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Abstract 

Breast cancer has the highest incidence rate of all cancers among Canadian women and 

accounts for nearly 14% of all cancer-related deaths in Canada. This type of cancer is often 

detected using medical imaging modalities such as mammography, breast ultrasound, and breast 

MRI, but each of these modalities can face harsh limitations for the detection of certain types of 

breast cancer. Positron emission tomography (PET) is another common imaging modality that is 

reported to have the highest sensitivity among all medical imaging modalities, but it is underused 

for breast cancer imaging due to the lack of a specific breast cancer-targeting PET 

radiopharmaceutical. Current breast cancer therapy methods also face limitations and are 

associated with negative effects. This leaves room for the development of a new PET 

radiopharmaceutical that is more specific for breast tumours, and for a new breast cancer 

chemotherapy agent. Lysophosphatidic acid receptor 1 (LPA1) has been identified as having 

elevated expression in breast cancer, and activation of LPA1 has been shown to increase cell 

migration and invasion. As such, the development of antagonists that target LPA1 would have 

extensive clinical benefits. 

This thesis focused on the design, synthesis, and biological evaluation of a library of highly 

potent and selective novel molecules targeting LPA1 that are derived from the previously reported 

compound, RO6842262. A novel 3H-1,2,3-triazolo[4,5-d]pyrimidine scaffold was identified 

through scaffold hopping and molecular docking studies. Based on the chemical structure of this 

novel scaffold, a six-step synthetic scheme and a fluorine-18 radiolabeling scheme were proposed, 

and one final compound was able to be synthesized. This compound, (R)-1-(4’-(5-((1-(4-

fluorophenyl)ethyl)amino)-3H-[1,2,3]triazolo[4,5-d]pyrimidin-3-yl)-[1,1’-biphenyl]-4-

yl)cyclopropanecarboxylic acid, was synthesized using the (R)-1-(4-fluorophenyl)ethanamine 

building block, and the synthesis of other analogues is currently in progress. The cAMP assay 

was used to evaluate the biological activity of this compound and it was found that it is able to 



  

inhibit LPA1 signaling with relatively high potency. This novel compound had an IC50 value of 

172.1 nM in this assay. Although it is less potent than RO6842262, the results of this study are 

promising. The synthesized final compound was also evaluated in a wound healing assay using 

the MDA-MB-231 cell line, where it was found to significantly inhibit LPA-induced cell migration in 

a time and dose-dependent manner. It is anticipated that future analogues will have increased 

potency, enabling their usage as breast cancer diagnostic and therapeutic tools.
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Chapter 1: Background and Theory 

1.1 – Overview of Cancer in Canada 

Cancer poses a significant burden to Canadian society. According to Canadian Cancer 

Statistics 2021, it is estimated that 40% of all Canadians will develop cancer within their lifetime.1 

It is also estimated that 25% of all Canadians will die from cancer.1 Taken together, it can be 

inferred that around 60% of Canadians that develop cancer will eventually succumb to this 

disease. Of course, the term ‘cancer’ does not refer to one condition in particular; this term broadly 

describes over 100 distinct diseases that are characterized by the uncontrolled growth of 

abnormal cells within the body. Different cancers can be broadly divided into four major categories 

based on their tissue origins and unique characteristics: carcinomas, sarcomas, melanomas, and 

blood cancers.2 Carcinomas are the most common type of cancer and develop in epithelial tissue.2 

Examples of carcinomas include most cancers of the lungs, breasts, and liver.2 Sarcomas are 

classified as cancers that originate from connective or supportive tissue, such as in bones, fat, or 

blood vessels, including osteosarcoma, liposarcoma, and angiosarcomas.2 Melanomas are a 

category of cancers that start in melanocytes, which are cells that produce melanin, a class of 

chemical compounds that give skin its pigmentation.2 Melanomas are typically cancers of the skin 

but can also develop in other regions of the body that contain melanocytes, including the eyes 

and the anus.2 Finally, there are several subcategories of cancer that can all be described as 

blood cancers, including leukemias, lymphomas, and multiple myelomas.2 Each of these 

encompass a range of distinct diseases; leukemias originate in the bone marrow and include 

acute lymphocytic leukemia, lymphomas originate in lymphocytes and include conditions such as 

non-Hodgkin lymphoma, and multiple myelomas are cancers that start in plasma cells, including 

smouldering (indolent) and active multiple myeloma.2  

Table 1 (below) gives a representation of the 10 cancers with the highest predicted incidence 

rate among Canadians in 2021. It is evident that the majority of projected new cancer cases can 
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be classified as carcinomas, as lung and bronchus, breast, colorectal, prostate, and bladder 

cancers— the cancers with the five highest projected incidence rates among Canadians in 2021— 

commonly manifest as a form of carcinoma. In fact, a staggering sum of 118,900 new cases is 

attributed to the five highest ranking cancers alone, the majority of which can be classified as 

carcinomas, making up over half of all projected new cancer cases (229,200) among Canadians 

in 2021.1 While it is acknowledged that sarcomas, melanomas, and blood cancers also play 

significant roles within the broad field of oncology, their distinctive characteristics, including 

different treatment methods, are beyond the scope of this investigation. As such, to streamline 

the research focus and delve deeper into the specific diagnostic and therapeutic aspects of cancer, 

the primary focus of this section from hereafter will be the most prevalent category of cancer, 

carcinomas, as highlighted above. 

