization, enhancing antibody-

dependent cell-mediated cytotoxicity, disrupting downstream signals, inhibition of HER2 

cleavage and promoting endocytosis of HER2 (Figure 1.3) (Lv et al., 2016). Early clinical 

trials demonstrated the benefits of the addition of TZ in combination with chemotherapy 

treatment, resulting in significantly improved overall response, a longer duration of 

response and a longer time to treatment failure in patients with HER2+ breast cancer 

(Slamon et al., 2001). TZ has also demonstrated its efficacy in metastatic breast cancer 

patients, showing improvement in progression free survival and overall survival (Balduzzi 



 

 

10 

 

et al., 2014). TZ is currently the cornerstone of treatment for early-stage and metastatic 

HER2+ breast cancers and is used in combination with chemotherapy or alone after other 

chemotherapy regimes have failed.  

Although not currently used clinically, TZ and Pertuzumab have been evaluated as 

monotherapies in HER2+ ovarian cancer patients with response rates of 7.3% and 14.5%, 

respectively (Bookman et al., 2003; Gordon et al., 2006). Additionally when used in 

combination with carboplatin and paclitaxel for platinum-resistant advanced ovarian 

cancer patients, TZ achieved complete remission in 3 of 7 patients, potentially reversing 

platinum resistance (Ray-Coquard et al., 2008). Despite low response rates, this 

demonstrates a subgroup of ovarian cancer patients may benefit from HER2 targeted 

therapies.  

TZ has demonstrated significant therapeutic success in breast cancer, however, 

resistance to single-agent TZ occurs in 70% of HER2+ cancers (Vogel et al., 2002). This 

high rate of resistance has been attributed to overexpression of other HER family receptors 

or their ligands, loss or inactivation of the PTEN tumor suppressor gene, activation of 

PI3K, redundancy in HER family signaling pathway or acquired mutations within antibody 

binding sites (Kos et al., 2003; Nagata et al., 2004; Nagy et al., 2005; Ritter et al., 2007). 

This high rate of resistance has initiated the development of second-line therapeutics 

including ADC’s. 

1.3.2 ADCs as Cancer Therapeutics 

ADCs consist of a monoclonal antibody, against a highly expressed tumor-

associated antigen, that is chemically conjugated by a linker to a cytotoxic drug (Beck et 
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al., 2017). High expression of HER2 on cancer cells and lower expression on normal tissue 

makes HER2 an ideal target for ADC’s. ADC’s such as T-DM1, allow for selective 

delivery of potent drugs to HER2+ cancer cells. T-DM1 was designed to improve 

metastatic BC patient prognosis and was the first ADC approved for the treatment of solid 

tumors (Verma et al., 2012; Dhillon, 2014). T-DM1 utilizes emtansine, a potent inhibitor 

of microtubule dynamics critical to mitosis, attached to TZ through a non-cleavable 

thioether linker (Remillard et al., 1975; Bhattacharyya & Wolff, 1977; Kupchan et al., 

1977; Verma, 2013). T-DM1 binds to the HER2 receptors on the tumor cell and becomes 

internalized through clathrin-mediated endocytosis (Verma et al., 2012). The receptor and 

bound T-DM1 are then processed through the endosomal pathway first into early 

endosomes then to late endosomes or lysosomes containing proteases and hydrolases. The 

proteases will then act on the linker to release the DM1 molecule that inhibits microtubule 

dynamics, thereby impairing cell division and leading to cell death (Figure 1.3) (Lopus et 

al., 2010).  

A clinical trial in 2012 reported the safety and efficacy of T-DM1 for treatment of 

HER2+ advanced or metastatic BC patients who had been previously treated with TZ and 

a taxane (Welslau et al., 2014; Krop et al., 2015). Based on these studies, the U.S Food 

and Drug Administration (FDA) and Health Canada have approved T-DM1 for the 

treatment of patients with metastatic HER2+ BC who fail to respond to standard therapy 

with TZ and taxanes (Verma, 2013).  

There are no HER2 targeting ADCs approved for the treatment of ovarian cancer, 

however a recent preclinical study in ovarian tumor models concluded that T-DM1 

treatment was superior to TZ and Pertuzumab combination treatments (Menderes et al., 
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2017). Additionally, ADC mirvetuximab soravtasine,  consisting of a maytansinoid DM4 

conjugated to an antibody against folate receptor 𝑎𝑎 (M9346A), has recently been granted 

orphan drug designation by the FDA (Ab et al., 2015; Nagayama et al., 2017; Moore et al., 

2018a; Moore et al., 2018b). These studies demonstrate the potential for ADC-based 

therapies to improve outcomes for ovarian cancer patients. 

1.3.3 Limitations of HER2 Targeted Therapies 

HER2 targeted therapies have significantly improved survival rates for HER2+ 

breast cancer patients. Despite these improvements, many tumors develop resistance and 

still progress to metastatic disease (Barok et al., 2014). The current landscape of HER2 

targeted therapies include antibodies and ADCs that target the fastest growing cells through 

growth suppressing molecules that inhibit cell division. These therapies are limited to 

rapidly dividing cells potentially overlooking a population of slowly dividing, highly 

metastatic cancer cells such as cancer stem cells (Leaf, 2004; Cho & Roukos, 2013; Chen 

et al., 2016). Indeed, therapies that target this metastatic population would complement 

these existing therapies and enhance overall survival rates. One of these targets in all highly 

metastatic cancers is the actin cytoskeleton (Iwazaki et al., 1997; Fife et al., 2014).  
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Monoclonal antibody TZ against HER2 binds to HER2 receptors expressed on the cancer cell 
surface inhibiting downstream signaling while tagging the cell for immune recognition and 
destruction. T-DM1 is composed of TZ, to bind to HER2 receptors expressed on the cancer cell 
surface, and Emtansine (DM1), a potent microtubule targeted toxin. T-DM1 binds to the HER2 
receptors on the tumor cell and becomes internalized through clathrin-mediated endocytosis. The 
receptor and bound T-DM1 are then processed through the endosomal pathway first into early 
endosomes then to late endosomes or lysosomes containing proteases and hydrolases. The proteases 
will then act on the ADC to release the DM1 molecule that inhibits microtubule dynamics impairing 
cell division and leading to cell death. 

 

Figure 1. 3 HER2 targeted antibody therapies. 
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1.4 The Actin Cytoskeleton  

The actin cytoskeleton is an extremely dynamic and semi-flexible network of 

filamentous actin (F-actin) polymers and actin binding proteins (ABPs) that play crucial 

roles in cellular processes. Examples include include cell morphology control, muscle 

contraction, cell polarity determination and maintenance, endocytosis, intracellular 

trafficking, contractility, cell division and cell motility. Much of this functional diversity 

of actin is enabled by the ability of many ABPs to alter F-actin structures both temporally 

and spatially within cells, thereby creating unique cytoplasmic architectures and 

mechanical properties in distinct cellular regions. ABPs regulate F-actin through 

sequestration, nucleation, capping, severing, bundling or cross-linking (Figure 1.4). 

Sequestering proteins including Thymosin 𝛽𝛽4 and profilin control the available pool of 

globular actin (G-actin) building blocks available for polymerization. Nucleating proteins 

such as the Arp2/3 complex or formins initiate filament formation and are found in areas 

requiring dynamic actin reorganization. Capping proteins including capZ and gelsolin 

stabilize and regulate filament growth by blocking the end of the polymer to prevent further 

addition or loss of G-actin subunits. Severing proteins, namely cofilin, bind to filaments to 

dissociate monomers. Bundling proteins, including fascin, villin, fimbrin and 𝛼𝛼-actinin are 

responsible for structuring polymers into parallel arrays, while cross-linking proteins, 

including spectrin, dystrophin and filmain arrange polymers into branched networks 

(Winder & Ayscough, 2005). In this way ABPs can dramatically alter cellular phenotypes 

and interact through competition to influence each other’s activity at a cellular level 

(Davidson & Wood, 2016). For example, the actin cytoskeleton undergoes drastic changes 

and remodelling during cell division (Heng & Koh, 2010). Upon entry into mitosis, the 
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actin network is rapidly dismantled, then plays a key role in centrosome separation through 

an ABP cortactin. Finally, actin re-localizes to the cell cortex assembling into the actin-

myosin contractile ring. This process requires crosslinking and sliding of actin-myosin 

filaments mediated by ABP anillin and the building and severing activities of profilin and 

cofilin, respectively, to promote ingression of the attached plasma membrane and 

partitioning the cytoplasm into two separate daughter cells (Cheffings et al., 2016). 

Another fundamental actin mediated process is endocytosis, which cells use for nutrient 

ingestion, receptor signaling, cell adhesion and migration, and antibody and pathogen 

internalization. Actin plays multiple distinct roles in several types of endocytosis including 

clathrin-mediated endocytosis (Loebrich, 2014). Clathrin-mediated endocytosis has a wide 

variety of functions including the internalization of plasma membrane receptors for 

degradation or recycling. This processes is initiated by membrane curvature-inducing 

proteins in the BAR/F-BAR family. F-actin polymerization by Arp2/3 complex, activated 

by Wiskott-Aldrich Syndrome protein (WASP) and myosin proteins at the cell surface help 

to force the membranes together and aid membrane fission by Dynamin (Kaksonen et al., 

2006; Galletta et al., 2008). In addition to these processes, the actin cytoskeleton acts as 

the main driver for cellular motility. Several cells types rely on motility including immune 

cells, embryonic morphogenesis and even non-migratory cells that acquire motile 

behaviour upon tissue injury to allow wound healing (Svitkina, 2018).  

Actin is the most abundant protein in eukaryotes and exists in two forms; G-actin 

or F-actin. F-actin is a two-stranded, polar helical filament that forms spontaneously by 

rapid polymerization of adenosine triphosphate (ATP)-bound G-actin subunits in a head-
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to-tail manner (Figure 1.4). During F-actin polymer formation, G-actin monomers 

preferentially add to the barbed, or “plus end”, while the pointed or “minus end”, tends to 

experience slow release of adenosine diphosphate (ADP)-bound G-actin monomers, 

replenishing the pool of available G-actin building blocks. This process is sometimes 

referred to as ‘treadmilling’ (Woodrum et al., 1975; Allingham et al., 2006; Yamaguchi & 

Condeelis, 2007). In the cell, polymerization of G-actin into F-actin can be initiated by 

signals from cell surface receptors and activated Rho family guanine triphosphatases 

(GTPases) that converge on actin nucleation promoting factors such as WASP (Romero et 

al., 2007). These proteins stimulate the Arp2/3 complex, which nucleates formation of 

actin filaments that elongate exclusively from their barbed ends. Arp2/3 also attaches to 

the sides of existing filaments to build a branching actin filament network at the leading 

edge of cells, to maintain cell polarity and enable directional migration (Welch et al., 

1997). Countering actin polymerization by the Arp2/3 complex are capping proteins that 

bind to the growing barbed end, necessitating new branching and nucleation events by 

additional activated Arp2/3 complexes to maintain movement. Actin depolymerization by 

actin depolymerizing factor cofilin provides level of actin regulation of the actin 

cytoskeleton (Wioland et al., 2017). Once released, profilin exchanges ADP to ATP, 

recycling these monomers back into the pool of F-actin prepped for polymerization 

(Pollard et al., 2000; Romero et al., 2007).   
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Figure 1. 4 Actin polymerization dynamics and regulation by ABPs. 

