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Abstract 

Colchicine is an anti-mitotic drug that targets unpolymerized tubulin, and inhibits 

microtubule polymerization. It is primarily used to treat gout but has been investigated in 

numerous clinical trials to treat conditions such as leukemia (ALL), prostate cancer, and 

inflammatory diseases. However, due to its narrow therapeutic window colchicine has had 

limited clinical translation.  Previously, our lab has designed and synthesized a novel colchicine 

derivative (CR42-24) with a more favorable pharmacological profile compared to colchicine. 

This was accomplished by designing a structure with an increased affinity for βIII tubulin. βIII 

tubulin is a β-tubulin isotype that is incorporated into tubulin dimers that make up microtubules. 

βIII is an excellent target for novel therapies as it has low expression in healthy tissue, is 

overexpressed in metastatic cancers, and is a clinical marker of poor prognosis. Using cell line 

screening we demonstrate that CR42-24 is highly toxic to a variety of cancer types with IC50 

values at low nanomolar concentrations. More specifically CR42-24 is shown to be highly 

effective against bladder cancer.  Current chemotherapy for bladder cancer is a combination of 

gemcitabine and cisplatin (gem/cis). Although marginally successful, many patients develop 

resistance to gem/cis leaving them with limited options for a second line therapy, thus 

development of alternative therapies is highly desired. Using in vitro and in vivo assays we 

demonstrate that CR42-24 is highly effective on BC cell lines and xenografts. We also show that 

CR42-24 is highly synergistic with other chemotherapies, thereby increasing its therapeutic 

potential. Through our studies we have shown that CR42-24 is effective in treating aggressive 

BC and thus may serve as an alternative or second line therapy. 
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Preface 

This thesis is an original work done by Clayton James Bell. The research project, of which 

this thesis is a part, were conducted with the approval of the University of Alberta Health 

Sciences Animal Care and Use Committee in accordance with guidelines from the Canadian 

Council for Animal Care under “Design of a new treatment for prostate cancer”, AUP00000453, 

and “Oncolytic VACV in mouse models of bladder cancer”, AUP00000390. In addition, patient 

derived models were conducted with human research ethics approval, from Health Research 

Ethics Board of Alberta protocol “HREBA.CC-16-0362”. 
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1.1- Bladder Cancer 

 Worldwide, bladder cancer (BC) is the 9th most common cancer and is the 13th most 

common cause of cancer death (1). In Canada, BC is the 4th most common cancer in men and 

the 12th most common cancer in women; on average 9000 people are diagnosed every year with 

BC, and approximately 2400 people die each year (2). In the United States, the National Institute 

of Health (NIH) estimates that in 2018 approximately 82,000 people will be diagnosed with BC 

and there will be approximately 17,000 deaths (3). In Europe, in 2012 it was estimated that there 

were 118,000 new cases of BC diagnosed and 52,000 deaths (1). The significant incidence of BC 

around the world makes BC a significant problem to both patients and heath care systems.  

Studies show incidence of BC is higher in men than in women occurring at a ratio of 

3.2:0.9(4).  Although more prevalent in men, women have a higher rate of more aggressive 

disease and on average have worse prognosis than men. BC incidence increases with age, and the 

most significant risk factor for developing BC is cigarette smoking. A recent study estimated that 

half of all reported cases are due to cigarette smoking (5). Other risk factors include chronic 

bladder inflammation due to recurrent urinary tract infections or persistent bladder stones (6).  

BC originates from the epithelium (urothelium) of the inner surface of the bladder. The 

most common type of bladder cancer is urothelial carcinoma (90% of cases), however, squamous 

cell carcinoma, small-cell carcinoma, and adenocarcinoma have also been described (7). BC 

prognosis varies by type of disease. BC tumors that have not invaded into the muscle layers 

(lamina and muscularis propria) surrounding the bladder are classified as non-muscle invasive 

bladder cancer (NMIBC) and have a better prognosis (Figure 1.1). Disease that has breached 

beyond the muscle layers is classified as muscle-invasive bladder cancer (MIBC) and has a 

poorer prognosis (Figure 1.1). 
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Figure 1.1- Classification of BC tumors by grade based on level of invasion into 

surrounding muscle layers. Stage 0 and 1 are classified as NMIBC which have not invaded into 

surround layers of the bladder. Stage 2-4 are classified as MIBC due to invasion into surround 

muscle layers of the bladder. Taken from “Unlocking Bladder Cancer” by Chris Berdik with 

permission from Springer Nature Publishing (2018).  

 

Approximately 80% of patients are diagnosed with NMIBC and 20% with MIBC (4). 

NMIBC has an excellent prognosis with a 5-year survival rate of approximately 96% (Figure 

1.2) (8). Prognosis for MIBC is poorer with a 5-year survival rate of 70% (Figure 1.2). The 

prognosis for MIBC patients further decreases with extent of localized invasion or the presence 

of lymph node metastasis. 5- year survival rate for patients with localized invasion or lymph 

node metastasis is 34%. Dismally, the presence of distant metastasis reduces 5- year survival rate 
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to 5%. Of the patients diagnosed with BC only 4% are diagnosed with distant metastasis (6). 

Despite a relatively favorable prognosis, BC remains a severe problem for the health care system 

due to a high recurrence rate, inadequate response to therapies, and limited therapeutic options 

for patients.  

 

Figure 1.2- Breakdown of BC treatments for different stages of BC and their survival 

rates. Taken from “Unlocking Bladder Cancer” by Chris Berdik with permission from Springer 

Nature Publishing (2018).  

 

1.2- Treatment of NMIBC 

 Treatment of BC is often multi-modal with patients receiving a combination of surgery, 

immunotherapy, chemotherapy, or radiation (summarized in Figure 1.2). Treatment plans vary 

depending on the type of disease at the time of diagnosis. Patients with NMIBC often undergo 



 
 

5 

transurethral resection of bladder tumor (TURBT) in combination with other therapies. During 

TURBT all visible tumor is removed, underlying muscle layers are also removed to ensure 

complete resection of any residual disease and accurate staging of disease (9). Due to the high 

recurrence rate associated with TURBT alone (60-90%), patient treatments are often 

supplemented with intravesical adjuvant chemotherapy or immunotherapy (10). Adjuvant 

chemotherapy is single-agent mitomycin C, doxorubicin, or epirubicin (11). All patients receive 

a single adjuvant dose; however intermediate risk patients often receive multiple rounds of 

intravesical chemotherapy as maintenance treatment as it has been shown to reduce the risk of 

recurrence (11,12). Alternatively, intravesical BCG therapy can be used in place of 

chemotherapy and is the recommended maintenance therapy for high-risk patients (13,14). 

Bacillus Calmette–Guérin (BCG) therapy was established in 1976 and became FDA approved in 

1990 (15). Although the mechanism of BCG treatment is not fully understood, BCG therapy has 

been shown to lead to the recruitment and activation of both innate and adaptive immune cells 

(16). Recruitment and activation of immune cells leads to the destruction of tumor cells by 

cytotoxic T cells (CTCs) (16). Additionally, BCG therapy has also been shown to cause tumor 

cell lysis directly (17,18). Treatment with BCG has been shown to significantly decrease 

progression rates, increase survival, and decrease rates of recurrence (9,15,19). Moreover, BCG 

has been shown to be superior compared to intravesical chemotherapy or TURBT alone for high-

risk patients (13, 14). BCG therapy includes 4 to 6 weeks of induction therapy, followed by 3 

weekly installations given every 3 months for 12-36 months (20). Although effective, failure of 

BCG therapy is still common, at which point patients have few therapeutic options. BCG failure 

is classified as the presence of disease at six months from the time of TUR or an increase in 

disease grade while on BCG treatment (21). The European Urology Association recommends 
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that patients who have BCG-failure undergo radical cystectomy (RC) to have recurrent disease 

removed (9). Similarly, the Canadian Urology guidelines recommend RC for high-risk NMIBC 

patients who fail BCG therapy (15). Alternatively, intravesical chemotherapy or the use of BCG 

with interferon-α2a have been investigated clinically and may be used for patients who are unfit 

for surgery or refuse RC. In a phase II trial, intravesical gemcitabine has activity in patients and 

is more effective than mitomycin C; however, recurrence rate was high with only 28% of 

patients being recurrence-free at 1-year (22). Overall, NMIBC shows a favorable prognosis with 

well investigated therapeutic options. However, the high recurrence rate and disease progression 

make NMIBC a particularly burdensome disease to patients and to the health care system. 

Recently, immune checkpoint inhibitors are being investigated clinically as potential treatments 

for NMIBC (Table 1.3 and 1.4).    

 

There are currently five ICIs that have been approved for the treatment of BC by the 

FDA. All of the five therapies: Pembrolizumab, Avelumab, Durvalumab, Atezolizumab, and 

Nivolumab, are of the Programmed death receptor (PD-1) or Programmed death receptor ligand-

1 (PD-L1) inhibitor class which prevent the interaction of PD-1 and PD-L1 (mechanism 

reviewed in Pardoll, 2012 (23). The PD-1 receptor is expressed on the T-cell surface. When T-

cells engage tumor cells, PD-L1 on the tumor cell surface binds to the PD-1 receptors on the T-

cell inhibiting T-cell activity and preventing tumor cell lysis. By blocking the PD-1/PD-L1 

interaction, ICIs prevent the inhibition of T-cells allowing the immune system to maintain the T-

cell response to tumors. These therapies are breakthrough therapies for the treatment of BC and 

are dramatically changing the treatment paradigm of BC. These therapies are approved as both 

first line and second line therapies and show great promise in the treatment of both localized and 



 
 

7 

metastatic bladder cancer (24) (Table 1.1 and 1.2). Compared to the current standard of care, 

ICIs have been shown to improve overall survival and have better safety profiles as compared to 

chemotherapy (25).  

There are many clinical trials that are investigating ICIs as standalone treatments or in 

combination with other therapies (Table 1.3 and 1.4). Durvalumab (NCT02901548), 

atezolizumab (NCT02451423), and pembrolizumab (NCT0262596) are being tested in phase II 

or phase III clinical trials in BCG-refractory patients. ICIs are also being investigated in 

combination with many other therapies. Additionally, pembrolizumab (NCT02324582) and 

atezolizumab (NCT02792192) are both being examined in conjunction with BCG therapy in 

high-risk NMIBC patients. Results from these studies are expected in 2019.  Although no results 

are yet available from these trials, the use of ICIs in other studies examining ICIs in advanced 

BC have been highly effective, which is encouraging for their use in NMIBC.  

1.3-Treatment of MIBC 

MIBC patients often undergo a combination of surgery, chemotherapy, and/or radiation 

therapy. During RC the bladder, adjacent distal ureters, surrounding fatty tissue, and nearby 

lymph nodes are removed. To improve patient outcomes, patients also receive neoadjuvant 

chemotherapy (NAC). NAC is recommended over adjuvant therapy since earlier delivery of 

chemotherapy is thought to prevent metastasis, treat micro-metastatic disease earlier, and 

patients have increased tolerance to chemotherapy (26). Based on this, it is recommended that 

MIBC patients undergo NAC irrespective of further treatment, even for lymph node and 

metastasis negative patients. Overall, meta-analysis indicates there to be a modest increase of 5% 

in patient survival when cisplatin-based combination therapy was used as compared to non-
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cisplatin based regimens (27). In another meta-analysis, it was found that pathological 

downstaging occurred in 72.1% of patients who underwent NAC (28). Wright et al. (2013) found 

that patients given cisplatin/gemcitabine (cis/gem) or methotrexate, vinblastine, doxorubicin, and 

cisplatin (MVAC) in the neoadjuvant setting had a higher complete response rate (CR; no 

detectable clinical disease) and a higher objective response rate (ORR; a reduction in tumor 

volume) than patients who did not receive chemotherapy (29). Overall, this data strongly 

supports the use of NAC for MIBC.  

MVAC or cis/gem are two NAC chemotherapeutic regimens. Meta-analysis shows 

conflicting results as to whether MVAC or cis/gem is superior. Wright et al. (2013) found that 

cis/gem had a higher CR (29% vs. 22%) and ORR (56% vs. 45%) when compared to MVAC 

(30). However, a larger more updated meta-analysis by Drabick et al. (2016) found there was no 

statistically significant difference between CIS/GEM and MVAC when used as a NAC (26). 

Although it is not clear whether CIS/GEM or MVAC is superior, clinical data support the use of 

NAC before RC in the treatment of MIBC. Other therapies such as ICIs, oncolytic viruses, and 

targeting therapies are also currently being examined as treatments for MIBC.  

As standalone treatments ICIs are being examined in both an adjuvant and a neoadjuvant 

setting for MIBC (Table 1.3). Additionally, other trials are currently examining ICIs in 

combination with other treatment modalities (Table 1.4). Although little data is available from 

these trials so far ICIs have been very promising as treatments for many different types of cancer 

and will likely be alternative treatments for patients.  
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1.4- Metastatic BC treatment 

In patients with metastatic BC (mBC) systemic chemotherapy with platinum-based 

regimens is the current standard of care. However, trials with ICIs are showing great promise as 

a treatment for mBC (34). MVAC and cis/gem are the current chemotherapy regimens for mBC. 