Table 1 – Projected cases for most common cancers by sex among Canadians in 2021a 

  New cases (estimated) 
Type of cancer Classificationb Male Female Total 
Lung and bronchus Carcinoma 14,800 14,800 29,600 
Breast Carcinoma 260 27,700 28,000 
Colorectal Carcinoma 13,700 11,100 24,800 
Prostate Carcinoma 24,000 —c 24,000 
Bladder Carcinoma 9,500 3,000 12,500 

Non-Hodgkin lymphoma Lymphoma 6,200 5,000 11,100 
Melanoma Melanoma 4,700 4,000 8,700 
Uterus Carcinoma — 8,000 8,000 
Kidney and renal pelvis Carcinoma 5,200 2,600 7,800 
Head and neckd Carcinoma 5,400 2,000 7,400 

 

aData adapted from Canadian Cancer Statistics 2021.1 

bClassification was given based on statistical prevalence of a particular class of cancer. 

cNot applicable. 

dThe ‘head and neck’ cancer category includes oral, laryngeal, and nasal cavity sinus cancers. 
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Examining age-specific cancer incidences can also shed insight on current cancer trends 

among Canadians. Table 2 displays the percent distribution of the five most prevalent types of 

cancer from Table 1 partitioned between the four highest risk age groups as described by the 

Canadian Cancer Society. According to Canadian Cancer Statistics 2021, the age group of 50-

69 accounted for 44.7% of all new cancer cases between 2013 and 2017, while the groups of 70-

84 (34.4%), 30-49 (9.6%), and 85+ (9.3%) followed behind. The remaining age groups of 0-14 

and 15-29 only collectively accounted for a total of 2.0% of all cancer cases in this time period, 

clearly demonstrating that these groups can be considered relatively low risk. It is for this reason 

that Table 2 has omitted the ages of 0-29. Based on the available data, it can be observed that 

new breast cancer cases tend to occur more frequently for individuals belonging to working age 

groups, while new lung, colorectal, and bladder cancer cases progressively increase in frequency 

as age increases, peaking in the elderly age groups. Prostate cancer cases follow a similar trend, 

although recorded cases see a slight drop off after the age of 85. Furthermore, breast cancer 

cases lead the way for two of the highest risk age groups, including the single highest risk age 

group, the 50-69 group, while lung cancer and colorectal cancers are at the forefront of the 70-84 

and 85+ age groups, respectively. 

Table 2 – Distribution of new cases for selected cancers among Canadians, 2013-2017a 

 Age group 

Type of cancer 

Percentage of 
cancer cases 
between ages 

of  
30-49 

Percentage of 
cancer cases 
between ages 

of  
50-69 

Percentage of 
cancer cases 
between ages 

of  
70-84 

Percentage of 
cancer cases 

ages  
85+ 

Lung and bronchus 3% 12% 17% 14% 
Breast 23% 14% 9% 9% 

Colorectal 9% 11% 13% 15% 
Prostate <3% <3% 12% 7% 
Bladder <3% 4% 7% 7% 

 

aData adapted from Canadian Cancer Statistics 2021.1 
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In addition to considering new cancer cases among Canadians, it is of the utmost importance 

to consider deaths that have been caused by cancer. Perhaps the most direct way of doing this 

is to visualize the percent distribution of cancer deaths for the most prevalent cancers in Canada. 

In doing so, one can easily compare the proportion of deaths caused by one type of cancer to 

another. The five cancers that were selected for Table 2 have been presented in Table 3, which 

shows the projected sex-based percent distribution for deaths attributed to these cancers among 

Canadians in 2021. Unsurprisingly, the three cancers with the highest prevalence, namely lung, 

breast, and colorectal cancers, rank among the highest in prevalence for cancer deaths as well. 

In 2021, lung cancer was projected to account for approximately 25% of all cancer deaths for both 

genders, while breast cancer had the next highest single-gender mortality percentage of 13.5% 

for females. Colorectal cancer made up approximately 11-12% for either gender, while prostate 

and bladder cancers rounded out the list with respective mortality percentages of 10.1% and 4.3% 

for males. For females, bladder cancer only was projected to account for 1.8% of female cancer 

deaths in 2021.  

Table 3 – Distribution of projected cancer deaths for selected cancers by sex among Canadians 

in 2021a 

 Percentage of Cancer 
Deaths (estimated) 

Type of cancer Male Female 
Bladder 4.3% 1.8% 
Breast 0.1% 13.5% 
Colorectal 11.9% 10.8% 
Lung and bronchus 24.2% 25.8% 
Prostate 10.1% —b 

 

aData adapted from Canadian Cancer Statistics 2021.1 

bNot applicable. 

Another useful approach for determining the prevalence of cancer-related deaths is by 

analyzing the recent mortality trends for cancer in Canada. Figure 1 displays the annual percent 
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change in age-standardized mortality rates from 1984 to 2019 for bladder, breast, colorectal, lung 

and bronchus, and prostate cancers based on sex. From this figure, it can be seen that both 

colorectal and lung and bronchus cancers have seen a dramatic downwards shift in mortality 

rates over this time period for both genders. Curiously, bladder cancer has seen a sharp decrease 

in mortality rate for men but not for women. A recent review has attributed this mostly to the fact 

that although men have a threefold to fourfold higher risk of developing this particular cancer, 

women are more often diagnosed with more advanced, and hence, more deadly stages of the 

disease due to delays in seeking medical attention after observing haematuria.3 Comparatively, 

while prostate and breast cancer mortality rates have been on the decline over the past 40 years, 

they have seen much milder reductions in mortality rate, declining by only approximately 1-1.5%  

each year. 

 

Figure 1 – Annual percent change in age-standardized mortality rates for selected cancers 

among Canadians, 1984-2019 
 
aData adapted from Canadian Cancer Statistics 2021.1 
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Based on the data that has been presented thus far, lung cancer and breast cancer stand out 

as the most prominent figures. Lung cancer was projected to have the highest incidence of new 

cases among all cancers in 2021 with 29,600 cases, accounted for the highest percentage of new 

cases among the age group of 70-84 from 2013-2017, and was projected to account for 

approximately 25% of all cancer-related deaths in Canada in 2021. Conversely, breast cancer 

followed closely behind in the number of projected new cases with 28,000, accounted for the 

highest percentage of new cases between the age groups of 30-49 and 50-69 from 2013-2017, 

and was projected to account for 13.5% of all cancer deaths among females in 2021. However, 

these two cancers have had markedly different changes in mortality rates over the past 40 years. 

Whereas lung cancer mortality rates have seen an annual percent change of around -3% each 

year within this time period, breast cancer mortality rates have only had an annual percent change 

of under -1.5% each year. The Canadian Cancer Society believes that these trends in lung cancer 

mortality rate are largely due to a decrease in the prevalence of tobacco smoking over time. 