G-actin monomers polymerize in a head-to-tail fashion to form a two-stranded helix, known as F-
actin. Monomers of ATP-bound G-actin will readily add to the barbed (or plus) end of the F-actin 
polymer, after ATP is hydrolyzed the pointed (or minus) end tends to release ADP-G-actin subunits 
more readily. Several ABPs influence this dynamic process to spatially and temporally control the 
structure of the cellular actin cytoskeleton. Capping proteins bind to the pointed or barbed end of 
F-actin to inhibit further polymerization or depolymerization of the filament. Severing proteins can 
break F-actin structures by disrupting longitudinal actin-actin contacts. Sequestering proteins 
regulate the pool of free G-actin by to binding to free G-actin monomers and preventing their 
incorporation into F-actin polymers.  
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1.4.1 Regulation of Migratory Actin Structures  

Rho GTPases act as molecular switches that cycle between GDP-bound (inactive) 

and guanine triphosphate (GTP)-bound (active) forms. These GTPases control several 

pathways underlying migration including cytoskeletal dynamics, directional sensing, cell-

cell junction assembly/disassembly and integrin-matrix adhesion. These proteins often 

highly expressed in various cancer types, have been shown to correlate with an invasive 

and metastatic phenotype (Karlsson et al., 2009). One mechanism leading to the increased 

metastatic phenotype seen in these cancers is through the promotion of migratory and 

invasive F-actin structures, including lamellipodia and filipodia (Figure 1.5) (Fife et al., 

2014; Jacquemet et al., 2015).  Specifically, Rac1 interacts with insulin receptor tyrosine 

kinase substrate p53 that binds WASP via Src-homology-3 (SH3) domain to induce the 

formation of lamellipodia, the primary driver of cellular migration (Nobes & Hall, 1995; 

Kazanietz & Caloca, 2017). Lamellipodia are sheet-like membrane protrusions composed 

of branched F-actin at the leading edge of migratory cells. Lamellipodia function in 

propelling the cell forward by elongating at the barbed end of F-actin, while 

depolymerizing factors gelsolin and cofilin slowly remove actin monomers from the 

pointed end. Additionally, cell division control protein 42 homolog (CDC42) and its 

effector proteins promote filopodia formation that are responsible for the direction sensing 

in motile cells (Krugmann et al., 2001). Filipodia are “finger-like” protrusions, composed 

of 10-30 parallel bundles of F-actin, regulated by actin nucleating factor formin and 

bundling protein fascin (Jaiswal et al., 2013). They form at the base of the lamellipodia, 

and are responsible for probing the extracellular environment. Both Rac1 and CDC42 also 
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activate PAK and LIMK family kinases that inhibit actin severing by cofilin to promote 

cell motility (Edwards et al., 1999).  

The extracellular matrix (ECM) creates a physical barrier for cells that must be 

overcome by invasive cells that can degrade ECM (Even-Ram & Yamada, 2005). This 

invasion is driven by F-actin structures called invadopodia, which contain a variety of actin 

regulatory proteins, adhesion molecules, membrane remodelling and signaling proteins and 

matrix degradation enzymes (Figure 1.5). Notable among those are the actin regulators 

cortactin, Tks5, WASP and neural wiskott-aldrich syndrome protein (N-WASP), all of 

which have been found to be upregulated in many invasive and metastatic cancers (Fife et 

al., 2014; Stylli et al., 2014).  

1.4.2 Metastasis and the Actin Cytoskeleton 

Metastasis involves the dissemination of cancer from the primary tumor to 

secondary sites, and is the leading cause of cancer-related deaths. Primary tumors are 

heterogeneous, with populations of both rapidly dividing cells, and slow diving cells that 

may be more invasive and metastatic (Chen et al., 2016). The potentially metastatic cells 

must undergo a process known as epithelial to mesenchymal transition (EMT) which 

entails altered gene expression patterns and reorganization of F-actin to allow invasion into 

the ECM and blood vessels during metastasis (Figure 1.5) (Celia-Terrassa & Kang, 2016). 

Metastatic cancer cells have a specialized actin cytoskeleton due to altered expression and 

activation of actin regulatory proteins (Iwazaki et al., 1997; Fife et al., 2014). For example, 

reduced cofilin expression has been observed in breast cancer metastases (Hao et al., 2004). 

Elevated Arp2/3 levels were noted in metastases from breast and colorectal tumors, and 
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linked to reduced overall survival in breast cancer (Iwaya et al., 2007a; Iwaya et al., 

2007b). Cortactin is upregulated in many metastatic cancers, including colorectal, gastric, 

hepatocellular, melanoma, esophageal squamous cell carcinoma, head and neck squamous 

cell carcinoma and oral squamous cell carcinomas (Li et al., 2008; Lee et al., 2009; Cai et 

al., 2010; Wang et al., 2010; Xu et al., 2010; Yamada et al., 2010). Other ABPs found 

upregulated in metastatic cancers include formins, WASP and WASP-family verprolin-

homologous protein WAVE (Fife et al., 2014). 

Attempts to target the metastatic process therapeutically has proven difficult as cells 

often overcome the inhibition of specific cellular targets through upregulating redundant 

pathways. Unlike these pathways, targeting the actin cytoskeleton should disable all 

metastatic cancer cells at early stages of this process (Fife et al., 2014; Shankar & Nabi, 

2015). Thus, combining therapies targeting F-actin with existing therapies could protect 

patients against progression to metastatic disease (Jordan & Wilson, 1998; Spector et al., 

1999; Giganti & Friederich, 2003; Rao & Li, 2004).  
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Figure 1. 5 The actin cytoskeleton in cancer metastasis.  

Metastasis is a multistep process that involves invasion of a primary tumor cell into the ECM, 
migration through tissues, intravasation into the blood stream and extravasation out to establish a 
secondary tumor. These cells rely on the actin cytoskeleton to produce structures including 
invadopodia to invade into the matrix, along with filopodia, lamellipodia, stress fibers and focal 
adhesion to migrate through the tissues and attach to other surfaces.  
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1.5 Actin Targeting Natural Products  

A diverse group of marine natural products target the actin cytoskeleton and alter 

actin polymerization dynamics (Allingham et al., 2006; Kita & Kigoshi, 2015). Examples 

of these molecules include Cytochalasin D, Latrunculins, Kabiramides, Mycalolides, 

Pectenotoxins and Bistramides. Several of these potently inhibit growth and survival of 

several cell lines, including cancer cell lines derived from skin, blood, colon, and breast 

cancers (Fujiki et al., 1989; Fusetani et al., 1989; Fusetani, 1990; Kobayashi et al., 1997; 

Molinski et al., 2009; Kobayashi et al., 2012). These findings have drawn attention to actin 

targeting natural products as a potential source of new pharmacological tools and 

therapeutic agents (Jordan & Wilson, 1998; Saito et al., 1998; Spector et al., 1999; Giganti 

& Friederich, 2003; Rao & Li, 2004). 

1.5.1 Mycalolide B (Myc B) 

Myc B is a natural product that was first isolated in 1989 from the marine sponge 

Mycale sp. found in the Bay of Gokasho, Kii Peninsula, Japan (Fusetani et al., 1989). After 

its discovery, Myc B was found to be a selective inhibitor of actin-myosin interactions in 

a study that evaluated its effect on smooth, skeletal and cardiac muscle cells (Hori et al., 

1993). Soon after, it was shown to act as an actin depolymerizing agent that severs F-actin 

subsequently forming a 1:1 complex with G-actin monomers (Saito et al., 1994). Myc B 

treatment is cytotoxic in a variety of cell types including L1210 murine leukemia, human 

leukemia HL60 and HeLa S3 cells (IC50 between 4.7-52 nM) (Fusetani, 1990; Ohno, 2013). 

Myc B also causes F-actin depolymerization in PC12 rat cells (Ng et al., 2002). Other 

studies have since indicated that Myc B binds to other intracellular proteins – namely the 
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actin-related protein-1 (Arp1) in the Dynactin complex – and could disrupt the assembly 

of those proteins into higher order complexes as well (Wada et al., 1998; Cavolo et al., 

2015).  

Similar to many groups of actin binding natural products, Myc B is composed of a 

large macrocyclic ring and a flexible aliphatic side chain, often referred to as the “tail” 

(Figure 1.6). These components are designed for binding to the barbed end of actin, 

between subdomains 1 and 3 (Klenchin et al., 2003; Allingham et al., 2005). This region 

is part of the main interface for longitudinal contacts of actin subunits during F-actin 

polymer assembly, and is also the binding site for a larger number of ABPs (Holmes et al., 

1990; Lorenz et al., 1993; Tirion et al., 1995). Within the cleft separating actin subdomains 

1 and 3, the highly conserved tail of Myc B forms an extended conformation to maximize 

interactions of certain Myc B side groups with the protein surface, stabilizing the nearly 

irreversible protein-toxin complex (Figure 1.6). This includes the highly conserved N-

methyl-vinylformamide (MVF) common to many barbed-end binding natural products. 

These interactions also expose a myriad of non-actin binding side groups of the tail toward 

the solvent, where they presumably prevent interaction of other protein molecules with 

actin. The macrolide ring on the other hand, lies flat against a broad hydrophobic patch 

outside of the barbed-end cleft that is exposed to solvent in F-actin. This moiety is least 

conserved between actin binding toxins and exhibits several subtle variations in 

conformation and amino acid interactions, depending on its constituents. Moreover, actin 

toxin analogs lacking the macrocycle ring have been shown to retain modest actin-binding, 

polymerization inhibition, and filament severing activities, suggesting that the tail is the 

major functional component of these actin-disrupting agents (Perrins et al., 2008; Rizvi et 
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al., 2010).  

The unpublished X-ray crystal structure of Myc B in complex with actin that was 

determined recently by the Allingham Lab demonstrated binding interactions that largely 

recapitulate the interactions described above (Figure 1.6), wherein a single Myc B 

molecule is bound with the cleft separating actin subdomains 1 and 3. Key stabilizing 

interactions were found along the aliphatic tail, further supporting its key role in binding 

and subsequent severing.   

1.5.2 Actin Toxins as Cancer Therapeutics  

Actin toxins have demonstrated efficacy in numerous in vitro and in vivo models 

of cancer. In addition to cytotoxicity in cell lines, as mentioned above, they have also 

proven effective in pre-clinical mouse models of cancer. Intraperitoneal injections of 

latrunculin A, a macrolide that sequesters G-actin, led to improved survival in a 

disseminated gastric cancer model (Konishi et al., 2009). Chrondramide, a myxobacterial 

derived actin stabilizer,  was able to inhibit lung metastasis in a metastatic breast cancer 

model (Menhofer et al., 2014).   

Unfortunately, the source of actin toxins are extremely limited and they are difficult 

to synthesize chemically. Additionally, they cannot be used in a clinical setting, as they are 

unable to differentiate between a healthy and cancerous cell and would therefore lead to 

intolerable toxicity to several cells requiring dynamic actin processing including immune, 

neuronal and cardiac cells. (Newman & Cragg, 2004). While studies on these 

mechanistically-attractive compounds have provided substantial insight to help guide 

design of new therapeutics against cancer and other diseases that are dependent on the actin 
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cytoskeleton, little progress has been made to improve the cell-specificity of these toxins 

(Giganti & Friederich, 2003; Allingham et al., 2005; Napolitano et al., 2009). Distribution 

into the body would lead to intolerable toxicity to cardiac and respiratory muscle cells 

(Newman & Cragg, 2004). Recent advancements in targeted cancer therapies can provide 

a solution (Zahaf et al., 2017).  
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Figure 1. 6 Actin toxin Myc B and its interaction with G-actin. 

(A) The chemical structure of Myc B highlighting the macrocycle ring and aliphatic tail terminating 
in the MVF functional group. (B) A PyMol construction of G-actin bound to Myc B at the barbed 
end. (C) The actin-bound conformation of Myc B between subdomains 1 and 3 of G-actin.  
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1.6 An Actin Targeting ADC 

Antibodies such as TZ may provide a means to use actin toxins in a clinical setting 

if they can be formulated as active ADCs. Like T-DM1, TZ could target actin toxin 

payloads to the surface of HER2+ cancer cells to be internalized via receptor-mediated 

endocytosis. The resultant receptor and ADC containing vesicle would then pass through 

the endocytic pathway, eventually being routed to the lysosome for degradation. There, 

cleavage of the linker would release the cytotoxic payload into the cytoplasm for rapid F-

actin binding and disassembly (Bareford & Swaan, 2007; Polakis, 2016). Such an ADC 

will fulfill the shortcomings of T-DM1 by utilizing a molecular target that is essential to 

metastasis, in addition to fundamental cellular processes like mitosis (Kovtun & 

Goldmacher, 2007).  