MVAC and cis/gem increase patient survival up to 14.8 and 13.8 months respectively, with 

response rates of 46% and 49% (35). Despite similar response rates and OS survival rates, 

cis/gem is recommended due to a more favorable toxicity profile. In a phase III clinical trial 

cis/gem was found to have decreased adverse events and lower toxicity than MVAC (36). Based 

on this, it was recommended that cis/gem combination therapy be used over MVAC (6). Despite 

this recommendation, variability still exists with MVAC being the preferred standard of care in 

the US. Although cisplatin-based therapy has been found to result in increased patient survival 

with mBC, kidney toxicity is an undesirable side effect of cisplatin based therapy. Due to 

impaired kidney function and other comorbidities, as much as 50% of patients are ineligible for 

cisplatin-based chemotherapy (37). In the case of cisplatin-ineligibility, combination carboplatin 

and gemcitabine (ca/gem) is then recommended as the standard of care. Despite having a more 

favorable toxicity profile carboplatin-based regiments have been found to be less effective than 

cisplatin-based therapies (38,39). Many studies have demonstrated the superiority of cisplatin-

based regimens over carboplatin-based ones. In a phase II trial, Dogliotti et al. (2007) showed 

that cis/gem was superior to ca/gem, with ORR being 9.1% higher in the cis/gem arm compared 

to ca/gem arm. Additionally, median overall survival was also increased from 9.8 months to 12.8 

months in the cis/gem group. Another trial examined the use of ca/gem and compared to a 

modified MVAC regimen consisting of combination methotrexate, vinblastine, and carboplatin 

(M-CAVI) and found that ORR for M-CAVI and ca/gem were found to be 20% and 39.5% 
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respectively (40). As mentioned above, the 5-year survival rate of mBC patients is 5%. This is 

due to the high proportion of mBC patients that are unresponsive to primary therapy, ineligible 

for cisplatin-based therapy, the inferiority of carboplatin-based regimens, and limited second-line 

therapeutic options. Recently, many clinical trials have been conducted examining chemotherapy 

as second-line options. 

Many small phase II clinical trials have investigated both single agent and combination 

chemotherapy as second-line therapies for mBC (41). A phase II clinical trial found that single-

agent paclitaxel had a response rate of 10% and a median survival of 7.2 months (42). Other 

trials, however, have found that paclitaxel has a lower response rate (5-7%) and a median 

survival of only 6.5 months (43). In a phase III clinical trial, combination paclitaxel/gemcitabine 

was found to have good response rates (40%), making it a promising second-line therapy (44). 

Other combinations such as docetaxel, gemcitabine, and carboplatin have also been found to 

have an ORR rate of 56%, but this has not been investigated beyond small phase II trials (45). 

Despite these results, poor prognosis remain due to the lack of large phase III clinical trials in the 

second-line setting (46). This has left clinicians with no clear treatment guidelines and an 

underserved patient population. Therefore, the need for alternative therapies for mBC is highly 

desirable. Recently ICIs have become breakthrough therapies for a number of cancers including 

melanoma, non-small cell lung cancer, and recently mBC (summarized in table 1.2).  

Two ICIs, pembroluzimab, and atezolizumab have been approved and are showing great 

promise as therapies for mBC. Atezolizumab was the first PD-1 inhibitor to be approved in BC 

(47). Atezolizumab is a monoclonal antibody against PD-L1 and is also approved for the 

treatment of melanoma, and NSCLC. In a phase I trial for metastatic BC patients atezolizumab 

showed an ORR rate of 21% and overall survival (OS) of 10.1 months (48). It is also undergoing 
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a phase II clinical trial (ImVigor 210) in patients that were treatment-naïve, or cisplatin-ineligible 

mBC patients (49). In this trial, atezolizumab showed objective response rates (ORR) of 24% 

and median survival of 14.8 months. Based on these results atezolizumab was granted approval 

by the FDA as a treatment for metastatic bladder cancer. There are also a number of other trials 

examining ICIs in combination with other immune agents such as CPI-144, epacadostat, BCG, 

and varlilumab (Table 1.4). Together the number of combination trials currently underway and 

reports from other trials attest to the effectiveness of atezolizumab as a treatment for BC in both 

a first and second-line setting. 

 Pembrolizumab has also been and is currently investigated as both a first and a second 

line therapy for BC (50,51). A phase III trial (KEYNOTE-045) is currently underway in which 

pembrolizumab is being compared to single-agent chemotherapy in a second-line therapy setting. 

Interim reports show that compared to single-agent chemotherapy, pembrolizumab increases 

overall survival (10.3 months, vs. 7.4 months) and has fewer side effects. The interim results of 

this study make pembrolizumab the only ICI to show increased OS as compared to 

chemotherapy in a second-line treatment setting. Based on these studies pembrolizumab was 

approved as second-line therapy for mBC.  

Pembrolizumab has also been investigated as first-line therapy in many clinical trials for 

mBC. In an ongoing multi-center phase III clinical trial (KEYNOTE-012) pembrolizumab was 

used as first-line therapy in cisplatin-ineligible patients and showed good ORRs (29%). 

Pembrolizumab is also being investigated in many phase I and II trials in combination with other 

agents such as radiation therapy (NCT02560635), the oncolytic virusCVA21 (NCT02043665), 

and other mAbs (see Table 1.4 for full list). Overall, pembrolizumab has shown great promise as 
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both a second-line and a first-line therapy. These results continue to shape the landscape of BC 

treatment and provide much-needed alternatives for patients. 

 It is also worth mentioning that 3 other ICIs have been granted approval as therapies for 

mBC based on early phase I and II results. These 3 ICIs, avelumab, nivolumab, and durvalumab 

have approved for the treatment of mBC, and are currently being investigated in a number of 

phase I, II, and III clinical trials (Table 1.3 and 1.4). Little trial data are available for these 

therapies but preliminary data appear promising thus providing other much needed clinical 

options for mBC patients. 

In conclusion, ICIs have been shown to be highly effective in the treatment of mBC with 

many different ICIs achieving clinical success (Table 1.1 and 1.2). With the recent success of 

ICIs in the ability to treat BC, ICIs provide much-needed alternatives to an underserved BC 

patient population. Although many trials are still underway, it is clear that ICIs have dramatically 

changed the current treatment paradigm. In addition to early clinical success, the number of 

clinical trials examining ICIs attests their effectiveness. With dozens of trials (extensive review 

in Apolo et al., 2017) currently underway exploring the use of ICIs as both single agents and in 

combination with other therapies, it is clear that ICIs will play a significant role in the treatment 

of BC.  Despite the success of ICIs challenges still remain. Subsets of patient populations remain 

unresponsive to ICI therapy. Additionally, ICIs are only successful on a subpopulation of 

patients. For patients with low or no PD-L1 expression, ICIs are at best marginally effective. 

This unresponsive patient population is therefore still in need of other therapeutic options; thus, 

the continued development of novel BC therapies is necessary.  

Overall, BC is a significant problem for patients and the health care system. NMIBC 

recurrence creates a difficult problem for both clinicians and patients as repeat treatments are 
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often required. Moreover, disease recurrence creates a significant financial burden on the 

healthcare system. In MIBC and mBC, ineligibility for cisplatin-based chemotherapy, poor 

response to primary and secondary therapies, and few second-line therapeutics make these 

diseases particularly burdensome. Despite these challenges until recently, BC treatment has not 

progressed in recent decades. However, ICIs are showing great promise in both first and second-

line settings and are providing much needed therapeutic alternatives. With extensive 

investigations into the use of ICIs in a number of patient populations, these treatments will 

change the treatment paradigm for all types of BC. However, patients that are PD-L1 low or PD-

L1-negative respond poorly to ICI therapy and would require other treatment options. Patients 

with little to no PD-L1 expression have been found to have little response to ICIs.  

 Based on this clinical need for alternative therapies for BC and promising in vitro 

screening results, we chose to examine CR42-24's suitability to treat BC. We assessed CR42-24's 

effectiveness on BC using both in vitro and in vivo methods. In our studies, we found CR42-24 

to be highly effective on BC. Importantly, in vitro CR42-24 was more effective than single-agent 

gemcitabine (gem) and cisplatin (cis). Moreover, CR42-24 was more effective than combination 

gem/cis in vitro. CR42-24 was highly effective in vivo and was able to significantly delay the 

growth of both cell line and patient-derived xenografts. Also, CR42-24 was as effective as 

combination gem/cis in vivo. Together, these results suggest that CR42-24 is highly effective on 

BC and provides a much-needed alternative therapy for BC patients.  
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Table 1.1: Clinical trials of ICIs as a second line therapy for BC.  

 

 
ORR, objective response rate; PR, partial response; CR, complete response; PFS, progression 

free survival; OS, overall survival; NR, not reported. 

Table 1.2: Clinical trials of ICIs as a first line therapy for BC. 

  
ORR, objective response rate; PR, partial response; CR, complete response; PFS, progression 

free survival; OS, overall survival; NR, not reported. 
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Table 1.3: Clinical trials with ICIs as single agent.

  
 

mBC, metastatic bladder cancer; MIBC, muscle-invasive bladder cancer; NMIBC, non-muscle 

invasive bladder cancer. Refer to Clinicaltrials.gov 
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Table 1.4: Clinical trials examining ICIs in combination with other treatment modalities 

Pemb, Pembrolizumab; Doc, Docetaxel; gem, gemcitabine; cis, cisplatin; Carbo, Carboplatin; 

Plat, platinum compound; Durv, Durvalumab; Ipilu, Ipilubumab; Atez, Atezolizumab; Niv, 

Nivolumab; BCG, Bacillus Calmette–Guérin; Temb, tremelimumab; IFN-G, interferon-gamma; 

XRT, External radiation treatment; GSK3174998(56);BMS-986016-NF-kB inhibitor; 
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epacadostat-Indolamine 2,3 dioxygenase inhibitor; ramucirumab; VEGFR2 antibody; NHS-

IL12-fusion protein; enoblituzumab-B7-H3 antibody; Enadenotucirev- oncolytic adenovirus; 

epacadostat- Indolamine 2,3 dioxygenase inhibitor; CPI-1444-adenosine-A2A receptor 

antagonist, Varlilumab-CD27 antibody, Neo-PV-1-cancer vaccine, Urelumab-CD137 

monoclonal antibody. Refer to Clinicaltrials.gov 

 

 

1.5- Colchicine  

Colchicine is a vinca alkaloid derived from Colchicum plants and is currently used to 

treat gout and Familial Mediterranean Fever (FMF). Additionally, investigations have examined 

colchicine as a therapy for several rheumatological and cardiovascular diseases (57). 

Colchicine’s therapeutic effect comes from its high affinity for tubulin, protein heterodimers that 

make up the microtubules (MTs) of cells. MTs are long cylindrical proteins that are components 

of the cell's cytoskeleton and are essential for cellular function (58). Colchicine binds to 

unpolymerized tubulin and acts as a MT poison by blocking microtubule dynamics (assembly). It 

has been found that at high concentrations colchicine induces MT depolymerization and at low 

concentrations inhibits MT elongation (59). By causing MT depolymerization and inhibiting 

polymerization, colchicine blocks cells from completing metaphase, therefore, inhibiting mitosis 

causing cell cycle arrest in mitosis and entry into apoptosis (60). Despite being examined 

extensively, colchicine has had limited clinical success due to its high toxicity profile and low 

therapeutic index.  

1.5.1- Clinical Uses of Colchicine 

Dose limitations have restricted colchicine to use as a therapeutic compound (60). 

Despite having significant anti-proliferative properties, colchicine is only used clinically as an 
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anti-inflammatory. The anti-inflammatory properties of colchicine come from its ability to 

disrupt MTs and cell signaling in leukocytes thereby blocking pro-inflammatory processes (57). 

Colchicine primarily inhibits neutrophil chemotaxis, adhesion, and mobilization (61,62). 

Research has also demonstrated that colchicine inhibits secretion of cytokines and other 

immunomodulators from macrophages. Together, the inhibition of neutrophils and macrophages 

make colchicine a potent anti-inflammatory drug. Even in an anti-inflammatory capacity 

colchicine dosing is limited. At low doses, common side effects of colchicine include diarrhea, 

nausea, vomiting, myelosuppression, and in severe cases renal, and hepatic toxicity. 

Beyond its use in treating gout and FMF, colchicine has been investigated as a treatment 

for rheumatoid arthritis, osteoarthritis, Bechet's disease, pericarditis, atherosclerosis, 

cardiovascular disease, and cirrhosis (57,63). As a highly potent anti-inflammatory colchicine 

has been shown to be an effective treatment for many inflammatory diseases. In addition to its 

anti-inflammatory properties colchicine has been shown to be highly anti-proliferative (64). As 

such, a large body of research has investigated colchicine as a treatment for cancer. Indeed, 

colchicine has been found to be an anti-proliferative on cancer cells. In preclinical models, 

colchicine is an effective treatment for gastric, thyroid, colon, and lung cancer (65–68). 

Additionally, prospective studies have demonstrated that treatment with colchicine for acute gout 

flare-ups significantly reduces the risk of cancer (69). Together, this data supports the use of 

colchicine as an anti-cancer drug. Despite this potential benefit, colchicine's use in the clinic is 

limited due to its severe toxicity and low therapeutic index.  

1.5.2- Colchicine derivatives 
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To overcome the low therapeutic index of colchicine, many groups have investigated 

colchicine derivatives, with a number of them being effective anti-cancer treatments. There are 

several derivatives patented with some progressing as far as clinical trials. One particular 

compound, ZD6126, has been shown to be a potent anti-angiogenic compound and inhibits 

vascularization of tumors inducing necrosis at the center of tumors (70–73). Preclinical studies 

using ZD6126 have found it to have a significantly reduced toxicity profile as compared to 

colchicine with a maximum tolerated dose of 400mg/kg in xenografted mice (70). In one study 

ZD6126 was used at a therapeutic dose of 200mg/kg and was found to cause 70-100% tumor 

necrosis (73). Another colchicine derivative identified as compound 40 by Vishwakarma et al. 

(2015) was found to have increased anti-cancer effects as compared to colchicine (74). 

Interestingly, compound 40 also has reduced Multi-drug resistance protein-1 (MDR-1) induction, 

suggesting colchicine derivatives may be alternative treatments for cancers that have established 

resistance due to MDR-1 expression. Another colchicine derivative, CT20126 was shown to 

have potent anti-cancer activity, indicating induction of apoptosis in many cancerous cell lines in 

the low nanomolar (nM) range (75).  