Recent research estimates that over 70% of lung cancer cases in Canada are caused by the 

smoking of tobacco products.4 This carries a strong significance as it is believed that people who 

smoke tobacco are around 25 times more likely to die from lung cancer than non-smokers due to 

the presence of harmful carcinogens in tobacco smoke.5 It should follow, then, that as Canadians 

nationwide have steadily reduced their smoking of tobacco in recent years, lung cancer mortality 

rates have progressively dropped, as supported by Figure 1; even in the short period between 

2015 and 2021, the number of Canadian smokers dropped from 5,344,100 in 2015 to 3,830,200 

in 2021.6 Major contributors for this include regulatory and legislative efforts from the Government 

of Canada regarding cigarette package labeling, such as the requiring of product packaging to be 

a plain brown colour and bearing appropriate health and safety warnings, as well as the launching 

of far-reaching anti-smoking campaigns.7 As the public perception of smoking continues to drop, 

the incidence and mortality rate of lung cancer should continue to drop, with the Government of 

Canada aiming for less than 5% of tobacco use nationwide by 2035 to reduce the disease burden 
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of tobacco smoking.7 Therefore, it seems that the best measure to prevent lung cancer deaths 

may ultimately lie outside of the clinic and, instead, in continuing to improve public awareness of 

the dangers of smoking. However, for breast cancer, similar preventative measures are not quite 

so apparent. Although incidence of breast cancer has been linked to controllable factors such as 

alcohol use and physical inactivity, these factors are not as critically central to the development 

of breast cancer as tobacco smoking is to lung cancer.8 For breast cancer, it is believed that the 

best option to continue to lower the incidence and mortality rates is to develop more effective 

early screening and treatment methods.9 Although existing tools for breast cancer diagnostics 

and therapeutics have proven to be fairly successful to this point, there is a clear need for 

improvement in both of these sectors as demonstrated by the data discussed earlier in this section. 

As such, it is the goal of this thesis to develop a new tool that can be used to further advance the 

area of breast cancer oncology in both the diagnostic and therapeutic concentrations. The 

following sections will discuss both the past and present diagnostic and therapeutic tools that 

have been used for the detection and treatment of breast cancer. 

 

1.1.1 – Historical and Current Diagnostic Breast Cancer Techniques 

 Methods used for the detection and diagnosis of breast cancer have undergone a significant 

evolution throughout history. Indeed, breast cancer has been a constant throughout recorded 

history, being first mentioned in the Edwin Smith Papyrus, the earliest known treatise describing 

diseases, dating to the 16th century BCE during the New Kingdom period in ancient Egypt.10 In 

this text are the first written accounts of breast cancer, wherein it is described that if a breast is 

cool to the touch and has bulges, and this sensation has spread across the breast, then the 

ailment is incurable.11 Breast cancer is also mentioned in Classical antiquity by renowned scholars 

such as Hippocrates and Pliny the Elder. In one text from approximately the 5th century BCE, 

Hippocrates reported that tumours may be the result of an overabundance of black bile within the 
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body, while Pliny the Elder, in the 1st century AD, proposed that breast cancer is the result of 

childbirth.12  

Over the next millennium, different theories regarding the origin of breast cancer were 

postulated and often attributed to various religious beliefs.11 Throughout this time, breast cancer 

was typically diagnosed through the swelling of the breasts, with pain, numbness, and ulcerations 

occurring in more severe cases.12 During the Age of Enlightenment, new theories regarding the 

origin of breast cancer began to appear. As interest in the natural sciences grew and scientific 

studies became more rigorous, many of these beliefs were more grounded in reality than the 

divine beliefs of the earlier millennium, such as Claude Deshais Gendron’s proposal of breast 

cancer forming due to the mixing of lymph vessels with nerve and glandular tissue in the early 

1700s.13 Not long after Gendron’s proposal was the first autopsy with intent to link a patient’s 

illness to pathological findings after their death performed by Italian anatomist Giovanni Morgagni, 

paving the way for modern oncological studies.14 

As medical technologies advanced through the late Modern period, detection of breast cancer 

become more sophisticated. The invention of the modern microscope in the 19th century allowed 

for the analysis of diseased human tissue in a way that was previously impossible, giving 

researchers insight on the inner workings of the body on a microscopic scale. Then, in 1913, the 

first X-ray of the breasts was performed by a German surgeon named Albert Salomon, who was 

studying the applications of radiology with mastectomy specimens. Since the 1960s, X-rays of 

the breasts, called ‘mammograms’, have played a central role in the diagnosis of breast cancer.15 

In the modern age, there are several diagnostic techniques that are used for the detection 

and diagnosis of breast cancer. The most frequently used method today is mammography, which 

takes the form of X-ray images of the breasts.16 Other commonly used techniques for the 

diagnosis of breast cancer include biopsies as well as other medical imaging modalities such as 

breast ultrasound and breast MRI.16 Each of these will be discussed briefly, focusing on their 
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inherent advantages and disadvantages. It should be noted that other diagnostic techniques than 

the aforementioned do exist, but for the purposes of simplification, only the most prominent  

techniques will be discussed. 

As mentioned earlier, mammography, or X-ray imaging of the breasts, is the most common 

method of detecting breast cancer used today. Mammography is performed using a machine that 

is specifically designed for mammographic imaging, wherein the patient’s breasts are compressed 

by two plates that aid in spreading the breast tissue apart, which helps raise the image quality 

and reduce the radiation dose required.17 Typical imaging times are fairly quick, with the 

mammogram itself usually lasting between 10-15 minutes. Its relatively low cost and 

infrastructural abundance make it one of the most practical ways of testing for breast cancer. In 

saying this, it is important to recognize that mammography can be divided into two subtypes: 

screening mammography and diagnostic mammography.17 While it is certainly the most 

accessible technique used for breast cancer screening, it may not always be the best option when 

it comes to clinical diagnosis.  