1.6.1 Simplified Myc B Analogs  

Due to its high structural complexity and limited supply in nature, Myc B is 

impractical for clinical use (Saito et al., 1994). With knowledge that the tail moiety 

provides the major determinant for actin polymerization activity  (Klenchin et al., 2003; 

Allingham et al., 2005; Perrins et al., 2008), we sought to apply novel synthetic chemistry 

methods to produce simplified analogs of Myc B that are more amenable to development 

in an ADC formulation. To address this limitation, we initiated a collaboration with with 

Dr. Andrew Evan’s lab (Department of Chemistry, Queen’s University) to develop a 

library of simplified synthetic Myc B (Figure 1.7). All analogs retained the conserved 

terminal MVF group and carbon chain backbone. Carbons 1 (green), 2 (red) and 3 (blue) 

indicated on Myc B (Figure 1.7) were altered in both stereochemistry and the nature of 
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appended functional groups. Initial screens were performed with the most chemically 

simplified analogs, guiding future substitutions and additions of complex functional groups 

to improve their potency. In addition to these tail-like analogs, two variant analogs were 

created based on early success of analog RG2534. (1) Analog RG2747 was a derivative of 

RG2534 with a “linker” moiety added to enable direct conjugation to an antibody, and (2) 

analog RG2787 comprised of a fluorescein isothiocyanate (FITC) ring conjugated to 

RG2534 to allow for visualization studies of analog in cells by fluorescence microscopy.  
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Figure 1. 7 Actin targeting Myc B analogs.  

Myc B tail analogs synthesized by Dr. Andrew Evans lab in Queen’s Chemistry Department. Myc 
B is shown with three of its main side groups highlighted to indicate sites that were varied in 
composition in simplified analogs. Backbone carbons C30 and C24 were altered in both 
stereochemistry and nature of functional groups.  
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1.7 Hypothesis & Objectives 

I hypothesize that actin-targeting compounds, both naturally produced and synthetically 

created, can halt metastasis processes of tumor cells that express ADC target proteins (e.g. 

HER2). To test this hypothesis, I assessed the effects of Myc B treatment on HER2+ cancer 

cell lines both in vitro and in vivo, along with combination treatments with TZ or T-DM1. 

Using synthetic Myc B analogs, I performed structure-activity relationships studies testing 

effects on F-actin in biochemical assays and within HER2+ cancer cells. These studies will 

provide “proof-of concept” that actin targeting drugs could be effective once delivered to 

tumors via ADC technology or other methods.  

The two objectives for my thesis are:   

1. To test the vulnerability of HER2+ cancer cells both in vitro and in vivo to Myc 

B treatments.  

2. To screen and profile synthetic Myc B analogs for F-actin disruption in HER2+ 

cancer cells.  
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Chapter 2 

Materials and Methods  

2.1 Cell Lines and Culture 

HEK293T (human embryonic kidney cells 293 expressing a mutant version of SV40 large 

T antigen), SKOV3 (HER2+ ovarian cancer) and HCC1954 (HER2+ breast cancer) cell 

lines were obtained from American Type Culture Collection, and authenticated by short 

tandem repeat profiling. All cell lines were maintained in Dulbecco Modified Eagle 

Medium (DMEM, Multicell) supplemented with 10% fetal bovine serum (FBS, Multicell) 

and 1% antibiotic-antimycotic (Multicell), and cultured in a humidified incubator at 37˚C 

with 5% CO2. 

2.2 Proteins and Reagents 

Actin and pyrene actin were purchased from Cytoskeleton Inc. (Denver, CO). Myc B was 

purchased from Wako Chemicals (USA) and stored at -20˚C in dimethyl suloxide 

(DMSO). TZ and T-DM1 were provided by Genentech.  

2.3 Pyrenyl-actin Polymerization Assay 

A mixture of rabbit skeletal muscle G-actin and pyrenyl G-actin (3:1 ratio) was diluted in 

G-buffer (2 mM Tris-HCl pH 7.0, 0.2 mM CaCl2 and 0.8 mM NaN3) to a final 

concentration of 9 µM. 63 µl of this mixture was then mixed with 1.4 µL of DMSO, Myc 

B or analogs (0 – 20 µM) in a fluorimeter cuvette and incubated at 25˚C.  After 50 seconds, 

actin polymerization reactions were initiated by the addition of 7 µl of actin polymerization 

buffer (A-buffer) (100 mM Tris-HCl pH 7.5, 500 mM KCl, 20 mM MgCl2 and 10 mM 
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ATP) to pyrenyl actin – toxin mixture. Fluorescence emission at 406 nm was monitored by 

using a Lifetime Fluorimeter (ISS, Inc.) with an excitation wavelength of 365 nm, for a 

time period of 600 seconds. Rate of polymerization was calculated as an increase in 

fluorescent intensity between 250 - 300 s and divided on 50 s. Polymerization rate of actin 

in absence of toxin was set as 100 %. The rate of polymerization in presence of actin toxins 

was expressed as a percentage relative to control (no toxin) value. The IC50 value for each 

toxin was estimated as concentration of toxin for half maximal rate of polymerization. 

 

2.4 F-actin Sedimentation Assay 

Rabbit skeletal muscle G-actin was diluted to 48 µM in A-buffer (100 mM Tris-HCl pH 

7.5, 500 mM KCl, 20 mM MgCl2 and 10 mM ATP) and incubated for 1 hour at room 

temperature (RT) to form F-actin. Reaction mixtures containing a ratio of DMSO, Myc B 

or Myc B analog and actin in ratios ranging from 1:1 to 10:1 were incubated at RT for 30 

minutes.  Mixtures were then spun at 50,000rpm for 30 minutes at 25˚C. The supernatant 

fraction, containing G-actin, was removed and the pellet, containing F-actin, was re-

suspended in 30 µl of G-buffer (2 mM Tris-HCl, 0.2 mM CaCl2 and 0.8 mM NaN3) for 10 

minutes on ice. Supernatant and pellet samples were then mixed with equal volume of 

Laemli buffer and 5 µl samples were analyzed on 10% sodium dodecyl sulfate (SDS)-poly-

acrylamide gels stained with Coomassie Blue.  Densitometry analysis was performed using 

ImageJ software as described previously (Miller, 2004). 
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2.5 Flow Cytometry 

The effects of Myc B on F-actin content of HER2+ cancer cells was quantified by flow 

cytometry analysis of permeabilized cells labeled with FITC-Phalloidin. HCC1954 and 

SKOV3 cells (3 x105) were seeded in a 12-well plate, and 24 hours later treated with Myc 

B (200 nM) or Myc B analog (50 µM) for 4 hours. Cells were collected by 

ethylenediaminetetraacetic acid (EDTA) treatment and fixed using 4% paraformaldehyde 

(PFA) for 15 minutes at RT, permeabilized using 0.2% Triton X-100 for 10 minutes, and 

incubated with FITC-Phalloidin (1:200, Sigma) for 1 hour at 4˚C. Cells were then rinsed 

in phosphate buffered saline (PBS) and analyzed using a FC500 Series Beckman Coulter 

flow cytometer. Analysis was performed using FloJo software to quantify median 

fluorescent intensity.  

2.6 Stable Life-Act Green Fluorescent Protein (GFP)  

A lentivirus expressing Life-Act-GFP (Addgene, cat#51010),  was used to transduce 

HCC1954 and SKOV3 cells to visualize the F-actin dynamics in live cells. For viral 

production, HEK293T cells (5 x105) were plated in 6-well plate coated with 0.01mg/m 

Poly L Lysine (Electron Microscopy Sciences). 24 hours later, cells were co-transfected 

with pLenti.PGK.LifeAct-GFP, PAX2 and MD2G plasmids using X-tremeGENE HP 

DNA Transfection Reagent (Roche Life Sciences) in serum free DMEM. Filtered virus 

was then collected and added to adherent HCC1954 and SKOV3 cells (5 x104) in a 6-well 

plate.  
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2.7 Transient Life-Act RFP  

Life-ActRFP plasmid (Addgene) was transfected into SKOV3 cells in order to visualize F-

actin dynamics in live cells treated with FITC – fluorescently tagged Myc B analog 

utilizing the X-treme GENE transfection reagent. 

2.8 Epifluorescence Microscopy of Treated Cells 

SKOV3 cells (2 x104) were seeded on #1.5 acid washed glass coverslips were coated with 

human Fibronectin (FN) in a 24-well plate. 24 hours later treatment with DMSO control, 

Myc B (25 nM) or Analogs (10 or 25 µM) was added for a duration of 2 or 20 hour 

treatments. Cells were then fixed with 4% PFA, permeabilized in 0.2% Triton X-100 

followed by staining with tetramethylrhodamine (TRITC)-Phalloidin (red) to visualize the 

actin cytoskeleton and 4’,6’-Diamindinoo-2-Phenylindole, Dihydrochloride (DAPI) (blue) 

to identify the nuclei. Images were taken using Axio Scope.A1 (Zeiss), with Infinity 

Capture Software and analyzed using ImageJ. 

2.9 Airyscan Live Cell Imaging 

To visualize F-actin dynamics in real time at high resolution detail SKOV3-LifeAct-GFP 

cells (6 x104) were seeded on #1.5 glass coverslips coated with 10 µg/ml human FN in live-

cell chamber. Cells were imaged at baseline and for 4 hours following treatment with Myc 

B (25 nM) using a LSM800 Zeiss Laser Scanning Confocal with super-resolution detector 

Airyscan (100X objective; Carl Zeiss Canada).   

2.10  Spinning Disc Confocal Cell Imaging 

SKOV3 cells expressing LifeAct-GFP were seeded on live cell chamber coverslips, coated 

with human FN, for 24 hours before being treated with 25 nM Myc B or 10 µM of analogs. 
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Cells were imaged at baseline and every 5 minutes for 2 hours following treatment using a 

Quorum WaveFX-X1 spinning disc confocal system (Quorum Technologies Inc., Guelph). 

2.11 IncuCyte Viability and Proliferation Assay 

Cytotoxicity was measured via uptake of propidium iodide (PI) from supplemented growth 

medium using an IncuCyte ZOOM Live-Cell Analysis System (Essen BioScience). Cells 

(2 x104) were seeded in triplicate in a 96-well plate, and media with 1 µM PI (Biotium) 

and 2% FBS was added 24 hours later. Following addition of DMSO or Myc B at the 

indicated doses, the plate was placed in the IncuCyte ZOOM system. After 48 hours, the 

numbers of PI positive cells and cell confluence were determined using IncuCyte Software. 

Total cell counts were determined using ImageJ software. The median effective dose 

(ED50) was calculated by non-linear regression using GraphPad Prism software. 

2.12 Random Cell Motility Tracking 

The effects of Myc B on motility of HER2+ cancer cells was evaluated using real-time 

tracking of individual cells at low confluence in regular growth media. Briefly, cells (2 

x104) were seeded in triplicate in a 96-well plate, and were treated with Myc B (25 nM) 

the next day, and placed in the IncuCyte ZOOM system. Images were captured every 2 

hours for a period of 12 hours using a 10x objective. Images were then exported, aligned, 

and individual cells tracked using the Image J MTrack2 plugin to assign X-Y coordinates 

at each time point. DiPer software was used to create spider plots and determine mean 

square displacement over time for 255 cells/condition (Gorelik & Gautreau, 2014) 
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2.13 Wound Closure Assay 

To quantify directional cell migration SKOV3 cells (2.5 x104) were seeded in triplicate in 

a 96-well ImageLock plate (Essen BioScience). At approximately 90% confluence a 

scratch was induced using the IncuCyte Woundmaker (a 96-well wound making tool, 

Essen BioScience). Following wounding, and removal of non-adherent cells, media was 

added containing the indicated doses of Myc B. The plate was then inserted into the 

IncuCyte Zoom Live Cell Analysis System and imaged every 2-3 hours for 24 hours. 