The Tuszynski lab has also published papers on a number of colchicine derivatives that 

demonstrate increased anti-cancer activity (64). Through in silico and in vitro screening, the 

Tuszynski lab identified some colchicine derivatives; of these derivatives, a number of thio-

colchicine derivatives showed increased potency as compared to colchicine and other derivatives 

tested. One particular compound, CR42-24, showed great promise as a cancer therapeutic.  

1.6-Microtubules and Tubulin 

1.6.1- Microtubules 
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Microtubules (MTs) are long cylindrical proteins that are essential to many cellular 

processes (58). Microtubules form tracks for intracellular transport, facilitate chromosome 

separation during mitosis, regulate cell polarity, and form the structure for cilia and flagella (76). 

Microtubules are polymerized tubulin heterodimers consisting of an  dimer. Tubulin dimers 

with GTP bound to both monomers are called assembly competent and they can be added onto 

existing microtubules to facilitate elongation of MTs (77). MTs consist of a plus end and a minus 

end; the plus end grows much more rapidly than the minus end and is characterized by more 

frequent depolymerization called microtubule catastrophe (78). The mechanism controlling the 

transition between growth and catastrophe is poorly understood but most likely involved GTP 

hydrolysis taking place in the plus end of a microtubule at a rate faster than MT polymerization. 

Research has found that older MTs are more prone to catastrophe. It is not known what 

molecular events trigger catastrophe to occur, but it has been proposed that MT defects or 

increasing taper at the tip of older MTs may be responsible for inducing catastrophe (79,80). MT 

dynamics change throughout the cell cycle and during cell differentiation, which is primarily 

controlled by factors that promote MT polymerization or depolymerization. MT-associated 

proteins (MAPs) aid in regulating the dynamics of MTs (81). MAP proteins can bind to MTs and 

change MT dynamics by altering polymerization or depolymerization rates. The MAP, MT 

polymerase, can increase the rate of MT polymerization by attaching to the plus-end of MTs and 

recruiting tubulin dimers. MAPs also regulate MT depolymerization. MT depolymerases which 

belong to the kinesin family of proteins can increase MT depolymerization rates through 

different mechanisms (82). The role of kinesin motor proteins in MT dynamics is important for 

MT-organization within cells and is vital for cellular function (81,83,84). 
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Figure 1.3- Binding sites of multiple MT inhibitors. MT-targeting agents bind to multiple 

sites on MTs and either stabilize or destabilize MTs. MT stabilizers, taxanes and epothilones 

bind to β-tubulin and bridge adjacent β-tubulin dimers leading to stabilization of microtubule 

structure. Microtubule destabilizers bind to either the colchicine site or the vinca alkaloid site 

and induce MT depolymerization. Eribulin is a halichondrin B synthetic analogue and inhibits 

MT polymerization by binding to the plus-end of MTs causing mitotic arrest. Maytansinoids 

bind to b-tubulin dimers at the plus-end of MTs and inhibit MT dynamics, preventing both 

polymerization and depolymerization. Adapted from “Clinical Development of Anti-Mitotic 
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Drugs in Cancer” by Olziersky and Labidi-Galy with permission from Springer Nature, 

copyright (2018). 

 

Due to their essential function in cell division, MTs have been the target of many cancer 

agents (Figure 1.3) (85). MTs are critical for alignment of chromosomes during mitosis: during 

prometaphase, mitotic spindle MTs attach to chromosomes at their kinetochores after the nuclear 

envelope breaks down. MTs then extend, pushing chromosomes to the metaphase plate and 

allowing the cells to progress through metaphase and into anaphase. In anaphase, MTs contract 

to pull sister chromatids apart. Cancer cells are more sensitive to MT targeting agents (MTAs) as 

they enter mitosis more frequently than healthy cells (86,87). A large number of MTAs have 

been discovered and are currently used clinically (Figure 1.3, and 1.4) including drugs such as 

paclitaxel, epothilones, and vinca alkaloids (reviewed extensively in (85,88)). There are two 

classes of MTAs: microtubule destabilizers and microtubule stabilizers. MT-destabilizers inhibit 

MT polymerization at high concentrations and include drugs such as vinblastine, vincristine, 

estramustine, colchicine, and cytophycins. Conversely, MT-stabilizing agents such as paclitaxel 

and epothilones stimulate polymerization but also prevent further MT polymerization. Although 

stabilizers and destabilizers affect MTs through different mechanisms, both classes of 

compounds block cells in mitosis. Blockage of cells in mitosis leads to induction of apoptosis or 

exit from mitosis making them highly effective anti-cancer agents.  
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Figure 1.4- Structure of MTAs. A-C shows structures of MT-destabilizing agents 

vinblastine (a, CID 13342), vincristine (b, CID 5978), colchicine (c, CID 6167). C and D show 

images of MT-stabilizing agents paclitaxel (d, CID 36314) and epothilone B (e, CID 448799). 

Images taken from PubChem compound database. https://www.ncbi.nlm.nih.gov/pccompound/. 
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Figure 1.5-Different mechanisms of action of MTAs. MTAs are hypothesized to induce 

cell death through disruption of cell signaling during interphase (a). MTAs also cause cell death 

via disruption of mitosis (b). MTAs induce mitotic arrest which can cause lead directly to cell 

death or after mitotic slippage (exit from mitosis without cell division). MTAs also can cause 

aberrant chromosomal division leading to severe abnormalities in daughter cells which may lead 
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to cell death (c). Adapted from “Clinical Development of Anti-Mitotic Drugs in Cancer” by 

Olziersky and Labidi-Galy with permission from Springer Nature, copyright (2018). 

 

Mitotic poisons can induce cell death via different mechanisms (see Figure 1.5, reviewed 

in ref. (86,89)). Mitotic arrest is believed to be the main mechanism by which mitotic poisons 

induce cell death. During mitosis interference with chromosome alignment causes mitotic arrest. 

Arrested cells then enter into apoptosis or exit mitosis without dividing (mitotic slippage) after 

which cells enter into apoptosis (Figure 1.5C). Other mechanisms by which MTAs induce cell 

death have also been described. During interphase, mitotic poisons can affect cell signaling and 

intracellular transport which may lead to cell death (Figure 1.5A). In prostate cancer, Taxol has 

been shown to inhibit nuclear translocation of the androgen receptor which is required for 

castration-sensitive prostate cancer (90–92). Additionally, Paclitaxel and vincristine, have been 

shown to be synergistic with DNA damaging agents by inhibiting the transport of DNA repair 

proteins to the nucleus (93). Recently it has been shown that paclitaxel also causes mis-

segregation of chromosomes during mitosis (94) (Figure 1.5B). Daughter cells undergo 

subsequent cell death in interphase.  

1.6.2- Tubulin Isotypes 

As mentioned above, MTs consist of tubulin heterodimers comprised of an α and β 

subunit. In eukaryotic cells, there are several isoforms of tubulin: α, β, and γ. These isoforms are 

found in all eukaryotic cells and are conserved throughout evolution. Recently, other isoforms: δ, 

ε, ζ, and η have been discovered in prokaryotic cells but are not found in eukaryotic cells (95). α 

and β subunits dimerize to form tubulin dimers which serve as the subunits for MT 

polymerization.  γ -tubulin forms a ring structure which provides the foundation for MT 
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elongation. γ-tubulin is also found at centrioles which form the basis of the MT organizing center 

(94). In total, in human cells there are seven γ-tubulin proteins, eight α-tubulin proteins, and 

eight β-proteins, each of which is encoded by a separate gene. Little is known about γ and α 

isotypes or if any functional differences exist between them. The focus of much research has 

been on the β isotypes which show variable tissue distribution and have been found to have some 

functional differences. In the human body, there are eight β-tubulin isotypes (96). Isotype I (βI), 

IVb (βIVb), and V (βV) are ubiquitous throughout healthy tissues. Isotype 6 (βVI) is 

hematopoietic specific, and IIa (βIIa), IIb (βIIb), III (βIII), and IVa (βIVa) are expressed in the 

brain. Multiple genes encode β-tubulin isotypes (TUBB), many of which show high homology 

and are conserved across species. The isotypes vary primarily in the last 15 amino-acids at the C-

terminus of the proteins (97). Differences at the C-termini of β-tubulin isotypes alter their ability 

to interact with MAPs (98). At the transcriptional level, isotypes also vary in their 3' untranslated 

region (UTR) which is involved in regulating transcriptional and translational modifications. The 

variable expression pattern and conservation throughout evolution suggest functional differences 

between isotypes (99). 

1.6.3- βI and II  

There has been some research showing functional differences between β-tubulin isotypes. 

However, this does not apply to all isotypes as research has demonstrated that isotypes can be 

functionally redundant. Narishige et al. (1999) found that increases in βI and βII expression 

accompanied hypertrophy of cardiac muscle. The authors suggest that increased expression of βI 

and βII may result in increased microtubule stability (100). Lezama et al. (2001) propose that βI 

prevents interaction of tubulin and actin filaments as experiments showed that βI is depleted in 

cortical regions of MDCK cells which are regions rich in actin filaments (101). Although these 
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data suggest a possible functional role of βI, it is not yet clear and requires further research. βII 

has been proposed to play a specific role in anchoring microtubules to the centrosome during 

mitosis and cell periphery. Experiments examining Hela cells undergoing mitosis have shown 

that βII is isolated to the centrosome and the cell periphery (102). The specific localization of βII 

suggests that it may play a role in cell division and centrosome function. However, it has been 

pointed out that the high concentration of βII in neuron cells is contradictory to its involvement 

in mitosis as neuronal cells do not undergo cell division.  

1.6.4- βIV 

βIV is localized to axonemes which are MT-based structures that aid in cilia and flagella 

movement (103,104). BIV tubulin has also been shown to be essential for flagellar stability, and 

function (105,106). The axoneme is the inner core of cilia and flagella in eukaryotic cells. There 

are two centralized MTs (the central doublet) and nine outer MT doublets (the outer doublets). 

Each pair is composed of a complete MT and an incomplete MT. During motility, the motor 

protein dynein attaches to the complete MT and slides along the incomplete MT on the adjacent 

doublet. By moving along the MTs dynein proteins produce the force necessary to form cilia and 

flagella movement. Based on this evidence, it has been suggested that βIV is functionally 

different from other isotypes. 

1.6.5- βV 

Little is known about β V. Similar to βIII, βV lacks the cysteine 239 residue which may 

serve to protect cells from oxidation by reactive oxygen species (ROS). However, there is little 

research on βV tubulin.  
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1.6.6- βVI 

βVI tubulin is hematopoietic specific (107). Research into the function of βVI has 

demonstrated that inhibition of βVI expression affects platelet morphology, causing platelets to 

become spherical rather than discoid shaped. Additionally, decreased expression of βVI in 

platelets also impairs formation of the marginal band that resides on the periphery of cells (108). 

Additionally, βVI inhibition appears to impair blood coagulation (109,110). Together, this data 

suggests that βVI plays a specific role in the cytoskeleton of platelets and is therefore crucial for 

platelet function.  

1.6.7-βIII 

Of all the β-tubulin isotypes βIII appears to have the most functional differences and is 

one of the most heavily researched isotypes. βIII is less sensitive to reactive oxygen species and 

free radicals. Although the mechanism is not yet clear, Ludueña and Banerjee (2008) 

hypothesize that the lack of cysteine 239 (Cys 239) in βIII tubulin makes it less sensitive to free 

radicals and ROS (111–113). Cys 239 is highly conserved among tubulin isotypes and 

throughout evolution. In βIII (and in βV) Cys 239 is substituted with serine. Since sulfhydryl 

groups are highly reactive species and react with ROS, the substitution of Cys with serine could 

decrease the reactivity of βIII. Functional studies have lent support to this hypothesis as it has 

been that found that α/βIII reacts less with alkylating agents than other isotypes (112). Moreover, 

βIII is overexpressed in tissues with increased exposure to ROS and oxygen free radicals 

(96,114–116). βIII is only expressed in neuronal and testicular tissue, both of which are oxidative 

tissues. In this context, cells with increased susceptibility to ROS would upregulate βIII allowing 

cellular MTs to be protected from oxidative damage, thereby protecting cells. Carré et al. (2002) 

have also supported this theory showing that βIII tubulin dimers localize at the mitochondria of 
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cells; since the mitochondria are the primary producers of ROS in cells, the presence of βIII at 

the mitochondrial membrane would serve to neutralize ROS produced by the mitochondria 

(117).  The presence of βIII in tumors also supports this protectionist hypothesis. Tumors which 

are under increased oxidative stress have upregulated βIII as compared to non-cancerous tissues 

(118,119). Overexpression of βIII in cancer cells would, therefore, give cells a survival 

advantage by protecting them from ROS. Altogether this data supports the hypothesis that βIII 

has a protectionist role in cells. 

In addition to protecting cells from ROS, βIII also plays a role in embryogenesis (116). 

During development of the cerebral cortex, in post-mitotic, pre-migratory neuron cells βIII is 

expressed. In particular, βIII is expressed in granule, stellate, and basket cells in the developing 

cortex. βIII is one of the earliest cytoskeletal proteins to be expressed by central nervous system 

cells. βIII may play a role in neurite extension by enhancing MT polymerization and stability 

through phosphorylation. The phosphorylation of αβIII tubulin dimers in neurite MTs is essential 

for neurite development as phosphorylated tubulin is associated with highly stable MTs, which 

allows neurons to develop (120–124). The importance of βIII in neural development is confirmed 

by congenital brain syndromes in which mutations in βIII result in impairment in brain 

development. CFEOM3 is a group of disorders of the eye caused by dysfunction of the 

oculomotor nerve. Symptoms of CFEOM3 include neuropathy, facial paralysis, and mental and 

behavioral abnormalities. In-vivo mutational studies have demonstrated that mutations in βIII 

result in impaired axon guidance of oculomotor neurons (125–127). Other mutations in βIII are 

found in patients with pontocerebellar hypoplasia (PCH) (126,127). βIII mutations lead to 

cortical disorganization and nerve axon abnormalities associated with PCH. The mutations in 
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βIII associated with CFEOM3 and PCH are substantial evidence to support the hypothesis that 

βIII has a significant functional role in neurogenesis.  