Screening mammography is by far the most common screening method in the developed 

world. Although modern therapeutic techniques have come a long way, the early detection of 

breast cancer is still the most effective method for reducing breast cancer mortalities.18 

Randomized control studies have shown that the attendance of regular mammographic screening 

can reduce breast cancer mortalities by around 30%, clearly demonstrating the impact of this 

tool.18 The Canadian Cancer Society recommends women from ages 50-74 to schedule a 

screening mammogram biennially and recommends women from 40-49 and 75+ to consult their 

doctor about the benefits and limitations of having a mammogram.19 Screening mammograms 

typically use involve a lower X-rays dosage than diagnostic mammograms, minimizing the risk 

associated with the imaging modality, but still posing a theoretical risk. If an abnormality in the 

breast is discovered, such as a lump in the breast, then diagnostic mammography may be used 

following the results of the screening.17 Diagnostic mammography uses a higher radiation dose 
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than screening mammography, although the overall dosage is still relatively low. The procedure 

for diagnostic mammography usually takes longer than screening mammography as different 

angles may be used in order to ensure that sufficient information is obtained to make an informed 

diagnosis, but the overall methods are the same as in screening mammography.17  

The main limitation of mammography is its ineffectiveness when used for patients with dense 

breast tissue.18 In patients whose breasts are composed of mainly fatty tissue, the sensitivity of 

mammography is extremely high, with one digital mammography study reporting a sensitivity of 

85% and specificity of 90% for women under the age of 50 with non-dense breasts and a 

sensitivity of 66% and specificity of 93% for women above the age of 50 with non-dense breasts.20 

However, for patients whose breasts are primarily composed of dense tissue, the sensitivity can 

reportedly drop to as low as 50%.21 Dense breast tissue poses problems for radiologists as dense 

tissue appears light on the mammographic image, which is the same colour as many 

abnormalities, including tumours. This can lead to overdiagnosis, where a patient’s condition is 

correctly assessed but subsequent clinical action does more harm than it would have if left 

undetected (due to unnecessary treatment or side effects from treatment), false positives, where 

a healthy patient is diagnosed as being diseased, or false negatives, where a diseased patient is 

believed to be healthy.9,17 Comparatively, fatty breast tissue appears dark on the resulting image, 

making it much easier to find calcifications or other abnormalities and give an accurate diagnosis. 

In the case where results of a diagnostic mammogram are inconclusive, a secondary method may 

be used to try to determine if the perceived abnormality is truly due to cancer, which usually will 

take the form of a biopsy or another imaging modality.17 Other disadvantages to mammography 

include patient anxiety, patient discomfort or pain to due breast compression, and the inherent 

dose of radiation required for this imaging modality that, though unlikely, may actually increase 

the risk of breast cancer.22,23 

Breast ultrasound is another commonly used modality for the diagnosis of breast cancer. This 

modality is not typically used as a standalone method for diagnosing breast cancer but can prove 
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to be quite useful as a supplemental tool.18 Breast ultrasound is performed by sending a cascade 

of acoustic waves through the tissue that are eventually reflected back by the interfaces between 

different types of tissue, and an ultrasound image can be constructed by a computer based on 

the reflectional data that is obtained. This procedure is most commonly conducted by the 

ultrasound operator using a rod-like device called a transducer that is pressed into and moved 

across the skin, earning the name of ‘handheld’ or ‘manual’ ultrasound.24 

Breast ultrasound offers several advantages in the detection and evaluation of breast cancer. 

Notably, its effectiveness is not limited by breast tissue density, as studies have shown that the 

sensitivity of ultrasound is relatively consistent across different tissue densities.25 Moreover, in 

certain cases, breast ultrasound may be used as the primary diagnostic tool for evaluating a 

patient’s breast condition. For pregnant patients or those who should otherwise avoid exposure 

to X-rays, breast ultrasound will often be used as a valuable screening alternative to screening 

mammography.26 Additionally, for younger women, who are typically considered low-risk 

individuals and tend to have denser breasts, breast ultrasound screening can be used to limit the 

amount of lifetime radiation exposure a patient receives while still yielding high-quality results.24,27 

Ultrasound has also been shown to be more accurate in the detection of small breast tumours. In 

a retrospective study performed with previously diagnosed breast cancer patients, breast 

ultrasound had a sensitivity of 83.7% while mammography only had a sensitivity of 65.2% for 

breast tumours <1.0cm in diameter.25 Another benefit of ultrasound is that similarly to 

mammography, it is reasonably inexpensive and is widely available.24 However, although the use 

of ultrasonic waves (compared to radiation-based imaging modalities) to generate an image does 

not pose any risk to humans, there are other disadvantages associated with breast ultrasound. 

One notable limitation of breast ultrasound is that the operator greatly influences the effectiveness 

of the test. Since in many cases, the majority of a particular manual breast ultrasound examination 

is not officially recorded as the operator may only target specific areas of concern, overlooked 

abnormalities in the breast may be missed entirely; since these results may not be documented, 
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later in-depth review of the results of a manual breast ultrasound can prove impossible.24 This 

means that only highly experience breast ultrasound specialists should conduct these tests, but 

in many countries, it is often physicians that conduct them, resulting in lower reproducibility and 

poorer results.24 In recent years, automated breast ultrasound has seen an increase in availability 

and should help reduce the operator dependence of breast ultrasound, but is underused since 

the technique is relatively new.24 As well, ultrasound techniques also only have a limited 

penetration depth, meaning that for obese women, accurate results may not be obtained 

depending on the degree of obesity.24 There are also concerns regarding the increased false 

positive rate of breast ultrasound compared to mammography. In a study performed on Chinese 

women, the specificity of breast ultrasound was only 43.5% while the specificity of mammography 

was 62.6%, raising concerns about breast ultrasound leading to a higher rate of unnecessary 

biopsies and increasing patient anxiety.28 Nonetheless, breast ultrasound remains a capable tool 

in many cases. 

Breast MRI is a lesser used yet still useful imaging modality for the diagnosis of breast cancer. 