Percentage of wound closure was determined through IncuCyte ZOOM Scratch Wound 

Analysis. Invasion assays were performed in parallel with overlay of 5% Matrigel 

following creation of the wound, and addition of the indicated doses of Myc B. Percentage 

of wound closure was determined through IncuCyte ZOOM Scratch Wound Analysis. 

2.14 Spheroid Reattachment Assay 

To evaluate effects of Myc B on 3D HER2+ cancer cell migration and invasion assays, we 

grew SKOV3 cells as spheroids prior to treatment and measured subsequent cell migration 

and invasion. Briefly, a 96-well round bottom plate was coated with poly-2-hydroxymehtyl 

methacrylate (poly-hema) for 48 hours to create a low adhesive coating. SKOV3-LifeAct-

GFP cells (1 x103) were seeded and formed spheroids within 72 hours. Spheroids were 

carefully removed using a 200 µl pipette tip and placed in 96-well round bottom plate with 

or without Myc B (25 nM) or Myc B analog (10 µM) treatment (for invasion assays media 

included 5% Matrigel). The plate was then spun down to move spheroids into the center of 

the wells at 300rpm for 5 minutes and then placed into the IncuCyte Zoom Live Cell 

Analysis System. Images were taken every 2 – 3 hours for 72 hours. Over the 72 hours, the 
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radial migration or invasion of HER2+ cancer cells was measured by IncuCyte Zoom 

Software. 

2.15 Immunofluorescence 

Immunofluorescence was used to visualize the effects of Myc B treatment on specific F-

actin structures. #1.5 acid washed glass coverslips were coated with human FN and treated 

with 12.5 or 25 nM of Myc B for 2 hours. Cells were then fixed with 4% PFA, 

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

(1:200, Millipore ab#3852) primary antibody in a humidity chamber at 4˚C.  Coverslips 

were then rinsed with PBS and incubated in the dark for 1hour at RT Alexa Fluor® 568- 

conjugated goat anti-rabbit immunoglobulin G (IgG) (1:2000, Invitrogen), TRITC-

Phalloidin (1:200, Sigma), and DAPI. 

2.16 Epidermal Growth Factor (EGF) Uptake Assay 

To evaluate effects of Myc B treatment on receptor endocytosis, an EGF uptake assay was 

performed. Cells (2.5 x104) were plated on #1.5 acid washed glass coverslips coated with 

FN. Cells were serum starved overnight, and treated with Myc B (12.5 or 25 nM) for 1 

hour prior to addition of 100 ng/ml Texas Red-conjugated EGF (EGF-TR; Molecular 

Probes) for 15 or 60 minutes. Cells were then washed, fixed with 4% PFA, permeabilized 

with 0.2% Triton X-100 and incubated overnight at 4˚C with mouse anti-early endosome 

antigen 1 (EEA1) primary antibody (1:100) to label early endosomes, or rabbit anti-

lysosomal associated membrane protein 1 (LAMP1) (1:100) to label lysosomes. Cells were 

then incubated for 1 hour at RT with Alexa Fluor® 488-conjugated goat anti-mouse IgG 

or anti-rabbit IgG (1: 400, Invitrogen). Images were acquired using a Quorum WaveFX-
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X1 spinning disc confocal system (Quorum Technologies Inc., Guelph). Co-localization 

analysis was completed using Metamorph co-localization tool.  

2.17 SKOV3 Subcutaneous Xenograft Model 

All animals were housed in a specific pathogen-free facility and procedures were approved 

by the Queen’s University Animal Care Committee in accordance with the Canadian 

Council on Animal Care guidelines. To evaluate effects of Myc B and TZ on tumor 

progression, subcutaneous injections of SKOV3 cells (5 x106) were performed in female 

Rag2-/- IL2γc-/- mice (n=24). Following detection of palpable tumors on day 14, mice were 

treated every 3-4 days with either intra-tumoral injection of either vehicle (PBS/1% 

DMSO) or Myc B (100 ng) alone, with or without or intraperitoneal injection of TZ (50 

µg). Body weights and tumor volumes were measured every 3-4 days until the endpoint 

was reached (tumor length > 1.7 cm). Tumor volumes were calculated using the equation 

TV=0.5 x (length x width2), with length and width measurements obtained using calipers. 

Whole lungs were formalin fixed and paraffin embedded. Sections were prepared and 

stained with anti-HER2 using the Discovery XT Staining System (Ventana Medical 

Systems, Inc.). Antigens were retrieved with an EDTA pH 8.0 solution and slides incubated 

with rabbit anti-HER2 (1:100) antibody (Roche). HER2 immunohistochemistrry (IHC) 

staining was visualized using 3,3’-diaminobenzidine (DAB) with haematoxylin 

counterstaining. Lung metastasis were scored as micro-metastases. Although larger 

metastases (>50 cells) were observed in the lungs of vehicle controls, these metastases 

were also scored as a single micro-metastasis since they likely originated from a single 

tumor cell. 
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2.18 SKOV3 Metastatic Xenograft Model 

To evaluate effects of Myc B and TZ on tumor progression, intraperitoneal  injections of 

SKOV3-WP1 cells (5 x106), containing a luciferase reporter, were performed in female 

Rag2-/- IL2γc-/- mice (N=12). On day 3 and every 3-4 subsequent days, mice were treated 

with either intraperitoneal injection of vehicle (PBS/1% DMSO), Myc B (200 ng), TZ (50 

µg), or the combination of TZ and Myc B. Body weights were measured every 3-4 days 

until the endpoint. Tumors were collected at end point and weighed at end point. At end 

point mice were anesthetized by exposure to 1-3% isoflurane. Mice then received 

150mg/kg of D-luciferin (D-Luciferin, Potassium Salt, GoldBio # LUCK-250) dissolved 

in PBS by intraperitoneal injection. Imaging of ventral view was performed using a 

LightTools Research system dark box (Encinitas, CA) and a Hamamatsu ORCA-Flash4.0 

V2 digital CMOS camera over a course of 30 minutes to establish optimal peak luciferase 

activity. Pseudo-colored parametric overlays of bioluminescence (BLI) with anatomical 

reference images were dynamically constructed for each individual animal. The intensity 

of the regions of interest was then analyzed for total emission flux using Image Pro Plus 

software. At end point, to assess circulating tumor cells, blood was collected by cardiac 

puncture protocol in syringes filled with 0.5 mM EDTA at a pH of 7.4 to prevent clotting. 

HCK lysis buffer (1.65g NH4Cl, 0.2g Potassium Biocarbonate, 0.0074g EDTA in 200 mL 

of H2O) was added to lyse erythrocytes for 5 minutes at 4˚C. After a spin (12,000 rpm for 

5 minutes), supernatant was removed and pellet was washed with 10% DMEM twice. 

Solution was then re-suspended in a 100mm dish. Media was changed every 2 days for 3 

weeks. After 3 weeks’ plates were rinsed with PBS and stained with crystal violet. Images 

were taken using a Iphone 6.  
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2.19 Statistical Analysis 

Unless indicated otherwise, all experiments were performed in triplicate and presented as 

mean +/- standard error (SEM). A one-way analysis of variance (ANOVA) was used to 

compare across treatment groups with statistical significance defined as P <0.05.  
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Chapter 3 

Results 

3.1 Actin toxin Myc B limits growth and survival of HER2+ cancer cell lines 

The effects of increasing doses of Myc B (0-200 nM) were tested on two HER2+ 

cancer cell lines (HCC1954 breast cancer and SKOV3 ovarian cancer cells). The viability 

of these cells was measured via a PI exclusion/uptake assay, in which epiflourescence and 

phase contrast images were acquired every 2 hours for a period of 48 hours. Relative to 

vehicle DMSO control-treated cells, an increased number of PI-positive cells was observed 

with Myc B treatment, as well as reduced confluence (Figure 3.1b). The percentage of 

viable cells at endpoint for Myc B treatments (12.5-200 nM) were calculated from repeated 

experiments, and revealed median effective doses (ED50) of Myc B of 183 nM and 105 nM 

for HCC1954 and SKOV3 cell lines, respectively (Fig. 4.1c). Parallel measurements of cell 

confluence changes also showed a dose-dependent suppression of cell growth by Myc B 

relative to DMSO control (Figure 3.1d). Notably, the suppression of cell growth was 

evident at sublethal doses of Myc B, suggesting that HER2+ cancer cell growth and 

survival are sensitive to disruption of F-actin by an actin toxin.  
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Figure 3. 1 Myc B suppresses growth and viability of HER2+ cancer cells. 

(A) The chemical structure of Myc B is shown, with the aliphatic tail and macrocycle portions 
indicated. (B)  HCC1954 (breast) and SKOV3 (ovarian) cells were incubated with DMSO (1%) or 
Myc B (12.5-200 nM) using an IncuCyte Zoom Live Cell Analysis System for 48 hours. Graph 
depicts the percentage cell viability as determined at endpoint by measuring total cells and PI 
positive cells using ImageJ software (results for triplicate experiments, mean ± SEM). (C) 
Representative micrographs of PI positive (red) and total SKOV3 or HCC1954 cells following 
treatment with DMSO (1%) or Myc B (25 nM) for 48 hours (scale bar indicates 300 µm). (D) 
Graphs depict the percent change in confluence relative to time 0h for SKOV3 cells (left) and 
HCC1954 cells (right) over 48 hours of treatment with DMSO or Myc B (12.5-200 nM; results for 
quadruplicate experiments, mean ± SEM).  
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3.2 Loss of leading edge protrusions in HER2+ cancer cells treated with Myc B 

We evaluated changes in F-actin content of SKOV3 and HCC1954 cells treated 

with DMSO or Myc B (200 nM) for 4 hours. Cells were permeabilized and stained with 

FITC-Phalloidin to detect F-actin, and were then analyzed by flow cytometry to 

quantitatively assess Myc B induced F-actin disruption. Compared to DMSO control, Myc 

B treatment led to significant loss of F-actin content within 4 hours (Figure. 3.2a and b). 

To visualize the location and kinetics of F-actin disruption by Myc B treatment, we 

developed SKOV3 cells that stably express the F-actin reporter LifeAct-GFP and 

performed live cell imaging using a super-resolution confocal microscopy platform. At a 

sub-lethal dose of Myc B (25 nM), cortical F-actin and membrane projections began to 

collapse within minutes, and large F-actin aggregates began to form (Figure 3.3b). This 

was followed by attempting reorganization of the actin cytoskeleton for several hours 

following (Appendix 6.1). Similar effects were observed using spinning disk confocal 

microscopy of SKOV3-LifeAct-GFP cells in a dose dependent manner with treatments of 

Myc B, with complete collapse of F-actin-rich protrusions leading to accumulation of F-

actin aggregates within one hour of treatment (Figure 3.3a). Importantly, these effects were 

not observed in cells following treatment with vehicle (Figure 3.3a).  

 To further our understanding of the mode of action of Myc B on HER2+ cancer cell 

phenotypes, we profiled Myc B treatment effects on cortactin-rich membrane protrusions. 