βIII also exhibits altered dynamic behavior compared to other tubulin isotypes (104).  

Ludena and Lu (2002) found that MTs formed from αβIII dimers assemble after a long lag time 

(128,129). The long lag-time of αβIII is in contrast to MTs formed from αβII and αβIV dimers 

which assemble rapidly with no lag-time. Another study found that when βIII is transfected into 

cells, MT assembly decreases (130). Based on these results it appears that βIII may polymerize 

to a lesser extent than other isotypes.  Moreover, MTs formed from αβIII dimers decay more 

slowly in vitro when compared to αβII MTs (130). Based on these results Banerjee and Ludena 

(2008) have proposed a model for βIII functions. In the embryonic nervous system, more 

dynamic MTs formed from αβIII dimers aids in cell growth, migration, and differentiation. As 

cells reach terminal differentiation, they begin to express other isotypes such as II and IV which 

exhibit more stability which is more advantageous for proliferative cells. However, in non-

proliferative neuronal cells, ROS and oxidative stress can compound over time; thus, βIII 

expression remains in those cells to serve a protective role against ROS.   

1.7- βIII tubulin in cancer 

Research has shown that βIII is both a predictive and a prognostic marker for a number of 

cancers (116,131). However, the role of βIII in cancer is not yet clear as contradictory evidence 

has been published. Many studies have found that upregulation of βIII is a mechanism of 

paclitaxel resistance and a marker for poor response to taxanes (114,115,130–133). Taxanes 

induce MT stabilization, preventing depolymerization arresting cells in mitosis which leads to 

cell death. Upregulation of a less dynamic isotype such as βIII may counteract the stabilizing 
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effects of taxanes. In a clinical setting, research shows that upregulation of βIII in multiple 

cancers is a marker for poor response to Taxol therapy (115,134–139). However, in some 

studies, βIII tubulin expression has been found to be a marker for sensitivity to taxane therapy 

and not a marker of resistance (140–142). A phase-II clinical trial found that βIII did not serve as 

a predictive marker for the success of paclitaxel-based regiments in non-small cell lung cancer 

(NSCLC) patients (143). Due to these contradictory results, it is not yet clear whether or not βIII 

serves as a marker for taxane sensitivity and requires further research. 

In addition to being upregulated in cancerous tissue, increased βIII expression has also 

been shown to be associated with more aggressive and metastatic types of cancer and serves as a 

marker of poor prognosis (58,115,137). Many studies have found that βIII expression is a marker 

for poor prognosis in multiple types of cancer (131,134,144,145). βIII tubulin expression has 

been found to be significantly upregulated in more-aggressive breast, prostate, and colorectal 

cancer when compared to less aggressive forms of disease (115,138,146). Specifically, βIII 

tubulin expression has been shown to be localized to the invasive margins of colorectal tumors, 

and there is a significant upregulation in invasive tumors as compared to non-invasive tumors 

(147). βIII tubulin also has been found to correlate with TNM staging of tumors in NSCLC 

(148). Together this data supports that βIII is a prognostic marker for many different cancers.  

Overall, it is clear βIII serves as a prognostic marker, and its use as a predictive marker 

has yet to be elucidated. Ferlini et al. (2015) suggest that βIII only serves as a prognostic marker 

in tissues that in a differentiated state lack βIII expression (145). In this context, βIII would serve 

as a marker for dedifferentiation and therefore poor prognosis. This hypothesis is supported by 

evidence showing that TUBB3 expression is upregulated in hypoxic and poor nutrient 

conditions. Ferlini et al. (2007) found that hypoxia-induced factors (HIF) 1 and 2 bind upstream 
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of TUBB3 and that βIII expression is found in hypoxic areas within tumors (149–151). The 

upregulation of TUBB3 would, therefore, passively accompany increases in pro-survival 

signaling, dedifferentiation and increased cell-proliferation through HIF-1 and 2 transcription 

(152–154). This theory also supports how βIII may act as a predictive marker for taxane 

resistance. HIF transcription has been found to induce dedifferentiation, and upregulation of a 

stem cell-like phenotype. The protectionist factors, such a MDR-1 upregulation and increased 

resistance to apoptosis that are associated with a stem-cell phenotype would confer resistance to 

Taxol. Therefore, the expression of βIII may serve as a surrogate marker for sensitivity to Taxol. 

However, this could only be the case in hypoxic tumors in which HIF gene transcription is 

induced. Therefore, just in severely hypoxic and poorly vascularized tumors does βIII serves as a 

surrogate marker for taxane sensitivity. 

In summary, βIII serves as a prognostic marker for cancer patients. Overall, increased 

βIII expression has been found to be associated with more aggressive and metastatic disease. The 

predictive power of βIII for taxane sensitivity is still debated and is an area of active research. In 

some contexts, it appears that βIII may serve as a marker for taxane resistance and as a marker 

for poor response to taxane therapy. However, this is contracted by studies that show βIII as a 

positive predictor of sensitivity to taxane therapy. These findings are complicated by βIII 

expression being under HIF transcriptional control, which coordinates multiple resistance factors 

that work to protect cancer cells. Further research will be needed to clarify the predictive value 

of βIII as a biomarker for taxane response. 
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1.8- βIII as a Drug Target 

 Research on βIII's role in drug resistance and prognosis have made it a desirable and 

promising drug target. High-throughput screening has identified compounds such as IDN5390 

and other seco-taxanes (Pepe et al., 2009) that have increased affinity for βIII (155,156). These 

taxane derivatives were found to be highly effective on cell lines overexpressing βIII. These 

derivatives have been found to be more effective than paclitaxel and were effective on 

subcultured cell lines that were resistant to other therapeutics. Moreover, experiments found that 

they are effective irrespective of βIII tubulin levels, and modulation of βIII tubulin levels did not 

affect cells sensitivity to βIII compounds. Interestingly, IDN5390 and other derivatives such as 

CST-10202 and Yg-3-46a were found to be poor substrates for MDR-1 and were active on 

paclitaxel-resistant cell lines with increased MDR-1 expression (156–158). Together these 

results support that βIII specific compounds are highly active agents and may overcome 

established mechanisms of resistance. 

Recently our lab also characterized and synthesized many colchicine derivatives with 

increased affinity for βIII tubulin (64). Using in-silico screening some colchicine derivatives 

with increased affinity for βIII were identified. The most promising hits were synthesized and 

screened for affinity for βIII and their cytotoxic effects. From these derivatives, our lab identified 

CR42-24 as the most promising patentable compound for further development. CR42-24 is a 

thio-colchicine derivative and has been modified in a number of positions to increase its affinity 

for βIII. Previously, the Tuszynski group characterized CR42-24s cytotoxic profile on some 

cancer and normal cell lines. In order to assess the effectiveness of CR42-24 we performed an in 

vitro cell line screen. In this cell line screen, we found that CR42-24 was highly active on many 

different cancers (Figure 3.1 and 3.2). Not only was CR42-24 effective on most cell lines 
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screened, but CR42-24 was also much more cytotoxic compared to current standard of care 

agents. Specifically, CR42-24 was highly effective on a high-grade bladder cancer cell line. 

Based on the clinical need for alternative therapies for bladder cancer, we chose to examine 

further whether or not CR42-24 would be an effective treatment for bladder cancer. To this end 

we assessed CR42-24's effectiveness on BC using both in-vitro and in-vivo methods. In our 

studies, we found CR42-24 to be highly effective on BC. In-vitro CR42-24 was more effective 

than single-agent gemcitabine (Gem) and cisplatin (Cis). Moreover, CR42-24 was more effective 

than combination Gem/Cis in-vitro. CR42-24 was highly effective in-vivo and was able to 

significantly delay the growth of both cell line and patient-derived xenografts. Also, CR42-24 

was as effective as combination Gem/Cis in-vivo. Together, these results suggest that CR42-24 

is highly effective on BC and provides a much-needed alternative therapy for BC patients. 
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2.1-Compounds and drug dilutions 

Paclitaxel (T7191-25MG), gemcitabine (G6423-10MG) and cisplatin (PHR1624-

200MG) were purchased from Millipore-Sigma and stored in manufacturer recommended 

conditions. CR42-24 was purchased and synthesized by ChemRoutes (Edmonton, Canada) 

achieving 98% purity. CR42-24, gemcitabine, and Paclitaxel were weighed on a calibrated scale 

and dissolved in 100% DMSO to a concentration of 5mM. 5mM master stocks of compounds 

were aliquoted into 10μL aliquots and stored at -20oC. Cisplatin was weighed on a calibrated 

scale and dissolved in DMSO to a concentration of 5mM). Cisplatin was aliquoted into 50μl 

aliquots and stored at -80oC. On the day of cell viability experiments aliquots of compound were 

taken and let thaw at room temperature. Once thawed, compounds were serially diluted in 

dimethyl sulfoxide (DMSO) (gem, CR42-24, and paclitaxel) or PBS (cis) by one-half to desired 

concentrations. 10μl of compound were then added to 10 mL of DMEM medium containing 10% 

fetal bovine serum, and 1% penicillin/streptomycin. Drug-containing medium was then added to 

cells according to experimental procedures.  

2.2-Cell culture 

All cell lines were purchased from American Type Culture Collection (ATCC) with the 

exception of the UM-UC-3, UM-UC-14, and 253J cell lines which were graciously gifted by Dr. 

Ronald Moore (Faculty of Medicine and Dentistry, University of Alberta). All cell lines were 

cultured in DMEM supplemented with 10% FBS, and 1% penicillin/streptomycin. Cell cultures 

were maintained at 37oC, 5% CO2, and in a humidified incubator. Cells were cultured until 

approximately 90% confluent at which point they were subcultured based on cell growth rates, or 

harvested for experimentation. Cells were subcultured or harvested for experimentation by 

trypsinization (TrypLE express, ThermoFisher Scientific). Trypsinized cells were harvested, and 
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diluted with growth medium. Cells were counted using stained using trypan blue and counted 

with a hemocytometer to estimate cell numbers. Cells were then diluted to desired concentrations 

for experimentation.  

2.3-Cell Viability Determinations            

Cell viability in the presence of paclitaxel, CR42-24, cisplatin, or gemcitabine was 

determined using resazurin. Cells seeded in 96-well plate at concentrations proportional to their 

growth rate, ranging from 2 to 5,000 cells per well in a volume of 100 uL. After plating, cells 

were allowed to adhere to the plate overnight. The following day 100 μL medium containing 2x 

final drug concentrations (in 0.1 % DMSO) was added to each well (total volume 200 μl). Each 

drug concentration was administered to three wells. Treatment was maintained for a 72-hour 

period. Following 72 hours, each well is administered 22μl of resazurin reagent (440 μM). The 

plates were incubated at 37 ̊C for 4 hours. Absorbance of plates were then read using BMG 

Labtech Fluostar Omega plate reader set to 540 nm excitation and emission 590 nm. Relative cell 

viability is determined by comparing cell viability to DMSO treated cells (0.05%). Experimental 

results are an average of at least n=3 experiments. Cell viability (% DMSO treated control) was 

input into GraphPad Prism 6 software. Graphs were generated by transforming drug 

concentrations (in molarity) to log concentration. Curves were then analyzed by 4-parameter 

analysis to determine IC50 values for each compound. 

2.4-Combination Drug studies 

Viability of T24 cells incubated with both gem and cis was determined by co-incubating 

cells with IC20 concentrations (determined using GraphPad Prism 6) of cisplatin (2μM), plus 

increasing concentrations of gemcitabine. 2x103 cells were plated in a 96-well plate and left to 
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adhere overnight. The following day cells were treated with 100μl of medium containing 

increasing concentrations of CR42-24 or 2μM cisplatin (in PBS) and increasing concentrations 

of gemcitabine. Cells were treated in triplicate and left for 72 hours; at which point cell viability 

was determined by resazurin assay as described above. Mean cell viability was determined from 

at least 3 independent experiments. For drug synergy experiments T24 cells were plated as 

described above. After adhering overnight cells were treated for 24 hours with medium 

containing IC20 concentrations of gem (10nM), cis (2μM), or CR42-24 (3nM). After 24 hours 

cells were washed 2x with phosphate-buffered saline, and then incubated with medium 

containing gem, cis or CR42-24 at increasing concentrations. After 48 hours of treatment (72 

hours total) cell viability was determined as described above. Single agent comparison was 

performed as described above, incubating cells with drugs for 72 hours. Combinatory index 

values were calculated using ComboSyn software (ComboSyn, Inc). For full description of 

Combosyn methods see Chou TC and Martin N. CompuSyn for Drug Combinations: PC 

Software and User’s Guide (2005) 

2.5-In vivo studies 

All animal care and experimental procedures were approved and performed in 

accordance with Canadian Council on Animal Care (CCAC) guidelines. Experimental 

procedures were approved by the University of Alberta Health Sciences Animal Care and Use 

Committee under protocol number AUP00000453 (Dr. John Lewis) and AUP00000390(Dr. 