Similar to ultrasound, it is often employed as a tool to supplement mammography rather than as 

the primary tool to diagnose breast cancer.29 Magnetic resonance imaging involves the use of a 

strong magnetic field in combination with radio waves that are transmitted through the body that 

take advantage of the body’s natural magnetic properties. Nuclei within the body, in most cases 

hydrogen nuclei, are aligned by the magnetic field, and then a radiofrequency pulse is used to 

disturb the alignment of these nuclei.30 As the nuclei realign with the magnetic field, the nuclei 

release signals that are detected by a receiver coil. A computer reconstructs the received signals 

and builds an anatomical image in which different tissues can be distinguished based on the 

inherent magnetic properties of the tissues.30 To enhance the detail and clarity of the resulting 

image, during the procedure, a chemical contrast agent, usually gadolinium-based, may be 

intravenously administered that improves the contrast between tissues.31 The procedure is 

typically performed using a large circular machine with a central ring-shaped gap in which the 
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patient lies for approximately 30 minutes to one hour as the scan occurs. This procedure is 

generally how breast MRI scans are performed. 

Breast MRI comes with several advantages. MRI does not involve the use of ionizing radiation, 

making it safer to use than mammography. Additionally, it is considered as having the highest 

sensitivity among common breast cancer imaging modalities and is also generally viewed as the 

best screening imaging modality for high-risk women.32 In a 2015 study among patients with a 

familial history of breast cancer or had BRCA1 or BRCA2 mutations, which increase the risk of 

breast cancer development, breast MRI alone was able to detect 45% of all cancers found in the 

study and detected a total of 36 out of 40, giving it a sensitivity of 90%.33 In the same study, two 

cases of cancer were detected by mammography alone, and no cancers were detected by 

ultrasound alone; reported sensitivities for both mammography and ultrasound in this study were 

37.5%.33 The sensitivity data obtained from this study closely agreed with the data from a similar 

study conducted in 2005.34 However, MRI also has several disadvantages. Firstly, it is more costly 

than many other diagnostic methods, and MRI scan times are frequently longer than other medical 

imaging modalities.32 This means that breast MRI is not suitable for widespread breast cancer 

screening. The ubiquitous use of gadolinium-based contrast agents also poses a risk. In recent 

years, there has been increasing concern that although these contrast agents are typically safe, 

improper clearance of the agents can lead to adverse toxic effects through the release of 

unchelated Gd3+ ions that can interact with various biological systems within the body.31 Another 

strike against breast MRI is that it has limited use for patients with metal implants. The 

electromagnetic field that is applied for MRI can cause a variety of undesirable effects in tandem 

with metal within the body, such as causing the metal to forcibly shift or heat up, potentially 

causing damage to surrounding tissue, or causing an active device such as a pacemaker to 

malfunction.35 Image quality may also undergo severe degradation due to magnetic 

inhomogeneities caused by the metal in question, limiting the usefulness of a particular image.36 
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Biopsies are currently the only techniques that can definitively be used to diagnose a patient 

with breast cancer with near 100% certainty.29 A biopsy is a procedure that is performed by 

removing diseased or otherwise abnormal tissue from a patient to be used in future pathological 

evaluations, which may include hormone receptor status testing, human epidermal growth factor 

receptor 2 status testing, or tumour marker tests, among others.29 There are many types of biopsy 

that may be used for breast cancer diagnosis. These include fine needle aspiration biopsies, 

where a thin needle and syringe are used to take tissue from a recognized lump within the breast, 

core biopsies, which removes tissue using a needle or probe that remains structurally intact, and 

vacuum-assisted biopsies, which allow for a large volume of tissue to be extracted with a single 

insertion.37 Ultrasound or MRI may be used to guide a biopsy, allowing the doctor to have higher 

precision for retrieving tissue from the area of concern, especially if it is located deep within the 

breast.37 Additionally, excisional biopsies, which involve the surgical removal the entirety of 

section of suspicious tissue, may be used, although the usage of this type of biopsy has waned 

in recent years due to its heightened cost and invasiveness.38 Indeed, invasiveness is one of the 

main disadvantages of biopsies even in 2023. Although advancements made in terms of reducing 

the invasiveness of biopsies, biopsies by their very nature will always be considered invasive and 

they should only be used whenever truly required. Other disadvantages of breast biopsies include 

patient pain and anxiety, physical trauma associated with repeated insertions, and the 

requirement of having specialized laboratory equipment to perform certain biopsies and 

pathological tests.38 

 

1.1.2 – Historical and Current Therapeutic Breast Cancer Techniques 

 Much like for breast cancer diagnostics, breast cancer therapeutics have significantly evolved 

through the ages. Early documented records, such as the Edwin Smith Papyrus, stated that there 

is no cure for breast cancer, but by Classical antiquity, evidence points towards a range of 

therapeutic techniques having been used with varying levels of efficacy.11 Selected techniques 
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include those recorded by Roman Republic historian Cato the Elder, who described the use of a 

cabbage poultice as a universal remedy for tumours, and the use of caustic agents if breast cancer 

was suspected, as described by the Greek philosopher Celsus.12 Surgical techniques were also 

in use around this time, with Celsus and Leonides of Alexandria, both from the 2nd century, having 

detailed incision and cauterization methods in their respective works.12  

However, much like the diagnostic techniques described in the preceding section, throughout 

the medieval era and especially in the Christian world, treatments were often left to healers and 

religious miracles, with surgical techniques being viewed as acts of barbarism.11 During this time, 

surgery was still conducted, albeit mainly in regions with less influence from the Christian Church 

and with greater frequency towards the end of this period; Albucasis (10th century), Henri de 

Mondeville (13th century), and Guy de Chauliac (14th century) are notable surgical practitioners  

from this era.11  

As the Western world entered the Renaissance and Enlightenment eras, surgery grew 

immensely in popularity as rationalism and secularism took root. In 16th century Belgium, Andreas 

Vesalius, considered the founder of modern anatomy, published several influential books on 

human anatomy and was one of the first physicians to perform human dissections for the purpose 

of scientific study.11 Scottish surgeon John Hunter, during 18th century England, was an early 

practitioner of using an observational and inductive surgical approach.11  

By the 19th and 20th centuries, surgery was by far and away the predominant treatment method 

for breast cancer. This was aided by recent advancements in hygienic standards, such as 

disinfection, sterilization, and the use of sterile gloves when administering surgical treatment.11 In 

fact, it was not until the late 1800s that an alternative treatment avenue entered the scientific 

sphere of knowledge. In a paper published in 1889, German surgeon Albert Schinzinger proposed 

that the removal of a woman’s ovaries, called an oophorectomy, may be able to treat breast 

cancer.39 This theory was put to the test six years later, where George Thomas Beatson, a 
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Glasgow-based surgeon, removed the ovaries of a patient with an advanced form of breast cancer; 

she went on to live for close to four years afterwards.40 This marked the origin of hormone  

therapy for the treatment of breast cancer.  