Cortactin is an F-actin binding protein that localizes to membrane protrusions, which 

enhance motility and invasion of cancer cells. Disruption of these structures by an actin 

toxin like Myc B has not previously been investigated, but would be expected to reduce or 

abolish these vital contributors to cancer cell metastasis. Therefore, SKOV3 cells were 
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treated with DMSO or Myc B (12.5 or 25 nM) for 2 hours, and the subcellular localization 

of endogenous cortactin and F-actin was analyzed by immunoflourescence and confocal 

microscopy. The DMSO control cells exhibited a polarized motile phenotype with leading 

edge protrusions enriched in cortactin and F-actin (Figure 3.4). Conversely, cortactin in 

Myc B treated cells displayed a punctate distribution throughout the cell, and co-localized 

with F-actin puncta. These cells also lost their polarized phenotype with increasing 

concentration of Myc B (Figure 3.4). Together, these results demonstrate that Myc B 

exposure leads to rapid collapse of actin-based cellular projections in HER2+ cancer cells, 

implying that cancer cell motility may be inhibited by low doses of actin toxins. 
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Figure 3. 2 Decrease in cellular F-actin content following Myc B treatment of HER2+ 
cancer cells. 

(A) Representative flow cytometry histogram (left) is shown for a SKOV3 cells and (B) HCC1954 
cells treated with DMSO (1%) or Myc B (200 nM) for 4 hours prior to permeabilization and staining 
with FITC-Phalloidin. Graphs (right) depicts FITC-Phalloidin median fluorescence intensity (MFI) 
for 3 experiments (SKOV3) or 2 experiments (HCC1954) (mean ± SEM, * P <0.05). 
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Figure 3. 3 Myc B disrupts F-actin dynamics in HER2+ cancer cells. 

(A) Representative confocal micrographs are shown for selected time points of live cell imaging 
for SKOV3 cells expressing LifeAct-GFP (green) treated with either DMSO (1%) or Myc B (50 
nM; scale bar indicates 15 µm). (B) Representative live cell images at baseline and 4 hours 
following treatment with Myc B (25 nM) using a LSM800 Zeiss Laser Scanning Confocal with 
super-resolution detector Airyscan (100X objective; Carl Zeiss Canada).    
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Figure 3. 4 Disruption of leading edge protrusions in HER2+ cancer cells by Myc B. 

Representative confocal micrographs are shown for SKOV3 cells treated with DMSO (1%) or Myc 
B (12.5-25 nM) for 2 hours prior to immunostaining for Cortactin (red) and counterstaining of F-
actin (FITC-Phalloidin, green) and nuclei with DAPI (blue). 
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3.3 Myc B suppresses HER2+ cancer cell migration and invasion. 

Sub-lethal doses of Myc B disrupt leading edge protrusions in HER2+ cancer cells. 

To investigate if these Myc B doses had effects on motility, assays evaluating random and 

directional cell motility, as well as cell invasion through ECM were performed. To measure 

random cell motility, we tracked movements of >250 individual SKOV3 cells treated with 

either DMSO or Myc B (25 nM) for 12 hours. The spider plots, with lines representing the 

movement of each cell, demonstrated that Myc B treatment reduced the random cell 

motility (Figure 3.5a). Quantification of the overall mean square displacement revealed 

that the suppressive effects of Myc B were significant (Figure 3.5b). To evaluate effects of 

Myc B on directional cell migration, a scratch wound assay was performed using SKOV3 

cells. In this assay, SKOV3 cells treated with vehicle were capable of completely covering 

the wound area within 24 hours, whereas treatment with Myc B (12.5-50 nM) reduced 

wound closure (Figure 3.5c). Similar results were observed for invasion assays wherein the 

wound area was overlayed with Matrigel. Quantification of these results showed a dose 

dependent suppression of directional migration and invasion of HER2+ cancer cells 

(Figure 3.5d).  To extend these studies to a 3D model, we grew SKOV3 cells as spheroids 

for 3 days prior to transfer to wells that allow adhesion and subsequent migration or 

invasion away from the spheroid. Representative incucyte images demonstrate radial 

migration and invasion of SKOV3 cells with DMSO treatment, but to a lesser extent with 

12.5 or 25 nM Myc B treatment (Figure 3.6a). Quantification of these results indicated 

significant loss of spheroid migration and invasion with Myc B treatment (Figure 3.6b). 

These results highlight the efficacy of Myc B to limit the motile and invasive properties of 

SKOV3 HER2+ cancer cells. 
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Figure 3. 5 Myc B inhibits HER2+ cancer cell motility, migration and invasion. 

(A) Cell motility spider plots (B) and mean square displacement (MSD), are shown for SKOV3 
cells treated with either DMSO (1%) or Myc B (25 nM) for 12 hours (n=255, mean ± SEM, *** P 
<0.001). (C) SKOV3 cells treated with DMSO or Myc B (12.5-50 nM) were subjected to scratch 
wound migration and invasion assays as described in Materials and Methods. Representative phase 
contrast micrographs are shown for migration assays at time 0 and 24 hours. (D) Graphs depict the 
percentage of wound area confluence after 24 hours of the indicated treatments for migration 
(upper) or invasion (lower) assays conducted in triplicate (d; mean ± SEM, * P <0.05, ** P <0.01, 
*** P <0.001). 

µm 
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Figure 3. 6 Myc B inhibits HER2+ cancer cell spheroid reattachment migration and 
invasion. 

SKOV3 cell spheroids were grown in low adhesion wells then moved to adhesive wells to 
reattach as described in Materials and Methods. (A) Graph depicts quantification of cell migration 
or invasion area at endpoint relative to time 0 for triplicate experiments (mean ± SEM, ** P<0.01 
*** P <0.001). (B) Representative phase contrast images of SKOV3 cells treated with DMSO or 
Myc B (12.5 or 25 nM) in the spheroid migration assays at 72 hours post attachment. 
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3.4 Myc B treatment does not inhibit T-DM1 effects in HER2+ cancer cells 

As previously mentioned actin is involved in the endocytic pathway. We therefore 

examined the effects of Myc B on receptor mediated endocytosis, as well as the efficacy 

of T-DM1 in HER2+ cancer cells exposed to Myc B to determine whether actin 

cytoskeleton disruption by an actin toxin like Myc B would inhibit the mode of action of 

an ADC.  

HER2+ cancer cells were pre-treated with DMSO or Myc B (12.5 or 25 nM) for 1 

hour prior to addition of Texas Red-conjugated EGF (EGF-TR) to induce internalization 

of epidermal growth factor receptor (EGFR) and EGFR/HER2 receptors. After 15 minutes, 

trafficking EGF-TR to EEA1-positive early endosomes was assessed by 

immunofluorescence staining and visualized by confocal microscopy. No overt defects in 

EGF-TR uptake with Myc B treatment were observed, as we saw extensive co-localization 

of EGF-TR with EEA1 endosomes (Appendix 6.2). Quantification of these results revealed 

no defects in EGF-TR+ vesicle numbers, and a moderate reduction in co-localization with 

EEA1 in HER2+ cells treated with 25 nM Myc B (Appendix 6.2).  Similar methods were 

used to examine effects of Myc B on receptor trafficking to lysosomes and observed similar 

co-localization of EGF-TR and LAMP1-positive lysosomes with DMSO or Myc B 

treatments (Appendix 6.2).  

To further evaluate this processes, next compared the effects of a sublethal dose of 

Myc B (25 nM) on the response of SKOV3 cells to T-DM1 (0.5 µg/ml). Compared to 

DMSO control-treated cells, both Myc B and T-DM1 treatments led to cytotoxicity, and 

this increased further with a combination of Myc B and T-DM1 treatments (Figure 3.7). 
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Together, these results demonstrate that actin-disrupting agents like Myc B may be 

compatible for ADC’s mechanism of delivery by receptor-mediated endocytosis.  
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Figure 3. 7 Myc B enhances killing of SKOV3 cells by T-DM1. 

(A) SKOV3 cells were seeded and incubated with DMSO, Myc B (25 nM), T-DM1 (0.5 µg/ml), or 
a combination of Myc B and T-DM1 in DMEM supplemented with 2% FBS and PI (1 µM) using 
the IncuCyte Zoom Live Cell Analysis System for 48 hours. Graph depicts quantification of PI 
positive cells per field for triplicate experiments (mean ± SEM, * P <0.05). (B) Representative 
merged micrographs of PI+ and total SKOV3 cells after 48h treatment with the indicated 
treatments.  
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3.5 Intratumoral Myc B and TZ combination treatment suppressed HER2+ tumor 

growth and metastasis.  

To extend our studies to a xenograft tumor model, we established subcutaneous 

SKOV3 tumors in female Rag2-/-:IL2γc-/- mice (lacking NK, B and T cells). When palpable 

tumors were detected (day 10-14), mice were randomized between intra-tumoral injections 

of DMSO (1% in saline) or Myc B (100 ng), intraperitoneal injections of TZ (50 µg), or 

the combination of Myc B and TZ every 2-3 days (Figure 3.8a). These routes of delivery 

of the actin toxin (direct injection into tumor) and TZ (systemic delivery) were designed to 

mimic the targeted delivery of Myc B analogs by a TZ-based ADC, and thereby provide a 

proof-of-principle for use of actin-targeting ADCs in vivo. Using calipers to measure tumor 

volumes, we observed a significant decrease in tumor growth with Myc B/TZ combination 

treatments compared to DMSO control (Figure 3.8b). At endpoint, the tumors were 

removed, and we observed significant reduction in tumor mass with TZ, Myc B and Myc 

B/TZ combination treatments relative to the DMSO control cohort (Figure 3.8c). The 

MycB treatment trended lower as well, and these tumors tended to have less uniform shape 

compared to DMSO or TZ treated tumors (Figure 3.8c), but were histologically similar 

(Appendix 6.3). At this dose of Myc B, we also observed a trend towards reduced content 

of F-actin in the tumors compared to DMSO controls (Appendix 6.3). To test for treatment 

effects on metastasis-initiating cells, we examined lung tissue for metastatic HER2+ tumor 

cells by IHC. While we observed some HER2+ micrometastases (<10 cells) in all treatment 

groups, only the DMSO controls had macrometastases (>50 cells; Figure 3.8d). To score 

metastasis across treatment groups, we scored micrometastases and treated 

macrometastases as though they would have originated from a single metastatic tumor cell. 
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Quantification of these results demonstrated robust suppression of metastasis with Myc B, 

TZ or combination Myc B/TZ treatments (Figure 3.8d). 
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Figure 3. 8 Combination of treatments with Myc B and TZ suppress HER2+ growth and 
metastatsis in a tumor xenograft model. 

(A) A timeline and treatment schedule is presented for subcutaneous tumor xenograft studies using 
SKOV3 cells injected in female Rag2-/- IL2γc-/- mice and treated on the indicated days with either 
intratumoral injections of DMSO or Myc B alone, TZ alone, or the combination of TZ and Myc B. 
(B) Graph depicts the tumor volumes for each treatment group (mean ± SEM, * P <0.05). (C) 
Graph depicts mean tumor mass for each treatment group at endpoint compared to DMSO control 
(n=6/group; mean ± SEM, * P <0.05, ** P <0.01), and representative images are shown for each 
treatment group (right). (D) To visualize lung metastases, lung tissue sections were subjected to 
IHC staining of HER2, and representative micrographs are shown for each treatment group (left; 
scale bar indicates 0.5 mm). Graph depicts quantification of micrometastases per lung section 
compared to DMSO control (right, n=6/cohort, mean ± SEM, * P <0.05).  
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3.6 Intraperitoneal treatments with Myc B failed to suppress HER2+ tumor growth 

in a metastatic xenograft model of ovarian cancer.  