Mary Hitt). Patient derived samples were obtained by Dr. Ronald Moore, with approval from 

Health Research Ethics Board of Alberta under protocol HREBA.CC-16-0362 (Dr. Ronald 

Moore). 
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For T24 xenograft experiments 2x107 T24 cells were suspended in 50μl of PBS and 

mixed with an equal volume of Matrigel (BD Biosciences, Bedford, MA, USA). 100μl of 

cell/matrigel mixture was injected subcutaneously into the right-flank of 8-12-week-old NOD 

SCID gamma (NSG) [NOD.Cg-Prkdcscid Il2rgtm1Wjl/SzJ] mice (mean body weight of 33 g) 

which were obtained from Dr. Lynne Postovit (University of Alberta). Tumors were left to grow 

to 50 mm3, at which point mice were separated into groups, and treatment was initiated. For all 

studies mice were weighed every second day for the duration of the studies. CR42-24 treated 

mice received injections of CR42-24 intravenously via tail-vein every second day for 12 days or 

18 days. Mice were injected with either 75 uL (3 mg/kg) or 150 μl (6 mg/kg) of CR42-24. CR42-

24 solution was prepared immediately before injection by diluting 10 μl of CR42-24 (20 mg/ml 

in 100% DMSO) in 10 μl of DMSO and 180 μl of PBS to create a final concentration of 1mg/ml. 

Vehicle control treated mice were injected IV via tail-vein injections with either 75 or 150 μl of 

10% DMSO in PBS. Injections were given every second day for a total of 12 or 18 days 

depending on the study. Vehicle control mice received the same volume as CR42-24 injected 

mice. In the case of two doses of CR42-24 used control mice received injections with the higher 

volume. When comparing CR42-24 and cis/gem combination therapy mice received a CR42-24 

(3 mg/kg) in the same manner as described earlier. In this study mice received 2 cycles of CR42-

24, vehicle control, or cis/gem combination therapy. CR42-24 and vehicle control cycles 

consisted of IV injections of CR42-24 every second day for 12 days. Following 18 days of no 

treatment another cycle of treatment was initiated. A single cis/gem cycle is as follows: On day 0 

mice were given a dose of gem (40 mg/kg), and 4 hours later a dose of cisplatin (3 mg/kg) was 

given. On day 3, 6, 9, and 12 mice were given gem alone (40 mg/kg). After Day 12 mice were 

not injected for 18 days. On day 30 a second cycle of cis/gem therapy began. Cisplatin doses 
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were given intraperitoneally by injecting 130uL of 0.75mg/ml of cisplatin in PBS. Gemcitabine 

doses were given intraperitoneally (IP) by injecting 265uL of gemcitabine (5mg/ml) dissolved in 

PBS. Tumors were measured every second day using calipers and tumor volume was calculated 

using the formula: (longest measurement x shortest measurement2)/2. At endpoint tumors were 

excised, photographed, weighed, and fixed in 20% formaldehyde/5% sucrose solution.  

 Patient derived xenograft models were generated as follows. Primary bladder 

cancer tissues were obtained from consenting patients undergoing surgery with the approval of the 

University of Alberta Health Research Ethics Board. Samples were received in saline and processed 

within 2 h of surgery. Submucosal and necrotic tissues were stripped from the tumor tissue and 

the remaining tumor was cut into ~3x3x3 mm pieces and placed in Hanks Balanced Salt Solution 

containing 100 U/ml penicillin, 100 U/ml streptomycin, and 0.25 ng/ml Fungizone (Gibco). 

Male NSG mice were 6-12 weeks old and at least 20 g in weight at the time of tumor 

implantation. To establish subcutaneous PDX tumors, mice were anesthetized with 2% isoflurane 

and site of implantation was sterilized with 70% isopropanol. A small incision (3-4 mm in length) 

was made in the right flank of the mice and the connecting tissue was separated via blunt 

dissection. Tumor tissue from patients, or from mice when performing passages, was then placed 

into the incision and the tissue was closed with Vetbond™ Tissue Adhesive (3M). Initial implanted 

tumors were grown to ~500 mm3 and then were processed as described above for primary patient 

tissue and implanted into additional NSG mice. This process was performed again to have enough 

tumor bearing mice for experimentation (These PDX tumors were referred to as Passage 3). 

When passage 3 tumors reached a volume of 200 mm3 mice were randomized into groups. 

Mice in the CR42-24 treatment group were injected IV with CR42-24 (3 mg/kg) and control 
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group mice received an equal volume of vehicle control (10% DMSO in PBS) as described 

above. Injections were given every second day for 18 days. After 18 days tumors were measured 

every second day until end-point (tumor volume 1500 mm3). Upon endpoint mice were then 

euthanized. Tumors were then excised, and fixed in 20% formaldehyde/5% sucrose.  

2.6-Cell imaging experiments 

5x104 T24 cells were plated on glass coverslips and left to adhere overnight. The 

following day cells were treated with medium containing Hoechst 33342 dye (H1399, 

ThermoFisher Scientific), 5 μM CR42-24 (0.1% DMSO), or medium with DMSO (0.1%). Cells 

were treated for increasing time intervals. After specified time interval medium was aspirated, 

and coverslips were washed twice with PBS. Cells were then fixed with 100% ice-cold methanol. 

After fixation cells were blocked for 1 hour using PBS with 1% Tween-20 (PBST) with 1% 

BSA. Cells were then incubated with rabbit -tubulin antibody overnight (1:500). The following 

morning coverslips were washed 3 times with PBST for 5 minutes per wash. Coverslips were 

then incubated for 1 hour with goat anti-rabbit secondary antibody (1:500) conjugated with 

AlexaFluor 546 dye. After incubation coverslips were washed 3 times 10 minutes with PBST. 

After washing coverslips were fixed with ProLong Gold Antifade mounting medium (P101444, 

ThermoFisher Scientific). Slides were imaged using upright Zeiss Examiner Z1 microscope, 

equipped with 63x 1.4 oil DIC 420782-990 objective lens, and a Hammatsu EM-CCD digital 

camera. Images were taken using Velocity 6.1 imaging software. Images from at least 20 

separate cells were taken per slide. Images were quantified using ImageJ software.  

2.7-Cell cycle analysis  
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Serum starvation was used to synchronize cells in G0. 5x105 T24 cells were plated in a 6-

well plate in serum-free medium and left to adhere overnight. The following morning cells were 

incubated with DMEM supplemented with increasing concentrations of CR42-24 (0.1% DMSO), 

50 nM paclitaxel (0.1% DMSO), or medium containing 0.1% DMSO. Cells were treated for 24 

hours. After 24 hours cells were washed with PBS, trypsinized, and spun down at 300g for 5 

minutes. Cell pellets were washed twice with PBS. After washing cells were fixed with ice-cold 

100% methanol and spun down at 850g for 10 minutes. Cells were suspended in 400 μl of PBS 

containing Hoechst 33342. Cells were incubated for 30 minutes at room temperature, washed 2x 

with PBS. Cells were transferred to flow cytometry tubes and analyzed on BD FACSCANTO II 

(BD Bioscience). Cell cycle analysis was done using methods reported previously by 

Pozarowski, and Darzynkiewicz (2004). Cell cycle analysis data was analyzed using FlowJo 

software (FlowJo, LLC).  

 

2.8-Annexin V flow cytometry  

Annexin V staining was done using Annexin V-FITC apoptosis detection kit (APOAF-

20TST; Millipore Sigma). Protocol was performed as per manufacturer instructions. Flow 

cytometry on cells was performed using BD FACSCANTO II (BD Bioscience). Flow cytometry 

data was analyzed using FlowJo software (FlowJo, LLC).  

2.9-Western blot analysis 

Cell lysates were harvested from cell lines by growing cells in T25 flasks. When cells 

reached 90% confluence cells were lysed using RIPA lysis and extraction buffer (89900, 

Millipore Sigma). Lysates were incubated on ice for 30 minutes, then flasks were scraped using 
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cell scraper. Cell lysates were then harvested and added to a 1.5 ml eppendorf tube and spun in a 

centrifuge at 10,000g for 10 minutes at 4oC. After spinning cell lysates were transferred to 

another eppendorf tube and pellets were discarded. Protein concentration was determined using a 

Bicinchoninic Acid Protein Assay (B9643; Millipore Sigma). Cell lysates were resolved on an 8-

10% sodium dodecyl sulphate (SDS) polyacrylamide gel electrophoresis (PAGE). Cell lysates 

analyzed for βIII protein expression were run on 10% SDS-PAGE gel, and cell lysates for 

examining MDR-1 expression levels were ran on an 8% Gel. Resolved lysates were transferred 

to a polyvinylidene difluoride (PVDF) membrane overnight at 4oC at 20V. After transferring 

membranes were blocked using 50% rockland blocking buffer (MB-070) in PBS for 1 hour. 

Membranes were hybridized with rabbit anti-MDR-1 (1:500) (EPR10364-57; AbCam) or rabbit 

Anti-βIII antibodies (1:1000) (Abcam, ab18207) overnight. The following morning membranes 

were washed using PBST for 3x 10 minutes. After washing membranes were incubated with goat 

anti-rabbit secondary antibody (1:1000) conjugated with AlexFluor 680 fluorophore for 1 hour. 

After 1 hour membranes were washed 3x 10 minutes in PBST. Membranes were than scanned 

using Li-Cor Bioscience Odyssey imager. Membranes were than incubated with Rabbit anti-actin 

antibody (1:10,000) for 1 hour. Membranes were washed 3x 10 minutes in PBST. after washing 

membranes were incubated with goat anti-rabbit secondary antibody (1:10,000) for 1 hour. 

Membranes were washed 3x 10 minutes in PBST and scanned as mentioned above. Membrane 

images were analyzed using imageJ quantification software as described.  

2.10-MDR-1 inhibition experiments 

CAPAN-1, U87, UM-UC-14, and Hela cells were plated in a 96-well plate as described 

in cytotoxicity experiments above. After adherence, overnight 100 μl of medium containing 5 

μM CR42-24, with and without CyA (10 μM) to 3 wells. Media containing only CyA with no 
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CR42-24 was also added to wells in triplicate. Cells treated with medium containing 0.1% 

DMSO was used as a control. Cells were incubated in 24-hour time intervals. At time intervals 

24, 48, 72, 96, and 120, 22 μl of resazurin was added to each well. Plates were incubated at 37oC. 

After 4 hours cell viability was determined using plate reader as described in cytotoxicity 

experiments.  

2.11-MDR-1 gene expression and IC50 correlational analysis  

To perform correlation analysis between MDR-1 gene expression and IC50, ABCB1 gene 

expression values were taken from the CCLE (Broad Institute). IC50 values were taken from 

cytotoxicity experiments performed and determined using analysis stated above. Correlational 

analysis was done using GraphPad prism software.  

2.12-βIII knockdown 

5x 103 T24 cells per well were plated in a 96-well plate and left to adhere overnight. The 

following morning cells were transduced as per manufacturer's instructions using βIII shRNA 

(sc-105009-V; Santa Cruz biotech) or Control shRNA Lentiviral Particles (sc-108080; Santa 

Cruz Biotech). After 24 hours of transduction cells were left to rest for 24 hours. After 24 hours 

cells were selected using puromycin (10 μg/ml). Cells were passaged in puromycin containing 

medium, changing medium was done every 3 to 5 days. Puromycin resistant cells were scaled up 

to a T75 flask. Once cells reached 90% confluency cells were harvested and cytotoxicity analysis 

was performed.  

2.13-Statistical analysis 

All statistical analysis comparing two groups was done using a student's t-test. p-values 

less than 0.05 were considered significant. Statistical analysis comparing more than two groups 
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was done using two-way ANOVA. p-values less than 0.05 were considered significant. Kaplan-

meier survival curve analysis for in vivo survival studies were done using Log-rank (Mantel-

Cox) test, p-value < 0.05 was considered statistically significant.  
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3.1-CR42-24 decreases cell viability at low nanomolar concentrations in vitro 

In-vitro screening was used to assess the efficacy of CR42-24 on both human and mouse 

cancer cell lines. Cell lines were grown in culture and treated with various concentrations of 

either CR42-24, or paclitaxel. CR42-24 was active on multiple prostate, bladder, skin, breast, 

pancreatic, and kidney cancer cell lines. CR42-24 had IC50 values in the low nanomolar range 

(0.8-10 nM) across all cancer cell lines tested (Figure 3.1, and 3.2, and Table 3.1 and 3.2). CR42-

24 was most effective on the prostate cell line LNCap with an IC50 of 0.9 nM. CR42-24 was 

least effective on the Caki-1 cell line with an IC50 of 10.5 nM. For all cell lines tested, CR42-24 

was more effective than paclitaxel with the exception of the 786-0 kidney cancer cell line (Figure 

3.1D). In addition to being active against cancer cell lines, CR42-24 was cytotoxic to healthy 

GM38 fibroblast cells. CR42-24 treatment resulted in a 40% reduction in cell viability at 
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concentrations higher than 8nM (Figure 3.1C). Conversely, Paclitaxel was not cytotoxic to 

GM38 cells at concentrations lower than 1250 nM. It is worth noting that at higher 

concentrations CR42-24 was less cytotoxic than paclitaxel. Although the majority of the cell 

lines tested were sensitive to CR42-24, some cell lines were resistant to the compound. Resistant 

cell lines included the cervical cancer cell line Hela, the prostate cancer cell line PC3, and the 

glioblastoma cell line U87 (Figure 3.2A-C). These cell lines showed no reduction in IC50 after 

treatment with CR42-24 after 72 hours. We also compared CR42-24 to gem in pancreatic cancer 

cell lines. CR42-24 was more effective on MiaPaCa-2 and PANC-1 cell lines showing IC50s of 

4.42 nM, and 3.28 nM, respectively compared to gem which had IC50s of 2190 nM for the 

MiaPaCa-2 cell line, and 18.1 nM for the PANC-1 cancer cell line (Table 3.1). Overall, CR42-24 

was found to be highly cytotoxic to cancer cells in vitro. CR42-24 was more cytotoxic than 

paclitaxel and had effect on non-cancerous fibroblast cells, but was less cytotoxic at micromolar 

doses. Of all the cell lines tested in the cell line panel, CR42-24 was highly effective against the 

T24 bladder cancer cell line. Due to the high clinical need for alternative therapies for bladder 

cancer we chose to examine further if CR42-24 would be an effective therapy for bladder cancer. 
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Figure 3.1- CR42-24 is highly effective on cancer cell lines in vitro and is more cytotoxic 

than paclitaxel. Panels A and B show the chemical structure of colchicine, and CR42-24 

respectively. Panel C shows representative graphs of the cell viability of cell lines incubated with 

CR42-24 (red circles) and paclitaxel (blue squares). Graphs indicate the cell viability (mean +/- 

SD) of cells from three independent experiments run in triplicate. Panel D is a summary graph of 

the mean IC50 values for cell lines. Together this shows that CR42-24 is highly effective on 

many different cancer cell lines. 
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Figure 3.2- Effects of CR42-24 on cancer cell lines in vitro. Panels shows representative 

graphs of the cell viability of Hela, U87, 786-0, and PC3 cell lines incubated with increasing 

concentrations of CR42-24 (red circles) and paclitaxel (blue squares). Graphs indicate the cell 

viability (mean +/- SD) of cells from three independent experiments run in triplicate. Overall 

CR42-24 was not effective on Hela, U87, and PC3 cells. CR42-24 was effective on 786-0 cell 

line, and was as effective as paclitaxel.  
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Table 3.1: IC50 values of CR42-24 and paclitaxel on cancer cell lines. 