Other novel breast cancer treatment methods emerged around the time of Beatson’s 

successful application of an oophorectomy. In January 1896, American medical student Emil 

Grubbé purportedly used X-rays for the treatment of a carcinoma of the left breast; this was likely 

the very first application of therapeutic X-rays in the world.41 Early in the 20th century, 

chemotherapy was also introduced. German chemist Paul Ehrlich documented the screening of 

series of chemicals against animal disease models, including his use of a rabbit model of syphilis 

in 1908, which lead to the development of arsenic-based drugs such as arsphenamine.42 

Chemotherapy was also investigated by the American government during World War II. Although 

chemical gas agents were not used during this war, experience from World War I and a sulfur 

mustard spill in Italy during World War II had shown that these chemical agents were able to 

deplete lymph nodes and bone marrow in those affected, leading to further studies.43 A few 

decades later, in the mid-1970s, Italian oncologist Gianni Bonadonna conducted the first adjuvant 

chemotherapy study for breast cancer.43 Patients would first receive primary treatment in the form 

of surgery, and then would undergo chemotherapy to try to prevent the cancer from relapsing. 

The results of this trial were promising and led to many future adjuvant breast cancer studies.43 

Also in the 1970s, a modified radical mastectomy method was developed by American surgeon 

John Madden that would allow for the full removal of a breast tumour while preserving the pectoral 

muscles; earlier mastectomy methods had been developed over the past century, but these 

methods had required the removal of these muscles, leaving patients disfigured.44 Since the 

1970s, other types of breast cancer treatment have also emerged, including immunotherapy and  

targeted therapy.45,46 

Today, there are several techniques that are used for breast cancer therapeutics. In the 

modern world, cancer therapeutics are usually selected based on the specific subtype of cancer 
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that is determined, and also based on the stage and whether a cancer is or isn’t metastatic.47 For 

nonmetastatic forms of breast cancer (stages 0-III), it is desirable to fully remove the tumour from 

the breast and lymph nodes, as well as prevent the tumour from reoccurring.47 For metastatic 

breast cancer (stage IV), the focus shifts more from trying to cure the cancer to trying to prolong 

the patient’s life and to relieve the associated pain and suffering, known as palliative care, 

although some treatments that are used during nonmetastatic stages are also used for stage IV 

cancer.47 Treatment types can also be divided into two groups: local treatment and systemic 

treatment. Local treatment is focused on removing the cancerous tumour itself without affecting 

the rest of the body; local treatment is usually accomplished by surgical removal of the tumour, 

although radiation therapy can also be used in some instances.47 Systemic therapy is a more 

complex type of therapy that attempts to rid the entire body of the cancer through the use of drugs 

that travel throughout your body.47 Typical systemic therapy methods include chemotherapy,  

endocrine therapy, and targeted therapy. 

The therapeutic approaches for breast cancer encompass surgery, radiotherapy, endocrine 

therapy, and chemotherapy. In the early stages of breast cancer, the standard chemotherapy 

approach consists of anthracyclines and taxanes.48,49 However, selecting the appropriate 

chemotherapy becomes a difficult task depending on factors such as patient age, cancer stage, 

and marker expression level. Chemotherapy is frequently utilized as an adjuvant systemic therapy 

method following surgery or other primary treatments to mitigate the risk of cancer recurrence 

and enhance long-term outlooks. A complete discussion on chemotherapy methods is beyond 

the scope of this thesis, but it is believed that the development of additional chemotherapeutic 

agents would be beneficial to expand the current clinical chemotherapy repertoire. 

Building upon the groundwork laid out in earlier sections, it is imperative to delve into the 

fundamental underpinnings of cancer at the molecular level. While an overview of breast cancer 

has been addressed from both a diagnostic and therapeutic point of view, these have mostly been 

at a macroscopic level. From a molecular stance, cancer is defined by a complex interplay of 



 18 

genetic mutations, epigenetic modifications, and aberrant signalling pathways that, together, drive 

malignancy and the uncontrolled growth of cells.50 However, while these physiological interactions 

may be complex and manifest in countless ways, there are underlying components that can grant 

valuable insight into the specific nature of an individual disease. Precisely, all types of cancer 

have distinct chemical signatures that can be used as distinctive indicators for diagnostic and 

therapeutic purposes. These chemical signatures, typically referred to as ‘biomarkers’, exist in 

many different forms, including genes, proteins, and antibodies, among others. When the body is 

in a diseased condition, these molecules may have increased or decreased production, 

depending on the nature of the condition. Therefore, these molecular biomarkers can be used as 

targets for drug development both diagnostically, as methods that target them can glean valuable 

information about the disease condition, and therapeutically, as the pharmacological regulation 

of these molecules can lead to therapeutic benefit. 