To test the Myc B and TZ combination treatment in a more representative model 

of metastatic ovarian cancer, we established a metastatic SKOV3 tumor model. An SKOV3 

cell line (SKOV3-WPI) containing a luciferase reporter was used to visualize tumor 

location and burden following intraperitoneal (i.p.) injection using BLI imaging. SKOV3-

WPI cells were injected i.p. in female Rag2-/-:IL2γc-/- mice allowing cells to disperse within 

peritoneum randomly and establish tumors throughout. This models late stage ovarian 

cancer in humans. On day 3 post injection, mice were randomized between i.p. injections 

of DMSO (1% in saline) or Myc B (200 ng), TZ (50 µg), or the combination of Myc B and 

TZ every 2-3 days (Figure 3.9a). Directly administering the actin toxin into the peritoneum 

would allow us to evaluate any toxicities that may appear with repeated systemic Myc B 

treatments. Previous studies have also indicated efficacy of other actin toxins (Latrunculin 

A and Chondramide) in similar models (Konishi et al., 2009; Menhofer et al., 2014). Mice 

in the experiment maintained body weight throughout with no evidence of toxicity in the 

Myc B treatment (Figure 3.9b). Tumor burden was evaluated at endpoint by BLI. Mice 

were anesthetized, injected with luciferin allowing us to visualize the localization and 

presence of tumor nodules. We observed significantly less signal in the TZ treatment and 

Myc B/TZ treatment groups, however no significance in the Myc B treatment group 

(Figure 3.9d and e). Similar results were seen in total tumor mass collected (Figure 3.9c). 

Additionally, no histological differences were noted in tumor samples between treatment 

groups (Appendix 6.4). To test for treatment effects on circulating tumor cells (CTCs), we 

collected whole blood via cardiac puncture at end point. After 3 weeks of culture, 
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established colonies were identified and counted using crystal violet staining. Interestingly, 

while circulating tumor colonies were identified in all treatment groups, the Myc B treated 

group had the greatest number of CTCs (Figure 3.9f and g). 
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Figure 3. 9 Myc B treatments were ineffective at suppressing HER2+ tumor growth in a 
metastatic xenograft model. 

(A) A timeline and treatment schedule is presented for metastatic tumor xenograft studies using 
SKOV3-WP1 cells injected in female Rag2-/- IL2γc-/- mice and treated on the indicated days with 
intraperitoneal injections of DMSO or Myc B alone, TZ alone, or the combination of TZ and Myc 
B. (B) Graph depicts mouse weight (g) over course of treatment. (C) Graph depicts the tumor mass 
for each treatment group at endpoint relative to DMSO control (mean ± SEM, *** P <0.001). (D) 
Representative BLI images demonstrating luciferase signal (green) from each treatment group at 
endpoint. (E) Graph depicts quantification of BLI signaling by ImageJ intensity analysis. (F,G) At 
end point, blood was remove from circulation. Red blood cells were lysed and removed. Remaining 
cells were plated in 10cm culture plates with 10% DMEM. After 3 weeks, circulating tumor cell 
colonies were stained with crystal violet. (F) Graph depicts number of circulating tumor cell 
colonies of each treatment group at endpoint (n=6/group; mean ± SEM), and (G) representative 
images are shown for each treatment group.  



 

 

60 

 

3.7 Simplified Myc B analogs disrupt actin polymerization 

Myc B has demonstrated the ability to effectively inhibit HER2+ cancer cell 

viability, motility and demonstrated efficacy in vivo. As mentioned previously, the quantity 

of Myc B is extremely limited and too demanding to synthesize chemically. To address 

this limitation, we initiated a collaboration with with Dr. Andrew Evan’s lab (Department 

of Chemistry, Queen’s University) to develop a library of simplified synthetic Myc B 

(Figure 1.7). Simplified actin toxin tail analogs were screened for their ability to disrupt 

actin polymerization using a biochemical assay that monitors the change in fluorescence 

of pyrene-actin as a function of time (Figure 3.10). Here, actin filament formation is 

measured as an increase in pyrene fluorescence. The change in fluorescence over time was 

then used to calculate the rate of polymerization as a function of analog concentration 

(Figure 3.10). Out of the 20 analogs screened (Appendix 7.5), two analogs RG2415 and 

RG2453 demonstrated substantial inhibition of actin polymerization (Figure 3.10b). Using 

this data, the IC50 values were calculated for Myc B (0.01 µM), RG2415 (0.6 µM) and 

RG2453 (< 1 µM).   

To determine the F-actin severing ability of the analogs, an actin sedimentation 

assay was performed wherein pre-assembled F-actin polymers were treated with Myc B 

analogs at varying concentrations for 30 minutes and then centrifuged to separate soluble 

G-actin and short F-actin fragments (supernatant) from large F-actin polymers (pellet) 

(Figure 3.11a). As expected upon treatment with Myc B (1:1 ratio of toxin to actin) the 

majority of protein was found in the form of G-actin indicating severing activity. Analogs 

(10:1 ratio of toxin to actin) were evaluated and results indicate that analog RG2415 
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retained actin severing ability of Myc B (Figure 3.11c). Further, RG2415 was evaluated at 

two lower concentrations (5:1 and 1:1 actin to F-actin) demonstrating a dose-dependent 

effect (Figure 3.11c).  

These experiments were used as an initial screening to determine the analogs that 

would move forward into cell based assays. Although RG2415 was the only analog able to 

demonstrate severing activity, there are several other mechanisms to disrupt actin 

polymerization including capping F-actin or sequestering G-actin that may not be apparent 

in the sedimentation assay. The top six analogs that demonstrated ability to decrease the 

rate of polymerization in the pyrene-actin assay (RG2298, RG2319, RG2358, RG2415, 

RG2453, RG2534), as well as a specially synthesized linker analog (RG2747) and a 

fluorescently tagged analog (RG2787), were selected for testing in HER2+ cancer cells.  
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Figure 3. 10 Myc B analogs disruption of in vitro actin polymerization.  

(A) G-actin and pyrenyl G-actin was diluted in G-buffer, this mixture was mixed with 1.4µl of 
varying concentrations of Myc B or Myc B analogs in a fluorimeter cuvette, then actin 
polymerization reactions were then initiated by the addition of actin polymerization buffer as 
explained in the materials and methods. (B) Percent rate of polymerization for Myc B and each 
Myc B analog was determined by taking the linear equation of the tangent to fluorescence intensity 
measurement for treatments in comparison to the control for each individual experiment. 
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Figure 3. 11 Myc B analog RG2415 exhibits severing activity in vitro. 

(A) Schematic of the actin severing assay. G-actin is polymerized by adding actin to A-buffer for 
1hr. The toxins are then added at a 1:1 molar ratio with actin for Myc B and 10:1 molar ratio with 
actin for the analogs. After incubation with toxin for 30 min, samples were spun at 50,000rpm to 
separate F-actin (pellet, “p”) and from G-actin and short actin filaments produced from severing 
(supernatant, “s”). (B) Pellet and supernatant samples are then run on a 10% polyacrylamide gel. 
(C) Graph shows the % of F-actin (pellet/(supernatant+pellet)*100; mean ± SEM, * P < 0.05) 
determined by densitometry analysis of the gels. (D) Representative wells of pellet and supernatant 
from each analog treatment at a ratio of 10:1 toxin:actin. Samples run on separate gels are indicated 
by white space between images.  
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3.8 Myc B analogs disrupt cellular F-actin in HER2+ cancer cells 

To assess effect of Myc B analogs on actin in HER2+ cancer cells, SKOV3 cells 

were seeded on coverslips and treated with DMSO vehicle control, Myc B (25 nM) or 

analog (10 µM) for 2 and 20 hours before being fixed, stained with TRITC-Phalloidin (red) 

and DAPI (blue), and imaged on an epifluorescence microscope (Figure 3.12). Compared 

to cells treated with Myc B, RG2319, RG2358 and RG2747 demonstrate limited 

perturbation of actin structure, while RG2415, RG2453 and RG2787 all demonstrated F-

actin disruption and peripheral F-actin formation at both 2 and 20h. Interestingly, analog 

RG2534 had limited effect at the 2h mark, however after 20h significant F-aggregate 

formation can be seen along the periphery. Additionally, when the same experiment was 

conducted using 25 µM of the analogs, there was a pronounced effect on the actin 

cytoskeleton (Appendix 6.6). 

Using SKOV3 cells stably expressing the F-actin reporter LifeAct-GFP, RG2415 

and RG2453 treatment (10 µM) led to collapse of the F-actin cytoskeleton in a similar 

manner to Myc B (25 nM) (Figure 3.13). For RG2415, this effect is followed by formation 

of numerous F-actin aggregates near the cell periphery. Similar aggregates appear after 

RG2453 treatment but cytoskeleton disruption is not as pronounced as Myc B or 2415 

treatments. In comparison, RG2534 had limited effects on the cells other than slight 

rounding of the cell as a whole. This is reflective of the previous results seen in fixed cells, 

where phenotypic affects only become apparent after 2 hours of exposure to the compound 

(Figure 3.12). 

To evaluate if this effect was quantifiable, F-actin content of SKOV3 cells was 

evaluated by Phalloidin staining followed by flow cytometry. Analog RG2415 and 
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RG2534 (50µM) were not unable to significantly decrease F-actin content in this assay 

(Fig. 4.14). Although phenotypic changes can be seen in cells upon treatment with these 

analogs through fluorescent imaging, the dose of treatment was several logs higher than 

the concentration required of Myc B to observe these effects. The high doses of Myc B 

analogs in this assay (200 µM) would also increase effects of DMSO on cellular viability 

and solubility issues.  
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Figure 3. 12 Actin cytoskeletal disruption by Myc B analogs in SKOV3 cells stained with 
TRITC-Phalloidin. 

Representative fluorescence micrographs are shown for SKOV3 cells treated with DMSO (1%), 
Myc B (25 nM) or the indicated analogs (10 µM) for 2 or 20 hours prior to staining of F-actin 
(TRITC-Phalloidin, red) and nuclei with DAPI (blue). 
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Figure 3. 13 Actin cytoskeletal disruption by Myc B analogs in SKOV3 cells expressing Life-
Act-GFP. 

Representative confocal micrographs are shown for selected time points of live cell imaging for 
SKOV3 cells expressing LifeAct-GFP (green) treated with either DMSO (1%), Myc B (25 nM) or 
Analog (10 µM); scale bar indicates 15 µm). 
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Figure 3. 14 Effects of Myc B analog treatment on cellular F-actin content in HER2+ cancer 
cells. 

A representative flow cytometry histogram is shown for SKOV3 cells treated with analog RG2534 
(50 µM, A) and RG2415 (50 µM, B) treatments compared to DMSO (1%) or Myc B (200 nM) for 
4 hours prior to permeabilization and staining with FITC-Phalloidin. 
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3.9 Myc B analogs suppress growth and viability of HER2+ cancer cells 

To further characterize these Myc B analogs both their growth suppression and 

cytotoxicity were evaluated by PI exclusion/uptake assay in which epifluorescence and 

phase contrast images were taken every 1 hour for 48 hours in the IncuCyte Zoom Live 

Cell Analysis System. We observed increased PI-positive cells with RG2453 and RG2534 

compared to vehicle control-treated cells (DMSO) Figure 3.15 and 3.16; Appendix 6.8). 

RG2453 was cytotoxic at 50 µM in HCC1954 cells, while RG2534 was cytotoxic to both 

HCC1954 and SKOV3 at a final concentration of 25 µM (Figure 3.15 and 3.16; Appendix 

6.8). 

In addition to evaluating cytotoxicity, cell growth was also evaluated by measuring 

cell confluence changes (Figure 3.15 and 3.16, Appendix 6.7). Analogs RG2319 and 

RG2415 were able to suppress growth in SKOV3 cells, while analogs RG2358, RG2453 

and RG2534 suppressed growth in both SKOV3 and HCC1594 cells (Figure 3.15 and 

3.16). Representative phase contrast images demonstrate that RG2453 and RG2534 induce 

cell rounding in both SKOV3 and HCC1954 (Figure 3.15 and 3.16).  
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Figure 3. 15 Myc B analogs cause cell rounding and reduced viability of  SKOV3 HER2+ 
cancer cells. 