 

Cell line CR42-24 (nM) PAC (nM) 

Kidney Cancer 

786-0 8.00 10.8 

Caki-1 10.5 81.1 

Melanoma 

A375-P 9.34 148.0 

MDA-MB-435 4.67 9.43 

Prostate cancer 

Du145 5.27 15.5 

LnCap 9.77 9.75 

PC3 > 5000 > 5000 

Breast Cancer 

MCF-7 1.80 9.94 

MDA-MB-231 5.25 12.7 

MDA-MB-468 4.672 14.3 

Bladder Cancer 

T24 4.29 27.2 

Glioblastoma 

U87 > 5000 > 5000 

 

Table 3.2: IC50 values of CR42-24 and gemcitabine on pancreatic cancer cell lines 

Pancreatic Cancer 

Cell line CR42-24 

(M) 

Gem (nM) 

MiaPaCa-

2 

4.47 1940 

Panc-1 3.28 18.1 

CAPAN-1 > 5000 > 5000 
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3.2-CR42-24 is highly effective on BC cell lines in vitro  

 We tested CR42-24 on a panel of bladder cancer cell lines and compared to single-agent 

gem and cis. In all cell lines tested (T24, 253J, UM-UC-3, UM-UC-14) CR42-24 had low 

nanomolar IC50s ranging from 10 nM to 1.9nM (Figure 2.3A-E). CR42-24 also performed better 

than both single agent gem, and cis.  The UM-UC-3 and UM-UC-14 cell lines were largely 

resistant to gemcitabine showing minimal reductions in IC50 after incubation of 72 hours (20% 

and 25% reduction in cell viability respectively). In addition to being effective on high grade BC 

cell lines, CR42-24 was also effective on the low-grade bladder cancer cell lines RT4 (T0) and 

RT112 (G1) (Figure 2.4). It is worth noting however that after incubation with CR42-24 for 72 

hours the RT4 cell line still had a viability of 43% even at 5μM suggesting a subpopulation of 

the treated cells are still metabolically active. Lastly, we examined if CR42-24 was as effective 

as combination gem/cis treatment. Cell viability analysis showed that CR42-24 was more 

effective than combination cis/gem in the T24 cell line when gem/cis was used concurrently 

(Figure 2.3F). This further supports that CR42-24 may serve as an effective alternative therapy 

for BC. Altogether data shows that CR42-24 is highly effective on BC. This supports the 

hypothesis that CR42-24 would be an effective treatment for BC.  
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Figure 3.3- CR42-24 active on BC cell lines and is more effective than Gem and Cis in vitro.  

Panel A shows representative graphs of cell viability for bladder cancer cell lines incubated with 

increasing concentrations of CR42-24 (red), gemcitabine (blue), and cisplatin (orange). Graphs 

show cell viability (mean +/- SD) for 3 independent experiments done in triplicate. Panel B is a 

summary table of the IC50 values for all of the cell lines used in the bladder cancer cell line 

panel. Panel C shows a graph of cell viability for T24 cells incubated with CR42-24 (Red) or 

combination gemcitabine/cisplatin (Purple). Overall, CR42-24 was more effective than single 

agent and combination gemcitabine/cisplatin in a range of high grade BC cell lines. This 

demonstrates that in vitro CR42-24 is highly effective on BC and supports the hypothesis that it 

may be an alternative therapy for BC. 

 

 

3.3-CR42-24 Causes microtubule depolymerization, apoptosis G2/M phase arrest  

Because CR42-24 is a colchicine derivative, we hypothesized that the mechanism of 

action of CR42-24 would be similar to that of colchicine. To investigate this hypothesis, we 

performed flow cytometry and microscopy on CR42-24 treated cells. Figure 3.5A shows 

histograms of PI staining in cells treated with increasing concentrations of CR42-24. CR42-24 

treatment caused an increase in S-phase and G2/M phase in a dose-dependent manner as shown 

by the increased the proportion of cells in the G2/M phase of the cell cycle (summarized in 

Figure 3.5C). Annexin V flow cytometry analysis was also performed to examine for the 

induction of apoptosis after CR42-24 treatment. Experiments found that there was also an 

increase in annexin V positive cells in a dose-dependent manner (Figure 3.5B and D). The 

increase in annexin V and PI positive cells suggests apoptosis induction in CR42-24 treated cells. 

Together these data suggest CR42-24 acts similarly to other MT targeting agents inducing G2/M 

phase arrest leading to the induction of apoptosis. We also performed cell imaging experiments 

on T24 cells treated with 5μM CR42-24. Images show that increased exposure to CR42-24 

induces microtubule depolymerization and causes loss of microtubule integrity. Together these 
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data support the hypothesis that CR42-24 behaves like colchicine, inducing depolymerization of 

microtubules and cause a G2/M phase arrest causing cells to enter into apoptosis.  
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Figure 3.4- CR42-24 induces G2/M phase arrest and induces apoptosis in T24 cells. 

Panel A shows representative histograms of T24 cells treated with CR42-24 for 48 hours. Stained cells were 

then analyzed by flow cytometry for analysis of DNA content within cells. Panel B shows representative flow 

cytometry plots of cells treated with increasing concentrations of CR42-24 for 48 hours. Panel C summarizes 

cell cycle analysis data from 3 independently performed experiments done in duplicate. Panel D summarizes 3 

independently performed experiments analyzing annexin V flow cytometry data for T24 cells treated with 

CR42-24. The graph indicates an increase in Annexin V, both early and late apoptotic cells, in a dose 

dependent manner. Panel E shows representative images of T24 cells treated for various time intervals. Top 

left shows a control cell treated with media containing 1% DMSO for 30 minutes. Top right shows a cell 

treated for 10 minutes, bottom left shows a cell treated for 20 minutes and bottom right shows a cell treated for 

30 minutes. Panel F shows a graph summarizing 3 independent cell imaging experiments. Pixel intensity was 

measured for 5 cells from each experiment using imageJ. Together this data shows that treatment with CR42-

24 induces microtubule catastrophe and causes loss of microtubule integrity. * p < 0.05; ** p < 0.01 

 

3.4-CR42-24 decreases xenograft tumor growth in vivo  

To further investigate the applicability of CR42-24 to treat BC we then examined CR42-

24 in vivo. T24 xenografted NOD/SCID mice were treated with either CR42-24 (3 mg/kg or 6 

mg/kg) or vehicle control every second day for 18 days (10 injections total). Overall, CR42-24 

was able to block T24 tumor growth (Figure 3.6A) without any overt signs of toxicity, assessed 

by change in body weight (Figure 3.6B). Treatment at doses of 3 and 6 mg/kg were able to 

completely negate tumor growth in treated mice. There was a statistically significant difference 

between control and both treatment groups (p< 0.01, one-way ANOVA). There was no 

statistically significant difference between 3 and 6 mg/kg doses of CR42-24. Overall, CR42-24 

was able to slow the growth of T24 xenografts in vivo, and was able to prevent tumor growth at a 

dose of 3 mg/kg. To test a more clinical situation we tested CR42-24 on mice bearing larger T24 

xenografts. CR42-24 was not able to control tumor growth as shown by the increase in tumor 

volume over the course of the treatment period (Figure 3.6C). Most mice only received 5 

injections of CR42-24 at which point they had to be euthanized due to tumor burden end-point 

being reached. Although CR42-24 did not stop tumor growth, CR42-24 was able to slow the  
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Figure 3.5- CR42-24 inhibits growth of T24 cell line and patient derived xenografts in 

vivo. Panel A, Graph of tumor volume for CR42-24 treated mice and vehicle control mice. 

Control mice (n=4) were treated with vehicle control (10.5% DMSO in PBS, shown in green) 

and CR24-24 treated mice treated at 3 or 6 mg/kg (red, and blue respectively). Panel B shows the 

change in body weight for the treatment groups shown in A. Panel C shows tumor volume for 
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T24 xenograft bearing mice that were injected when tumors reached a volume of 500 mm3. Mice 

were injected every second day at 3 mg/kg of CR42-24 or vehicle control. Panel D shows a 

Kaplan-Mayer survival curve of the mice shown in panel C. Panel E shows tumor growth of 

PDXs in NSG mice. Overall CR42-24 significantly delays both cell line derived xenografts and 

patient derived xenografts in vivo. ** p < 0.01; *** p < 0.001 

 

 

growth of xenografts. There was a significant difference between the growth curves of control 

mice and CR42-24 treatment groups (p< 0.001, one-way ANOVA). Moreover, treatment with 

CR42-24 was able to double the time to tumor burden end-point relative to the control group 

(Figure 3.6D). Mice treated with vehicle control had a median survival of 5 days after initiation 

of treatment whereas mice treated with CR42-24 had a median survival of 10 days (p< 0.01, 

Wilcoxon-Gehan test). Together this data shows that CR42-24 has the ability to treat larger 

tumors in vivo, further supporting its utility as a treatment for BC patients. We also tested the 

effect of CR42-24 on a patient-derived xenograft model (PDX). Tissue from a high-grade (T3b) 

chemo-naive patient was xenografted into NOD/SCID/ mice. Once tumors reached 200 mm3 

treatment was initiated. CR42-24 was able to negate tumor growth for the duration of the 

treatment period (Figure 3.6 and 3.5E). Treatment with CR42-24 significantly reduced tumor 

growth as compared to vehicle control (p< 0.01, one-way ANOVA). Specifically, CR42-24 was 

able to significantly extend the median survival of CR42-24 treated mice relative to control mice 

(p < 0.05). The ability of CR42-24 to treat PDX models further supports the utility of CR42-24 

as a treatment for BC. 

 

Lastly, we compared the effects of CR42-24 against combination cis/gem. Mice bearing 

T24 xenografts were treated with CR42-24 (3 mg/kg, red), cis/gem (40 and 3 mg/kg respectively, 
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blue), or vehicle control (10.5% DMSO in PBS, green). Overall, CR42-24 performed as well as 

combination cis/gem and negated tumor growth for the duration of the experiment (Figure 3.5A). 

There was no significant difference in tumor volume between CR42-24 and gem/cis groups (p > 

0.05). There was a significant difference between control and CR42-24 (p < 0.01, one-way 

anova) and control and gem/cis groups (p < 0.01, one-way anova). Panel B shows the body 

weight for the mice over the injection period. Mice were weighed once a week over the course of 

the experiment to ensure there were no signs of toxicity associated with treatment. There was no 

significant difference between control, CR42-24, and gem/cis groups body weight over the 

injection period (p > 0.05, one-way anova). This suggests that at a dose of 3 mg/kg CR42-24 was 

not toxic to mice. Moreover, cis/gem at doses of 3 mg/kg and 40 mg/kg, respectively, are non-

toxic. Figure 3.5C shows a graph of tumor weights on day 43 24 hours following the last 

treatment day. As with tumor volume there was a significant difference between control and 

CR42-24 (p <0.001, one-way anova) and control and gem/cis groups (p < 0.01, one-way anova). 