 

1.2 – G Protein-Coupled Receptors: An Overview 

A receptor is a protein target of a substance that, when activated by the substance, enacts a 

biological response. Receptors encompass a wide swathe of protein types, including enzymes, 

enzyme-linked receptors, G protein-coupled receptors (GPCRs), intracellular receptors, and 

ligand-gated ion channels.51 Among these receptor types, G protein-coupled receptors clearly 

stand out from a pharmacological standpoint. GPCRs are a large family of cell surface receptor 

proteins that are implicated in countless diseases, and of the many hundreds of drugs that have 

been approved by the United States Food and Drug Administration, approximately one-third of 

these drugs target one or more of these receptors.52 Furthermore, this receptor family has been 

noted as the largest group of druggable receptors within the entire human genome.53 GPCR-

targeting ligands include a surprisingly diverse array of molecules including nucleotides, peptides, 

photons, other proteins, and small molecules such as hormones and lipids, among others.53 
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Structurally, all GPCRs are composed of seven transmembrane alpha-helices that that have 

alternating intracellular and extracellular loop regions.54 The N-terminus of a GPCR is typically 

located on the extracellular surface, while the C-terminus is typically situated within the cell itself.55 

This structural arrangement allows GPCRs to interact with both the extracellular and intracellular 

sides of the cell membrane, enabling them to function as key modulators of cell signaling. GPCR 

signaling is usually mediated by agonist ligands that bind to a specific binding site and enact a 

conformational change on the protein, thereby ‘activating’ the GPCR. This conformational change 

results in the recruitment of intracellular signaling components, such as heterotrimeric G proteins, 

kinases, arrestins, and scaffolding proteins. After recruitment of these signal transducers, a 

variety of signaling pathways will be activated through them, resulting in a cascade of downstream 

signaling effects that are enhanced by the actions of second messengers and downstream 

effectors. However, although these characteristics may be shared among all GPCRs, there are 

important differences that make each receptor unique. These differences include binding site 

shape and size, amino acid sequence, and the various associated intracellular signal transducers 

as noted above.  

Due to their inherent signaling and functional properties, researchers around the globe have 

long sought to exploit these receptors for clinical benefit. GPCRs are involved in the regulation of 

a wide variety of cellular and physiological responses, including, but not limited to, cell growth, 

cell proliferation, sensory perception, immune responses, neurotransmission, appetite, and 

metabolism, and have been closely linked to the progression of many diseases such as cancer, 

Alzheimer’s disease, and depression, clearly demonstrating their great importance within the 

human body.56–61 For example, in terms of cancer development, GPCRs are known to modulate 

important pro-cancer effects such as resistance to apoptosis, initiation of angiogenesis, and cell 

invasion and metastasis.62 Alas, to this point, only a fraction of GPCRs have an approved drug 

that targets them. Of the approximately 360 exploitable nonolfactory receptors, 60-70% do not 

have an approved drug, and over 100 of these have unknown endogenous ligands.63 These 
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receptors represent an auspicious platform for future drug development, and their exploitation will 

likely provide valuable and clinically relevant therapeutic and diagnostic tools. 

 

1.2.1 – Lysophosphatidic Acid Receptor Family 

A prime example of an unexploited GPCR subfamily is the lysophosphatidic acid receptor 

subfamily, which is often abbreviated as ‘LPAR’ or shortened to ‘LPA receptors’. This is a relatively 

small subfamily of receptors that are widely distributed in the cell membranes of a diverse array 

of human tissues, of which all belong to group A13 of the Rhodopsin-like receptors according to 

the G (Glutamate), R (Rhodopsin), A (Adhesion), F (Frizzled), and S (Secretin) (GRAFS) 

classification system.56,64 There are six currently identified members of the LPA receptor family; 

LPA1, LPA2, and LPA3 are grouped together in the endothelial differentiation gene (EDG) family, 

while LPA4, LPA5, and LPA6 are grouped together in the non-endothelial differentiation gene (non-

EDG) family.56 Each LPA receptor is mediated by an endogenous group of ligands called 

lysophosphatidic acids (LPA).56 This group of bioactive phospholipid ligands is characterized by 

a phosphate head bound to a single long fatty acid chain which may or may not be saturated and 

has variable chain length. LPA is found in many forms within the human body, but its most 

abundant forms are 16:0 LPA, 18:2 LPA, and 18:1 LPA.65  

When an LPA receptor binds its endogenous ligand, LPA, a variety of signaling cascades are 

initiated. Through the recruitment of heterotrimeric G proteins, molecules such as Rho, a family 

of small GTPases involved in a variety of intracellular processes, phospholipase C (PLC), a class 

of phospholipid-cleaving enzymes, and Ras, which is a family of small GTPases involved in cell 

signal transduction, are activated, enacting a wide suite of cellular processes and physiological 

effects.56 The specific interactions between each LPA receptor and their associated G proteins 

are summarized in Figure 2. LPAR-mediated signaling by LPA has been linked to many diseases, 

with studies confirming that activation or inhibition of these receptors can cause either pro or anti-

cancer, pain, fibrosis, infertility, and neurodevelopmental effects, among others, depending on the 
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LPA receptor that is being acted upon.66 Due to the important biological effects that mediation of 

these receptors can have, the LPA receptors are an attractive subfamily of receptors for future 

drug development. However, since each receptor plays a unique role in human physiology, it is 

important to consider the role of each individual receptor rather than treating the LPA receptors 

as a single functioning unit. The functional roles of each LPA receptor will be discussed in the 

following sections, with a particular emphasis on their roles in cancer development, if applicable. 

 

Figure 2 – Summary of LPA-mediated downstream signaling pathwaysa 

 
aThis figure has been directly resourced from “Liu, W., Hopkins, A. M. & Hou, J. The development of modulators for 

lysophosphatidic acid receptors: A comprehensive review. Bioorganic Chemistry 117, 105386 (2021).  
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1.2.1.1 – Endothelial Differentiation Gene (EDG) Subfamily 

LPA1 was the first lysophosphatidic acid receptor to be discovered (1996), and as such, is 

perhaps unsurprisingly the most studied of the LPA receptors.67,66 LPA1 has a sequence similarity 

of 49-53% with the other EDG LPA receptors, but only shares ~18% sequence similarity with 

LPA4-6 (Figure 3). The LPA1 receptor couples with Gi/o, Gq/11, and G12/13 proteins, as shown by 

Figure 2.66 LPA1 signaling has been associated with many cellular activities, including cell 

proliferation, cell migration, cell invasion, and cell apoptosis.56,68 This receptor has also been 

implicated in several cancers; LPA1 expression levels have been found to have abnormal in many 

cell lines and tumours, including those for breast cancer, gastric cancer, liver cancer, lung cancer, 

and ovarian cancer.69 The involvement of LPA1 in ovarian cancer has been well documented; in 

a 2019 study, elevated expression of LPA1 in ovarian serous cystadenocarcinoma was associated 

with markedly higher cell proliferation, invasion, and migration, as well as a worsened prognosis.70 