SKOV3 cells were incubated with DMSO (1%) or analog (12.5-50 µM) in DMEM supplemented 
with 2% FBS and PI (1 µM) using an IncuCyte Zoom Live Cell Analysis System for 48 hours. (A) 
Graphs depict the % of cytotoxicity relative to 50 nM of Myc B (left) and % growth inhibition 
relative to 50 nM of Myc B (right) after 48 hours of treatment with DMSO or indicated analog 
(12.5-50 µM). (B) Representative phase contrast images of SKOV3 cells following treatment with 
DMSO (1%), Myc B (25 nM) or Analog (25µM) for 48 hours (scale bar indicates 300 µm). 
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Figure 3. 16 Myc B analogs cause cell rounding and reduced viability of  HCC1954 HER2+ 
cancer cells. 

HCC1954 cells were incubated with DMSO (1%) or analog (12.5-50 µM) in DMEM supplemented 
with 2% FBS and PI (1 µM) using an IncuCyte Zoom Live Cell Analysis System for 48 hours. (A) 
Graphs depict the % of cytotoxicity relative to 50 nM of Myc B (left) and % growth inhibition 
relative to 50 nM of Myc B (right) after 48 hours of treatment with DMSO or indicated analog 
(12.5-50 µM). (B) Representative phase contrast images of HCC1954 cells following treatment 
with DMSO (1%), Myc B (25 nM) or Analog (25µM) for 48 hours (scale bar indicates 300 µm).  
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3.10 Limited uptake of FITC-Analog RG2787 indicates that low toxicity may be a 

result of poor cellular internalization  

To assess internalization and localization of Myc B analogs in HER2+ cells, Analog 

RG2534 was conjugated to a FITC (green) compound at its C24 to create analog RG2787 

(Figure 3.17a). We then incubated the analog with SKOV3 cells expressing F-actin reporter 

LifeAct-RFP (red fluorescent protein) and performed live cell imaging using a confocal 

microscopy platform. Green aggregates were visible around the periphery of the cells 

within a few minutes of RG2787 treatment (Figure 3.17b), indicating cellular 

internalization. With the high concentration of analog added (10 µM), a concern that only 

the brightest aggregates could be visualized arose and therefore to confirm internalization 

was occurring and to determine localization, SKOV3 cells were seeded onto coverslips and 

treated with RG2787 for 30 minutes, 1 or 2 hours (Figure 3.17c). These cells were then 

fixed and stained with Phalloidin to visualize F-actin structures. In these cells, a small 

amount of RG2787 can be seen at 30 minutes. After 1 hour, in some cells, RG2787 

aggregates can be seen diffuse in the cellular cytoplasm, reflecting results seen in live-cell 

microscopy. After 2 hours of treatment cells formed F-actin aggregates, similar to the 

effects of the natural product, and demonstrated some F-actin co-localization indicating 

that this analog retained the ability to disrupt actin. These effects were not visualized in the 

cells treated with vehicle DMSO control (Figure 3.17c).  
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Figure 3. 17 Uptake and localization of RG2787 in HER2+ cancer cells. 

(A) Chemical structure of RG2787. (B) Representative confocal images of SKOV3 cells transiently 
transfected with LifeAct-RFP (red) and treated with RG2787 (10 µM green) are shown for selected 
time points. (C) Representative confocal images of SKOV3 cells treated with RG2787 (10 µM, 
green) for 0, 1 and 2 hours and stained with TRITC-Phalloidin (red), and DAPI (blue).  
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3.11 Myc B analogs demonstrate modest suppression of HER2+ cancer cell migration 

at sub-lethal doses 

Sub-lethal doses of Myc B limited the motility and invasiveness of HER2+ cancer 

cells. To evaluate the effects of Myc B analogs on directional motility, a scratch wound 

assay was performed using SKOV3 cells. Upon treatment with sub-lethal doses of Myc B 

analogs (10 µM), analog RG2534 was able to significantly suppress migration (Figure 

3.18). Although statistical significance was not established in other analogs, several 

demonstrated a suppressive trend including RG2298, RG2415 and R2453 throughout the 

24-hour treatment period. This effect was observed exclusively in migration and 

effectiveness was lost when evaluating invasion with the addition of Matrigel (Figure 

3.18). Since the 3D model evaluating Myc B effect on SKOV3 spheroid reattachment was 

particularity sensitive to Myc B treatment, we evaluated our analogs in this assay as well. 

Unfortunately, analogs did not demonstrate the ability to suppress 3D to 2D spheroid 

migration (Figure 3.19).  
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Figure 3. 18 RG2534 inhibits HER2+ SKOV3 cell migration. 

SKOV3 cells treated with DMSO, Myc B (25 nM), or analog (10 µM) were subjected to scratch 
wound migration and invasion assays as described in Materials and Methods. (A) Graphs depict 
the percentage of wound area confluence after 24 hours (left), or percentage of wound area density 
after 48 hours (right), of the indicated treatments for migration (left) or invasion (right) assays 
conducted in triplicate. (B) Representative phase contrast micrographs are shown for migration 
assays at time 0, 12 and 24 hours.  
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Figure 3. 19 Myc B analogs do not suppress 3D to 2D spheroid migration. 

SKOV3 cell spheroids were grown in low adhesion wells then moved to adhesive wells to reattach 
in media containing DMSO or Myc B analogs (10 µM) as described in Materials and Methods. (A) 
Graph  depicts quantification of cell migration over 72 hours. (B) Graph demonstrates % confluence 
migration at endpoint (72h) relative to time 0 for triplicate experiments.  
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Chapter 4 

Discussion 

Metastasis remains the leading cause of cancer related deaths worldwide, and is 

poorly controlled by most current therapies.  By targeting and inhibiting the rapid F-actin 

polymerization events that are crucial to the motile and invasive phenotype of metastasis-

initiating cells, we may eventually be able to address this unmet need. Several natural 

products targeting the actin cytoskeleton exist, however, their use is limited as a 

monotherapy. Encouraged by recent improvements in the control of HER2+ cancers with 

the addition of TZ and T-DM1 to chemotherapy regimens, we were interested to explore 

the potential of developing an F-actin targeting toxin-like therapy for metastatic cancers 

overexpressing targetable cell surface antigens. We hypothesized that an ADC armed with 

an actin-targeting compound will provide a novel therapeutic approach to inhibit metastatic 

disease progression.  

4.1 Evidence towards Myc B as an ADC warhead 

We demonstrate that Myc B is a potent inhibitor of HER2+ breast and ovarian 

cancer cell migration and invasion at sub-lethal doses. These effects are attributed to the 

ability of Myc B to promote rapid depolymerization of F-actin. Although other actin toxins, 

such as Latrunculin A, also promote cytotoxicity and suppress cancer cell motility, our 

research provides additional evidence that Myc B can limit tumor growth and metastasis 

alone or in combination with TZ. These effects are promising and are likely due to 

disruption of F-actin-based structures such as invadopodia, but this remains to be 

determined.  
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Due to its high structural complexity and limited supply in nature, Myc B is 

impractical for clinical use as an ADC warhead (Saito et al., 1994). With knowledge that 

the tail moiety provides the major determinant for actin polymerization activity (Perrins et 

al., 2008) (Klenchin et al., 2003; Allingham et al., 2005), we sought to apply novel 

synthetic chemistry methods to produce simplified analogs of Myc B that are more 

amenable to development in an ADC formulation. To achieve this, we initiated a 

collaboration with with Dr. Andrew Evan’s lab (Department of Chemistry, Queen’s 

University) to develop a library of simplified synthetic Myc B (Figure 1.7). The progress 

made in development of simplified Myc B analogs that could be conjugated to cancer-

seeking antibodies takes this concept one step closer to the point of creating a 

mechanistically novel chemotherapy, but has also revealed additional challenges that lie 

ahead. Although first-generation analogs demonstrated limited efficacy in vitro, a series of 

simple modifications results in a number of second-generation analogs that demonstrated 

comparable potency to Myc B in actin polymerization studies. As expected, the tail analogs 

lacking the macrocycle ring that interacts with the side of F-actin demonstrated some loss 

in functionality and efficacy. For most analogs, this includes loss of the ability to sever F-

actin. Only one analog, RG2415, retained this ability. Additionally, when evaluating these 

analogs on both viability and metastatic processes including migration and invasion in 

HER2+ cancer cells comparable results were obtained in few analogs and at the µM 

concentration, rather than nM concentrations with natural product Myc B. This result 

highlights an important limitation of our analogs that will need to be addressed by 

exploring new modifications that can compensate for loss of the large macrocycle ring or 

that exploit a different actin binding mode.  
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The drastic difference in effective doses for in vitro versus in vivo experiments also 

raised questions about internalization and/or off-target interactions in comparison to Myc 

B. To investigate these possibilities, a FITC molecule was conjugated to analog RG2534, 

creating RG2787. This provided evidence that the analogs were being internalized into 

HER2 cells, however, we cannot rule out the possibility that the FITC group may have 

contributed to this process and that less of the non-FITC labeled analogs is actually being 

internalized. RG2534 for example demonstrated potent toxicity in the µM range, however, 

at the same concentration had limited effects on the actin cytoskeleton when evaluated 

through-live cell analysis.   

Previous research suggested that Myc B itself has other targets as well, such as the 

Actin-related protein-1 (Arp1) subunit of Dynactin, which is involved in retrograde 

transport of neuronal vesicles (Cavolo et al., 2015). Interestingly, that study evaluated the 

dissociation of the Dynactin complex at a point in time where the presence of an actin 

monomer in the complex was controversial and unconfirmed. They concluded that it must 

be a Myc B specific effect on Dynactin because transport was maintained upon treatment 

with another actin toxin, Latrunculin. However, the mode of action of Latrunculin differs 

from Myc B in that it binds to the pointed end of the actin monomer acting as a capping 

protein. A study determining the structure of the Dynactin complex (by cryo-electron 

microscopy to 4.0A) confirmed that while eight of the filament creating monomers are Arp 

1, there is one monomer of actin (Figure 4.1) (Urnavicius et al., 2015). The orientation of 

the actin monomer places the pointed end being capped by Arp 11, with the barbed end 

interacting with Arp 1.  The intact Dynactin complex would therefore be susceptible to 

severing activity by Myc B but remain intact with treatment of a capping toxins such as 
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Latrunculin. Indicating that while Myc B dissociates Dynactin Cavolo et al may have been 

wrong in concluding that Myc B inhibits Arp 1. It would be therefore be interesting to 

determine if Myc B does in fact bind to Arp 1 or if it simply acts on the actin monomer 

present in the Dynactin complex.  

 

Figure 4. 1 Cyro-EM structure of Dynactin. 

(A) A 4.0A cryo-EM map of dynactin segmented and colored accoriding to its compoennts. (B) A 
density map of B-strand and ADP molecule in Arp1-C. (C) A molecular model of dynactin. (D) 
6.3A cryo-EM map showing the helices in the dynactin shoulder. Adapted from (Urnavicius et 
al., 2015) 
 

With the recent finding that Dynactin also participates in trafficking of a metastasis-

promoting matrix metalloproteinase (MT1-MMP or MMP-14), it will be interesting to test 

for the effects of Myc B on MMP-14 activity and proteolysis of substrates relevant to 

metastasis in future studies (Marchesin et al., 2015). 
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Determining these off-target effects are especially relevant when considering the 

use of actin toxins clinically. Tumor xenograft studies have been performed using the actin 

toxins Latrunculin A and Chondramide, and have shown promising results with no 

evidence of acute toxicities (Konishi et al., 2009; Menhofer et al., 2014). We observed 

similar results in our study administering intraperitoneal injections of Myc B. We found 

that mice receiving Myc B treatment maintained body weight throughout the study with no 

evidence of toxicities. Myc B had limited effects in an intraperitoneal tumor model when 

compared to the subcutaneous model possibly due to a lower dose reaching the tumors or 

efficient metabolism to a non-toxic or excreted form. Collectively, these pilot studies along 

with our results suggest that targeting the augmented actin polymerization dependence of 

many cancer cell types may be beneficial in developing treatments targeting metastasis. 

Moreover, selective delivery approaches with a novel class of actin toxin-based ADCs may 

reduce exposure of these actin toxins to normal cells and prevent toxin metabolism.  