There was no significant difference between CR42-24 and gem/cis group (p > 0.05, one-way 

anova). Panel D shows representative images of tumors excised from mice on day 43. Overall, 

this data suggests that CR42-24 is as effective as cis/gem combination therapy. The ability of 

CR42-24 to negate tumor growth in vivo as effectively as cis/gem at a safe dose further lends 

support to CR42-24 being an effective treatment on BC.   
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Figure 3.6- Effects of CR42-24 as compared to Gemcitabine/cisplatin combination 

therapy in vivo. Panel A shows the growth of T24 xenografts when treated with CR42-24 (red), 

gemcitabine/cisplatin (blue), or vehicle control (green). Treatment cycles as described in 

materials and methods are represented by dashed boxes. Panel B shows the body weight for the 

mice over the injection period. There were no significant differences observed between control, 
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CR42-24, and gemcitabine/Cisplatin groups’ body weight over the injection period (p > 0.05, 

one-way ANOVA). Panel C shows a graph of tumor weights on day 43, 24 hours following the 

last treatment day. As with tumor volume there was a significant difference between control and 

CR42-24 (p < 0.001, one-way ANOVA) and control and gemcitabine/cisplatin groups (p < 0.01, 

one-way ANOVA). There was no significant difference between CR42-24 and 

gemcitabine/Cisplatin group (p > 0.05, one-way 

 

3.5-CR42-24 resistance in MDR-1 mediated in a cell line dependent manner  

It has been shown that colchicine is a substrate of multidrug resistance protein 1 (MDR-

1), which has been found to be a mechanism of resistance to a number of compounds. We 

examined if MDR-1 was responsible for mediating resistance to CR42-24(159). PC3, U87, and 

CAPAN-1 cell lines were found to be insensitive to CR42-24, with IC50s being higher than 5 

μM (Table 1) using resazurin assay. We hypothesized that these cell lines would have increased 

expression of MDR-1 therefore conferring resistance to CR42-24. To test this hypothesis, we 

began by performing a correlational analysis of MDR-1 gene expression using the Cancer Cell 

Line Encyclopedia (CCLE) and the IC50 values for each of the cell lines tested. We found that 

there was a weak (r2=0.16) but significant (p =0.0016) correlation between MDR-1 gene 

expression and IC50 (Figure 3.7A). We then examined cell lysates from the resistant cell lines 

and sensitive cell lines. Figure 3.7B shows western blot data of cell lysates from several cell 

lines. Cell lysates were harvested from the resistant CAPAN-1, U87, Hela, and PC3 cells, as well 

as the sensitive cell lines PANC-1, MDA-MB-468, UM-UC-3, and UM-UC-14. There was no 

trend observed in the resistant cell lines as only Hela contained detectable amounts of MDR-1 

whereas CAPAN-1, PC3 and U87 cells did not. In the sensitive cell lines, Panc-1, MDA-MB-

468, and UM-UC-3 cell lines had no detectable quantities of MDR-1. Surprisingly, UM-UC-14, 

one of the most sensitive cell lines had the greatest MDR-1 gene expression. Due to the gene 

expression data, and western blot data conflicting we performed functional analysis on both 
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resistant and sensitive cell lines. We incubated cell lines with CR42-24 with and without 

cyclosporine A (CyA). Cyclosporine A has been found to be a competitive inhibitor of MDR-1 

and is the basis for many clinical inhibitors of MDR-1 that have entered clinical trials (160,161). 

Incubating cells with CyA made Hela and UM-UC-14 cells much more sensitive to CR42-24 

killing, showing a more rapid reduction in cell viability when combined with CyA as compared 

to CR42-24 alone (Figure 3.7C, D). Incubating CAPAN-1 and PC3 cells with CyA did not 

sensitize the cells to CR42-24 (Figure 3.7E, F). Overall, this data suggests that MDR-1 gene 

expression does confer sensitivity to CR42-24 in cell line dependent manner. When cell lines are 

MDR-1 positive, cell lines show increased sensitivity to CR42-24 when MDR-1 is inhibited. 

However, when MDR-1 is absent, such as in the PC3 and CAPAN-1 cell lines, MDR-1 does 

induce resistance to CR42-24. In this case, other mechanisms of resistance are likely responsible 

for insensitivity to CR42-24. In conclusion, MDR-1 is not the sole determinant of sensitivity to 

CR42-24, and other mechanisms, such as off-target interactions, may determine resistance to 

CR42-24. 
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Figure 3.7- MDR-1 meditates CR42-24 resistance in a cell dependent manner. Panel A 

shows a correlation graph of MDR-1 gene expression and IC50 value for all sensitive cell lines screened in vitro. 

Panel B shows western blot results of cell lysates from different cell lines. Hela, U87, PC3, and CAPAN-1 cells 
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which were Panel C shows graphs of cell lines incubated with CR42-24 and or without cyclosporine A. Graphs 

indicate the cell viability of cells (mean +/- SD) from 3 independent experiments. Cells were then incubated with 

CR42-24 with (blue) and without (red) cyclosporine A. Cells were incubated with cyclosporine alone as a control 

(green). Overall MDR-1 appears to mediate resistance to CR42-24 but in a cell line dependent manner. 

 

3.6-Decreases in βIII tubulin levels do not affect sensitivity to CR42-24 

Since CR42-24 was found to have increased affinity for βIII we also examined whether 

or not changes in βIII tubulin levels changed sensitivity to CR42-24. We began by performing a 

western blot on cell lysates harvested from cell lines tested for CR42-24 activity (Fig 3.8A). Cell 

lines were selected based on their level of sensitivity to CR42-24. Pairs from each type of cancer 

tested were selected, one cell line that was most sensitive to CR42-24 (lowest IC50, black) and 

one that was most resistant (highest IC50, red). Overall there was no trend in βIII levels in cell 

lysates. Most cell lines were positive for βIII expression. However, MDA-MB-468 and CAPAN-

1 had almost no βIII tubulin. Western blot results are summarized in Figure 3.8B. The lack of a 

trend in βIII tubulin levels between resistant and sensitive cell lines suggests that βIII levels do 

not determine sensitivity to CR42-24. To confirm this hypothesis βIII knockdown in T24 cells 

was performed and sensitivity to CR42-24 and paclitaxel was assessed. Stable transduction of 

T24 cells resulted in a 20% reduction in βIII tubulin levels (Figure 3.8C). Viability of cells 

transduced with βIII or scramble shRNA and treated with CR42-24 are shown in Figure 3.8D. 

Decreasing βIII tubulin levels appeared not to affect sensitivity to CR42-24 (Figure 3.8D, left). 

However, knockdown of βIII sensitized the cells to paclitaxel (Figure 3.8D, right). There was a 

significant difference (p< 0.05) in cell viability for shTUBB3 cells as compared to shControl 

cells when incubated with paclitaxel at 50, 25, and 12.5nM of paclitaxel. There was no 
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significant difference in cell viability (as assessed by alamar blue assay) for shβIII knockdown 

cells as compared to shControl cells. The lack of a trend in βIII levels among cell lines with 

varying degrees of sensitivity to CR42-24 and knockdown experiments corroborating this data 

together suggest CR42-24 sensitivity is not determined by βIII levels. It should be noted, 

however, that CR42-24 binds to all tubulin isotypes at various binding affinities, with the highest 

affinity for Consequently, the resultant toxicity of CR42-24 is a combination of all 

individual isotype affinities weighted by the expression levels of these isotypes in a given cell 

line. 
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Figure 3.8-βIII tubulin knockdown does not affect sensitivity to CR42-24. Panel A 

shows western blot data for cells lines that were tested for sensitivity to CR42-24 and data is 

summarized in panel B showing a graph of expression for cell lines (N=3 +/- SD). Panel C 

shows western blot knockdown results using shRNA. Graph in lower panel C summarizes 

western data from 3 separate passages of T24 cells passaged in medium containing 5μM 

puromycin. Panel D shows cell viability data from T24 cells transduced with shTUBB3 or 
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shControl. Overall βIII knockdown cells showed increased sensitivity to paclitaxel but not to 

CR42-24. This data suggests that changes in βIII levels do not affect sensitivity to CR42-24. 

 

 

 

Lastly, we examined whether CR42-24 could be used in combination with gem or cis. Since new 

therapies that are introduced into a clinical setting are often combined with current standard of 

care therapies we wanted to test whether or not CR42-24 could be combined with current 

therapies for BC. To test this, we combined CR42-24 with gemcitabine or cisplatin and 

sequentially treated cells. First T24 and 253J cells were incubated with gemcitabine, cisplatin, or 

with CR42-24 for 24 hours. After 24 hours cells were washed and then treated with the 

combinational drug for 48 hours. After a total of 72 hours, cell viability was tested using 

resazurin. Overall, CR42-24 was synergistic with both cisplatin and gemcitabine when given 

sequentially (Figure 3.9). Pre-treating cells with CR42-24 highly sensitized the cells to cisplatin 

killing. Doses above 2 μM cisplatin were found to be effective on CR42-24 pre-treated cells 

whereas cisplatin alone did not affect cell viability (Figure 3.9A and 3.10A). In the T24 cell line 

treatment with 2 μM cisplatin reduced cell viability to 71%, thus the addition of cisplatin further 

reduced cell viability by 9%. 4 μM cisplatin was able to reduce cell viability to 67%, in contrast 

to cisplatin alone which did not reduce cell viability relative to DMSO control treated cells at 

doses lower than 4 μM. To determine whether or not these combinations were synergistic we 

performed combinatory index calculations. 2, 4, and 50 μM cisplatin were found to be highly 

synergistic with CI values of 0.11, 0.07, and 0.05 respectively (Figure 3.9B). In both T24 and 

253J cell lines CR42-24/gemcitabine combination treatment was also found to be effective 

(Figure 3.9C, D, and 3.10B). In both cell lines when cells were pre-treated with gemcitabine for 

24 hours, cells were sensitized to killing by CR42-24. Incubating cells with CR42-24 following 

gemcitabine treatment sensitized the cells to killing at all doses tested (Figure 3.9C). In the T24 

cell line doses of CR42-24 as low as 0.5 nM were significantly more active on gemcitabine pre-

treated cells than cells treated with CR42-24 alone. We also calculated CI values for these  
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Figure 3.9-CR42-24 is synergistic with Gemcitabine and Cisplatin in a sequence specific 

manner. Panel A shows a schematic of the experimental design for drug synergy studies. Panel 

B shows a graph of cell viability for cells either pre-treated with CR42-24 followed by 

incubation with cisplatin (red) or treated with cisplatin alone for 72 hours at the same 

concentrations (blue). The combinatory index values for the drug combinations is summarized in 

the table on the right of panel B. Panel C shows the cell viability of cells pretreated with 

gemcitabine followed by treatment with CR42-24 compared to cells treated with CR42-24 alone 

for 72 hours. Panel D right shows CI values calculated for each of the concentrations of drug 



 
 

70 

used in the synergy testing. Dotted lines indicate the cell viability of cells treated with only IC20 

concentration of CR42-24 (A) and Gem (B). Together this evidence shows that CR42-24 is 

synergistic with both gemcitabine and cisplatin in a schedule dependent manner.  

 

 

combinations and found that values ranged from 0.86 to 0.59, suggesting that 

gemcitabine/CR42-24 has a mild additive effect (Figure 3.9D). In the 253J cell line pretreating 

cells with gem sensitized cells to CR42-24 killing. Low doses of CR42-24 show increased 

reduction in cell viability, whereas CR42-24 alone did not cause reductions in cell viability 

(Figure 3.10B). Synergy was only seen when cells were pre-treated with CR42-24 followed by 

cis, and pretreated with gem followed by CR42-24. In T24 cells, pre-treating cells with CR42-24 

followed by gem was not synergistic, and pre-treated cells were as sensitive to gem as non-

pretreated cells (Figure 3.11A). Additionally, when cells were pretreated with cis followed by 

CR42-24, treatment was not synergistic and pretreated cells showed no sensitization to CR42-24 

killing (Figure 3.11B).  Together this data suggests that CR42-24 can be effectively combined 

with other chemotherapy drugs. However, the synergy of CR42-24, gem, and cis only occurs in a 

sequential manner, and is dependent on proper sequence of administration. Overall, it suggests 

that combining CR42-24 with current BC chemotherapy drugs may be beneficial and make other 

drugs more efficacious.  
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Figure 3.10- Synergy of CR42-24, Gem, and Cis on 253J cells. 253J cells were incubated 

for 24 hours with an IC20 concentration of CR42-24 (a) or gem (b). Panel A shows a graph of 

cell viability for cells either pre-treated with CR42-24 followed by incubation with cisplatin 
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(Red). As a control cells were treated with cisplatin alone for 72 hours at the same concentrations 

as those used in the sequential treatment condition (blue). Panel B shows the cell viability of 

cells pretreated with gemcitabine (red), followed by treatment with CR42-24 compared to cells 

treated with CR42-24 alone (blue) for 72 hours. Dotted lines indicate the cell viability of cells 

treated with only IC20 concentration of Gem. Overall, CR42-24 is synergistic with both gem and 

cis in a schedule dependent manner.  

 
Figure 3.11- Sequence dependent synergy of CR42-24 and Gem, and Cis. Panel A shows 

a graph of cell viability for cells either pre-treated with CR42-24 followed by incubation with 

gem (Red) or treated with gem alone for 72 hours at the same concentrations (blue). Pre-treating 

cells with CR42-24 does not sensitizes cells to gem killing. Panel B shows the cell viability of 
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cells pretreated with cis (red), followed by treatment with CR42-24 compared to cells treated 

with CR42-24 alone (blue) for 72 hours. Dotted lines indicate the cell viability of cells treated 

with only IC20 concentration of CR42-24 (A) and Cis (B). Pre-treating cells with cis does not 

sensitizes cells to CR42-24 killing. Together this data suggests a sequence dependent synergy 

between CR42-24, gem, and cis. 
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Chapter 4-Discussion and Conclusion 
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4.1-Discussion and conclusion 

Here we have demonstrated that CR42-24, a novel colchicine derivative, is a promising 

new cancer therapy agent. CR42-24 showed increased performance compared to other clinically 

used chemotherapy drugs in vitro (Figure 3.1, 3.2, Table 3.1).  In particular, CR42-24 was highly 

effective against BC. Assessment of CR42-24 in vitro and in vivo showed that CR42-24 is highly 

effective against both BC cell line xenografts and PDXs (Figure 3.3, 3.4, and 3.6). CR42-24 is 

also as effective as combination cis/gem in vivo (Figure 3.5). Together data supports that CR42-

24 is a promising therapy agent for BC. 

 Initially, we began by assessing CR42-24’s activity on a number of cell lines. We found 

that CR42-24 had IC50 values in the low nanomolar range (1 nM to 10 nM) for most of the cell 

lines tested. CR42-24 was more cytotoxic than paclitaxel in all cell lines tested with the 

exception of the kidney cancer cell line 786-0 (Figure 3.2). Interestingly, CR42-24 was highly 

effective on another kidney cancer cell line Caki-1, and had increased effectiveness compared to 

paclitaxel (Figure 3.1). These conflicting results may be due to insensitivity of 786-0 cells to 

MTAs. Clinically renal clear cell carcinoma (RCC) is unresponsive to chemotherapy, and 

patients see little benefit with chemotherapy treatment (162,163). Moreover, mechanisms of 

resistance to chemotherapy have been found to extend beyond that of MDR-1 expression, 

suggesting RCC has multiple mechanisms of resistance to chemotherapeutics (164).  