Several immune cells, including monocytes, undergo the process of extravasation 

to infiltrate tissues and survey for pathogens. This process along with pathogen 

compartmentalization, vesicle trafficking and innate immune activators rely on the proper 

functioning of the actin cytoskeleton (Yang et al., 2006; Mostowy & Shenoy, 2015). 

Neurons also heavily rely on the actin cytoskeleton for proper functioning, specifically for 

growth, secretion, storage and movement of cargo throughout the neuron (Konietzny et al., 

2017). Thus, therapies involving actin toxins would have to be carefully tested for immune 

or neuronal dysfunction that may arise.  
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4.2 Future Directions 

Through optimization of first generation analogs we have improved efficacy both 

outside and inside HER2+ cancer cells.  Continued optimization is essential to the success 

of this project. Currently analogs are effective at inhibiting actin polymerization in vitro at 

equal concentrations to Myc B but have limited activity in cells at much higher 

concentrations, to address and improve on this activity, adjustments can be made. 

Interestingly, RG2415 (severing analog) contains the exact same stereochemistry and 

functional groups as analog RG2453 with the exception of the methoxy group found on 

carbon 30. A similar comparison between analogs RG2453 and RG2534 (cytotoxic analog) 

highlights the importance of the propoxy group found at C24 for cytotoxic effect. A future 

direction would be to create a new analog containing both a methoxy group at C30 and a 

propoxy group at C24.  

The next step of this project includes the conjugation of top analogs to TZ. The 

conjugation will be made through a linker compound. ADC linkers come in two forms 

cleavable and non-cleavable (Lu et al., 2016). The difference between the two being that 

cleavable linkers are labile and released when exposed to acidic environments, specific 

enzymes or high concentrations of glutathione present in tumor cells, while non-cleavable 

linkers require lysosomal degradation once the antibody has been internalized. Non-

cleavable linkers have been found to outperform cleavable linkers in several in vivo studies 

(Doronina et al., 2006; Kovtun et al., 2006). Once the conjugated molecule is obtained, 

several experiments can be performed to test binding, internalization and, most 

importantly, proper and efficient release of the analog. Our aim is to utilize a non-cleavable 

linker. On binding to the target antigen, usually a cell surface receptor, the ADC-receptor 
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complex is internalized by endocytosis. The general mechanism of internalization is 

thought to involve the clathrin-mediated endocytosis pathway, followed by trafficking 

from endosomes to lysosomes before the linker is cleaved by lysosomal proteases. Many 

aspects of these processes depend in large part on actin filament formation. In this project, 

we show that HER2+ cells pretreated with sub-lethal doses of Myc B remain competent 

for receptor internalization, lysosomal trafficking, and release of a cytotoxic payload. 

There are several additional considerations that have to be taken into account when 

designing this ADC. Conjugation of our analog to an antibody through a non-cleavable 

linker may have negative consequences that could limit its efficacy due to the necessary 

addition of side groups for conjugation. However, using a cleavable linker could run the 

risk of early release from the molecule. In the case where a successful effective linker could 

be constructed and designed, ADC’s typically carry only 1-4 toxin molecules per antibody 

(Chudasama et al., 2016). At the present concentrations of analog required for inhibition 

of cell migration, use of these compounds as part of an ADC technology may not be 

feasible.  

An alternative form of targeted therapy that could potentially be used to direct actin 

toxins to tumor cells involves nanoparticles (NPs). NPs can be composed of various 

macromolecules and have typically relied on drug encapsulation as opposed to chemical 

conjugation, often resulting in release throughout circulation (Davis et al., 2008). NPs have 

several advantages in comparison to ADCs including decreasing the costs and time 

associated with ADC development and decreasing the risk of immunological toxicities 

associated with antibody infusion. Monomethyl auristatin E (MMAE) is a potent 

microtubule toxin that has demonstrated efficacy in an ADC format (Seaman et al., 2017). 
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Due to the fact that NPs often release drugs prior to reaching their destination, several NP 

trials have used compounds with tolerable toxicity profiles. Qi et al. however used MMAE 

to create a coated NP through conjugation and demonstrated efficacy through 

intraperitoneal injections in both cell-line and patient derived xenograft of high grade 

serous carcinomas that had previously demonstrated resistance to chemotherapy (Qi et al., 

2017).  

In addition to these challenges, HER2+ antibody therapies have limitations 

themselves. HER2 is expressed in a variety of tissues in the body including heart and skin. 

Due to this expression, HER2 targeted therapies, including TZ, have been associated with 

an increased risk of cardiotoxicity and rash development (Gutierrez & Schiff, 2011; 

Drucker et al., 2012; Florido et al., 2017). In addition to adverse effects, resistance to 

antibody-based therapies is also common in HER2+ cancers. This resistance has also been 

recorded in ADC T-DM1 and has been attributed to upregulation of multi-drug resistance 

transporters in addition to increased expression of EGFR and other receptor tyrosine 

kinases (Barok et al., 2011; Tan et al., 2013). In the event that our synthesized ADC is 

unsuccessful in a HER2+ model due to cardiotoxicity or resistance, antibodies against other 

tumor-associated antigens should be explored. One potential receptor is the EGFR which 

has been found overexpressed in a variety of cancers including breast, pancreatic, 

colorectal, lung, brain, head and neck cancers (Dei Tos & Ellis, 2005). Furthermore, 

antibodies have been designed to specifically target a cancer specific mutation of EGFR, 

EGFRvIII which has been implicated in resistant to anti- wild type EGFR therapies, 

radioresistance, chemoresistance, and much less likely to lead to nonspecific binding to 

normal tissues (Gan et al., 2012; Reilly et al., 2015).  
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4.3 Conclusions 

With the identification of cell specific antigens expressed on metastatic cancer cells 

for targeted therapy development, we expect that the repertoire of ADCs will continue to 

expand to provide better cancer therapies. We predict that developing a novel class of 

ADCs with F-actin-disrupting payloads will provide a novel approach to target metastasis 

and improve outcomes for cancer patients.  The current ADC therapies utilize extremely 

cytotoxic anti-mitotic agents and were developed as a more targeted form of chemotherapy. 

Indeed, T-DM1 has already improved care of patients with HER2+ breast cancers that have 

progressed or relapsed on standard therapies. In this project, we observed benefits of 

combining the actin toxin Myc B with T-DM1 to promote killing of SKOV3 cells in vitro. 

Our tumor xenograft studies also suggest that Myc B was compatible with TZ-based 

therapy in vivo. Overall, having mechanistically distinct classes of HER2-targeted ADCs 

may eliminate both highly proliferative (T-DM1) and metastasis-initiating cells (actin 

toxin-based ADC).  

This thesis identifies a vulnerability in metastatic HER2+ cancers to disruption of 

actin polymerization by the macrolide toxin Myc B. The delivery of this toxin to HER2+ 

cancer cells or xenograft tumors leads to suppression of cell invasion and tumor metastasis 

at sublethal doses. We have also demonstrated the ability to synthesize analogs that retain 

Myc B targeting actin ability to further the proof-of-principle that this actin targeting ADC 

is both plausible and promising. These results provide rationale to continue the 

development and evaluation of actin toxin-based ADCs to complement the rapid growth 

phenotypes targeted by existing ADCs for HER2+ cancers.   
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Appendices 

 
Appendix 6. 1 Live-cell video-microscopy of SKOV3 cells upon treatment with Myc B. 

SKOV3 cells expressing LifeAct-GFP (green) were seeded on live cell chamber coverslips for 24 
hours before being treated with 25 nM of Myc B. Images captured every 1 minute on the LSM 880 
Laser Scanning Microscope with Airyscan (Zeiss). Representative confocal live-cell microscopy 
images, taken at 60X, following treatment.  
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Appendix 6. 2 LAMP1 internalization in Myc B treated cells. 

(A) SKOV3 cells pre-treated with DMSO (0.5%) or Myc B (12.5-25 nM), Texas Red-EGF (red), 
early endosome marker EEA1 (green) and counterstaining of nuclei (DAPI) and F-actin (white) as 
described in Materials and Methods. Representative confocal micrographs are shown for DMSO 
and Myc B (25 nM) treatments with separate merges of EGF-TR/EEA1 signals, or for all channels. 
(B) Graph depicts quantification of co-localization of EGF-TR with EEA1+ endosomes for 
triplicate experiments (mean ± SEM, * P <0.05). (C) SKOV3 cells were pre-treated with 0.5% 
DMSO, 12.5 or 25 nM of Myc B (Myc B) for 1 hour before being stimulated with 100 ng/ml EGF-
TR for 15 minutes. Cells were fixed and stained and imaged at 60X magnification. Representative 
fluorescent micrographs of EGFR (EGF-TR, orange), lysosomes (LAMP1, green) and merge 
demonstrating co-localization (yellow). (D)  Quantification of co-localization of EGFR with late 
lysosomes completed by Metamorph software. Number of vessels/cell was determined by ImageJ 
Software (n=3 error bars represent +/- SEM, *p<0.05). 
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Appendix 6. 3 Phenotype of SKOV3 subcutaneous xenograft tumor sections. 

(A) Representative images of H&E stains of SKOV3 subcutaneous xenograft tumor sections. (B) 
Cryosections of SKOV3 subcutaneous xenograft tumors were stained with DAPI (blue) and 
pahlloidin (red). Phalloidin content in DMSO control and Myc B treated tumors quantified using 
ImageJ Software by identifying phalloidin density in relation to density of DAPI. (n = 6 error bars 
represent +/- SEM, *p<0.05). 
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Appendix 6. 4 Phenotype of SKOV3 metastatic xenograft tumor sections. 

Representative images of H&E stains of SKOV3 metastatic xenograft tumor sections. 
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Appendix 6. 5 Myc B analogs disruption of in vitro actin polymerization. 

G-actin and pyrenyl G-actin was diluted in G-buffer, this mixture was mixed with varying 
concentrations of Myc B or Myc B analogs in a fluorimeter cuvette, then actin polymerization 
reactions were then initiated by the addition of actin polymerization buffer as explained in the 
materials and methods. % Rate of polymerization for Myc B and each Myc B analog was 
determined by taking the linear equation of the tangent to fluorescence intensity measurement for 
treatments in comparison to the control for each individual experiment. Graphs represents % rate 
of polymerization for varying analogs at a concentration of (A) 10 µM or (C) 1 µM. (B) Table 
indicated IC50 values calculated for analogs (duplicate numbers represent individual experimental 
values). 
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Appendix 6. 6 Dynamics of actin cytoskeletal disruption by Myc B analogs. 

Representative fluorescent images are shown for SKOV3 cells treated with DMSO (1%), Myc B 
(25 nM) or Analog (10µM) for 2 or 20 hours prior to staining of F-actin (TRITC-Phalloidin, red) 
and nuclei with DAPI (blue). 
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Appendix 6. 7 Myc B analogs suppress growth of HER2+ cancer cells. 

SKOV3 (ovarian, left) and HCC1954 (breast, right) cells were incubated with DMSO (1%) or Myc 
B (12.5-200 nM) in DMEM supplemented with 2% FBS and PI (1 µM) using an IncuCyte Zoom 
Live Cell Analysis System for 48 hours. Graphs depict the percent change in confluence for 
SKOV3 cells (left) and HCC1954 cells (right) over 48 hours of treatment with DMSO or indicated 
analog (12.5-50 µM).  
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Appendix 6. 8 Myc B analogs suppress viability of HER2+ cancer cells. 

SKOV3 (ovarian, left) and HCC1954 (breast, right) cells were incubated with DMSO (1%) or 
analog (12.5-50 µM) in DMEM supplemented with 2% FBS and PI (1 µM) using an IncuCyte 
Zoom Live Cell Analysis System for 48 hours. Graphs depict the number of PI positive for SKOV3 
cells (left) and HCC1954 cells (right) over 48 hours of treatment with DMSO or indicated analog 
(12.5-50 µM).  
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