Few cell lines screened were resistant to CR42-24. However, Hela, PC3, CAPAN-1, and 

U87 cells were found to have IC50s above 5 μM. A possible hypothesis for these results that was 

not examined could be that CR42-24 is inducing cellular senescence. Cells that have entered into 

senescence have been shown to be still metabolically active but remain in a non-proliferative 

state (165,166). The induction of senescence may, therefore explain why these cells showed little 
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reduction in cell viability using resazurin assay. In support of this it has been shown that prostate 

cancer, glioblastoma, and pancreatic cancer cell lines are all capable of entering senescence 

(167–172). In this context, CR42-24 may still be active against these cell lines, but does not 

cause apoptosis induction. 

CR42-24 was also highly effective against BC cell lines in vitro. CR42-24 had IC50s in 

the low nanomolar range for the cell lines tested. CR42-24 was more effective than single-agent 

gem and cis, showing lower IC50s in all cell lines tested (Figure 3.3). CR42-24 was also highly 

effective on the UM-UC-3 and UM-UC-14 cell lines, which showed little reduction in cell 

viability after gem treatment for 72 hours (Figure 3.3C, and D). This suggests CR42-24 may 

serve as an effective treatment for BC that is insensitive to gem. In addition to being more 

effective than single agents, CR42-24 was more effective than concurrent cis/gem treatment in 

the T24 cell line. These results may only hold in this context as the synergy of cis/gem has been 

reported to work in both a schedule and a cell line-dependent manner (173–175). Broader results 

regarding the comparison between CR42-24 and combination cis/gem cannot be made without 

further investigation. However, these results are encouraging and further support the 

effectiveness of CR42-24 on BC.  

In addition to being active in vitro, CR42-24 was highly effective in vivo. CR42-24 was 

able to negate the tumor growth of both T24 xenografts, as well as BC PDXs. CR42-24 was 

effective at both 3 mg/kg and 6 mg/kg and was able to inhibit tumor growth for the duration of 

treatment (Figure 3.6A). CR42-24 was also able to slow tumor growth of larger T24 tumors 

although it was unable to inhibit tumor growth completely. This may have been a consequence of 

the dosage used as only 3 mg/kg. More efficacious results may have been obtained with a higher 

dose. Most encouraging was CR42-24s ability to treat high-grade patient-derived xenografts in 
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vivo. CR42-24 was able to delay growth of PDXs and able to extend survival of the mice from 

31 to 82 days. These results are very encouraging as PDX models are much more representative 

of a clinical setting and provide further support that CR42-24 would be a good candidate for a 

BC therapy.  

We also investigated CR42-24’s mechanism of action and found it to act similarly to 

microtubule destabilizers such as colchicine and other vinca alkaloids (60,176). CR42-24 

induces a G2/M phase arrest, and apoptosis in treated cells. Moreover, CR42-24 acts as a MT 

destabilizer with treated cells showing loss of MT structure after treatment for 20 minutes 

(Figure 3.5E and F). These results show that CR42-24, acts in a similar manner to other MT 

destabilizers. It has been shown that both colchicine and other vinca alkaloids cause microtubule 

depolymerization and induce G2/M phase arrest (60, 173). Also, other novel colchicine 

derivatives have been reported in the literature to exhibit a similar mechanism of action. The 

derivative CT20126, which shows immunosuppressive activity, has been reported to have a 

similar mechanism of action inducing microtubule depolymerization and G2/M phase arrest 

(177).  

We then examined possible mechanistic explanations for sensitivity to CR42-24. MDR-1 

protein expression has been shown to mediate resistance to multiple chemotherapeutics. 

Specifically, colchicine has been shown to be a MDR-1 substrate and MDR-1 expression has 

been shown to confer resistance to colchicine treatment (159,178,179). Thus, we investigated 

whether or not MDR-1 conferred resistance to CR42-24 as well. Overall, MDR-1 appears to 

affect sensitivity to CR42-24 in a cell line dependent manner. The UM-UC-14 and Hela cells, 

both of which were positive for MDR-1, showed increased sensitivity to CR42-24 when MDR-1 

was inhibited by CyA. However, PC3 and CAPAN-1 cells were not sensitized to CR42-24 when 
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MDR-1 was inhibited. Overall, this this suggests other mechanisms of resistance are also 

responsible for conferring insensitivity to CR42-24. In addition to MDR-1, there are multiple 

multi-drug resistance proteins (MRP) expressed by cancer cells (180). There are nine MRP 

proteins that have been found to be expressed by cancer cells and induce resistance to a number 

of anti-cancer agents. Little is known about MRP protein functions, substrate specificities, and 

their role in cancer cell resistance (180–182). A possible hypothesis is that other MRP proteins 

have increased affinity for CR42-24 over MDR-1 increasing resistance to CR42-24. It is worth 

noting that these results do agree with published literature which has shown that other βIII 

targeting compounds are poor substrates for MDR-1 and overcome MDR-1 mediated resistance 

(74,156,158). βIII specific Taxol derivatives have been shown to have reduced affinity for MDR-

1 and are effective on cell lines with increased MDR-1 gene expression. Other colchicine 

derivatives have also been shown to have reduced affinity for MDR-1 and can overcome 

colchicine resistance (74).  

In addition to examining MDR-1 as a determinant for CR42-24 sensitivity, βIII tubulin 

levels were also examined. Based on our results it appears that βIII level does not determine 

sensitivity to CR42-24. In-vitro screening demonstrated that CR42-24 was effective on cell lines 

irrespective of βIII tubulin expression levels (compare Table 2.1, and 2.2 and Figure 2.8A). This 

suggests that despite increased βIII tubulin expression CR42-24 is still highly effective. A 

similar trend was also found for the Taxol derivative Yg-3-46a which was shown to be affected 

little by changes in βIII tubulin levels, despite having increased affinity for βIII (158). Overall, 

our data agree with published literature that shows βIII specific compounds are not exclusively 

affected by βIII expression levels. Since these compounds also bind to other tubulin isotypes, 

albeit with different affinities, a combined effect should be taken into account with the weights 
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determined by the individual expression levels of the various tubulin isoforms in the cell line 

studied. 

Lastly, we assessed if CR42-24 was synergistic with gem and cis. CR42-24 was 

synergistic with both gem and cis when given in a sequential manner. CR42-24 pretreatment of 

T24 cells sensitized them to CR42-24 killing. CR42-24/cis was highly synergistic showing CI 

values as low as 0.05. In addition, CR42-24 was also synergistic with gem. Gem pretreatment 

sensitized cells to CR42-24 killing. Surprisingly, low doses of CR42-24 were more highly 

effective on gem pretreated cells. The synergy of low dose CR42-24 and gem may be highly 

beneficial in a clinical setting. The pairing of CR42-24 and gem may allow for dose reduction of 

both drugs. The use of low dose CR42-24 and gem may be advantageous in patients with low 

tolerance for chemotherapy. These results are highly encouraging as pairing of novel compounds 

is necessary when moving into a clinical setting.  

Overall, CR42-24 was highly effective against many different types of cancer. 

Specifically, CR42-24 was effective in vitro and in vivo on BC. This data supports that CR42-24 

is be a promising therapeutic for BC. In addition, CR42-24s synergy with other compounds 

further supports the applicability of CR42-24 to be used in a clinical setting, since it is necessary 

to combine novel compounds with existing therapeutics. Overall BC has a poor prognosis, 

especially in the advanced disease setting. This is in part due to ineligibility for cisplatin-based 

therapy, inadequate response to therapies and limited second-line therapy options. This leaves a 

significant unmet clinical need for alternative therapies for bladder cancer. In this context, CR42-

24 may provide a much-needed alternative for a neglected patient population. 
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4.2-Future work 

 Future work into CR42-24 could include examining CR42-24 in other animal models, in 

combination with other therapeutics, and researching the possibility of senescence induction in 

CAPAN-1, U87, and PC3 cell lines. To better represent a clinical setting, orthotopic animal 

models should be generated. As the majority of BC patients are diagnosed with NMIBC and 

undergo intravesical chemotherapy, assessment of CR42-24 in this setting would be beneficial. If 

effective, CR42-24 may provide an alternative therapy for patients who have disease recurrence 

or may serve as a better alternative treatment to mitomycin C or BCG. To perform these 

experiments orthotopic bladder tumors in mice or rats would be used as an experimental model. 

Intravesical instillation of CR42-24 could be performed and assessment of the effectiveness of 

CR42-24 as an intravesical therapy would be tested. Mitomycin C or BCG therapy would serve 

as beneficial control groups as it would provide insight into CR42-24s performance relative to 

currently used therapies. This assessment would be beneficial as it represents a more clinical 

setting, and it would indicate whether CR42-24 would be beneficial for NMIBC patients.   

In addition to assessing CR42-24 as a treatment for NMIBC, CR24-24 also showed great 

promise as a therapy for pancreatic cancer. In-vitro screening indicated that CR24-24 was much 

more effective than gem on pancreatic cancer cell lines. As pancreatic cancer currently has the 

very poor prognosis and patients are in desperate need of alternative therapies, CR42-24 could be 

very beneficial to this patient population. Using xenograft models, the effects of CR42-24 on 

pancreatic tumors could be assessed. These experiments would support whether CR42-24 is an 

effective treatment for pancreatic cancer. Comparison to gem should also be performed as it is 

the current standard of care for pancreatic cancer. If in vivo data indicates CR42-24 is active 
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against pancreatic cancer in animal models it could serve as an alternative therapy for an 

underserved patient population.  

Further investigation into CR42-24 combination therapy would also be beneficial. In-

vitro investigation showed that CR42-24 was highly synergistic with both gem and cis. Future 

experiments could investigate the optimal delivery schedule for CR42-24 with cis and gem. 

Since it has been shown that drug synergy is both schedule and cell line dependent, it would be 

beneficial to examine various schedules and doses of each compound to find the most synergistic 

combinations. Building on in vitro optimization, in vivo experiments should also be performed. 

In-vivo experiments comparing to published cis/gem schedules would allow for assessment of 

the effectiveness of CR42-24 combinations in animal models. In-vivo work would give further 

support using CR42-24 in a clinical setting as a treatment for BC. Moreover, it should give 

critical information moving forward into clinical trials. Clinical trials could be better informed 

and optimal scheduling and drug combinations could be employed moving forward into clinical 

trials.  

 In addition to synergy with chemotherapeutics, assessment of combination therapy with 

ICIs would also be very beneficial. ICIs have been found to be highly effective on BC and have 

started providing alternative therapies for patients. Moreover, ICIs are currently in multiple 

clinical trials in combination with chemotherapeutics and other agents. Assessment of CR42-24 

and ICI synergy would be very beneficial as it could provide insight into the suitability of CR42-

24 be used with ICIs. With the rapid expansion of ICIs in the treatment of BC, they will 

undoubtedly be employed in the treatment of BC patients. If CR42-24 would be effective in 

combination with ICIs it may be that CR42-24 can substitute currently used chemotherapy/ICI 
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combinations. The benefit of CR42-24 substitution may be that of a reduced toxicity profile, or 

increased effectiveness.  

 In-vitro screening indicated that a number of cell lines were resistant to CR42-24 when 

assessed by resazurin assay. The cell lines U87, CAPAN-1, and PC3 all showed no reduction in 

cell viability when treated with CR42-24 for 72 hours. Moreover, PC3 and CAPAN-1 cell lines 

did not show significant reductions after 5 days of incubation with CR42-24. The addition of 

CyA did not sensitize these cell lines to CR42-24 killing suggesting that resistance is not 

mediated by MDR-1. A possible explanation for this is that CR42-24 is inducing cellular 

senescence. When in senescence, cells are still metabolically active but are non-proliferative. 

This is therefore a possible explanation as to why there was no reduction in cell viability in the 

resazurin assay. Several experiments could be performed to investigate the hypothesis that in 

these cell lines CR42-24 is inducing senescence. Clonogenic assays could be performed on these 

cell lines to confirm that cells when treated with CR42-24 are non-proliferative. If no colonies 

are formed than this would suggest that CR42-24 is still active against these cell lines and that 

they are not resistant. To corroborate further investigation could be done to examine treated cells 

for b-Galactosidase activity which is a marker for cellular senescence. Both luminescent and cell 

imaging based experiments could be performed to assess for B-Gal activity. Lastly, western blot 

analysis on p16, or p21 levels should be performed on cell lysates from cells treated with CR24-

24. p16 and p21 have been found to be upregulated in senescent cells (183,184). The increased 

expression of p16 and p21 would confirm on a molecular level the induction of senescence in 

these cell lines.  

 To build on these experiments examination as to why CAPAN-1, PC3, and U87 cells 

become senescent while other cancer cell lines from similar types of cancer enter into apoptosis 
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would be enlightening. Possible hypothesis may be that due to genetic or protein alterations these 

cell lines enter into senescence rather than apoptosis. It has been shown that alteration in 

apoptosis signaling result in the induction of senescence rather than apoptosis (185). 

Experiments have demonstrated that changes in the pro-apoptotic protein Bcl-2 or Caspases 

results in cells entering senescence rather than apoptosis (186). Similarly, telomerase expression 

in these cell lines may explain this phenomenon as telomerase overexpression has been found to 

protect cells from apoptosis (187). Investigation into cell line differences may allow 

identification of mechanisms of resistance to CR42-24. Identification of resistance mechanisms 

would allow the selection of patients that would not benefit from CR42-24 treatment, thereby 

sparing patients from undergoing unnecessary treatment.  
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