Enhanced intratumoral heterogeneity was also observed, and it was shown that these effects 

were due to activation of the PI3K/Akt pathway via the Gi/o protein.70 However, of particular interest 

to this thesis is the involvement of LPA1 in breast cancer development. Studies have 

demonstrated that LPA1 has an increased expression level in breast cancer cell lines compared 

to non-tumorigenic cell lines, and in several of these cell lines, the activation of LPA1 was able to 

increase cell migration and invasion.71–73 For example, the highly invasive breast cancer cell line 

MDA-MB-231 is a frequently used cell line to model mammary metastatic carcinoma in vitro. In a 

study performed by Li et al., the MDA-MB-231 cell line displayed an 86-fold increase in expression 

level compared to the MCF-10A cell line, which is widely used as a non-tumorigenic model for 

normal breast function.74,75 As well, other common breast cancer cell lines, such as HS578T and 

MDA-MB-435, also display elevated expression levels of LPA1 (6-16-fold increase).74 In murine 

breast cancer models, inhibition of LPA1 was shown to have anti-cancer effects. The silencing or 

pharmacological inhibition of LPA1 has been demonstrated to greatly reduce tumor sizes and 

reduce breast cancer metastasis to the liver and the lungs, while the inverse was seen in murine 
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models with overexpression of LPA1.
73,76,77 These results were largely supported by separate 

studies.78,79 Due to the high amount of evidence, it is believed that the LPA1 receptor has an 

important role in the progression of breast cancer, making it an appealing target for new 

pharmaceuticals. Its increased expression level in breast cancer may potentially allow for useful 

ligands that can target LPA1 to exploit this for diagnostic imaging, while inhibition of LPA1 may 

allow for novel breast cancer treatment methods by blocking its pro-cancer effects. 

 

Figure 3 – Sequence similarity matrix of the six identified LPA receptors. Matrix was generated 

by UniProt Align tool using the following Accession Numbers: Q92633 (LPA1); Q9HBW0 (LPA2);  

Q9UBY5 (LPA3); Q99677 (LPA4); Q9H1C0 (LPA5); and P43657 (LPA6). 

LPA2 was discovered in 1998 using a gene sequence search.80 This LPA receptor shares ~53% 

and ~46% of its amino acid sequence with LPA1 and LPA3, respectively, but only shares ~17-24% 

of its sequence with the LPA4-6 receptors (Figure 3). The activation of LPA2 and its associated 

signaling pathways through the Gi/o, Gq/11, and G12/13 proteins has been associated with cell 

survival, cell migration, anti-apoptosis, and the alteration of gene expression.66,69 Furthermore, it 

has been reported that LPA2 may play a role in the progression of breast, colon, endometrial, and 
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ovarian cancers, as well as melanoma; moreover, LPA2 appears to be the most prominent LPA 

receptor involved in colon cancer.66,81 Multiple reports have indicated that LPA2 can enhance the 

proliferation of colon cancer cells through the activation of Kruppellike factor 5 and hypoxia-

inducible factor 1α.69,82 LPA2 has also been shown to increase the resistance of tumor cells in the 

Caco-2 cell line to etoposide, a well-known chemotherapy drug, and the absence of LPA2 was 

demonstrated to diminish tumour formation in murine models.83,84 In terms of breast cancer 

development, LPA2 has been reported to have increased expression level in surgically resected 

breast cancer tissue; increase breast cancer proliferation and migration; and present poor 

prognosis in the Chinese population among those with elevated expression levels.69,85 However, 

it has also been shown that elevated levels of LPA are required to cause Rho-dependent cell 

migration via LPA2 than LPA1, suggesting that LPA2 may contribute less to the progression of 

breast cancer than LPA1.86 Therefore, while modulation of LPA2 might be worth pursuing for 

therapeutic purposes, it appears to represent a poorer target for breast cancer-specific 

pharmaceuticals compared to LPA1. 

LPA3 was the third LPA receptor to be properly identified, with two research groups having 

reported the discovery of this receptor in 1999 through molecular cloning studies.87,88 LPA3 shares 

just under 50% of its amino acid sequence with both LPA1 and LPA2, and ~20% with each of the 

non-EDG receptors (Figure 3). This receptor couples with Gi/o and Gq/11 to mediate LPA-induced 

adenylyl cyclase (AC) inhibition and activation, calcium mobilization, MAPK activation, and PLC 

activation, which results in physiological effects such as increased cellular motility and 

invasiveness.66,69 LPA3 is considered as one of the most prominent LPA receptors in several 

cancers, including in colon, liver, and lung cancers.69 For example, in liver cancer, tumour cells 

with elevated expression of LPA3 have been shown to have increased resistance to several 

chemotherapy drugs, and that it is likely a contributor to liver cancer proliferation and invasion.89,90 

LPA3 has also been described as an essential contributor to cell viability and proliferation for 

melanoma.91 However, LPA3 appears to have a lesser role in breast cancer initiation and 
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progression. Although antagonism of the LPA3 receptor has been shown to decrease cellular 

motility and invasion in triple-negative breast cancer, its expression level in several breast cancer 

cell lines is contested between different research groups.92,76,93 As well, in FM3A mouse mammary 

cancer cells, LPA3-expressing cells showed significantly lower expression of vascular endothelial 

growth factor-A and vascular endothelial growth factor-C than LPA1-expressing cells, which are 

involved in tumour development, metastasis, and progression.94 Due to the seemingly conflicting 

nature of LPA3’s involvement in breast cancer, this receptor is not currently regarded as having a 

high potential for breast cancer-specific pharmaceuticals. However, further inquiry may prove 

useful in ascertaining the specific role of LPA3 in the development of breast cancer.  

 

1.2.1.2 – Non-Endothelial Differentiation Gene (Non-EDG) Subfamily 

 The last three LPA receptors to be classified as such, LPA4-6 share 32-52% in amino acid 

sequence with each other, but only share ~17-25% in amino acid sequence with the three EDG 

receptors (Figure 3). LPA4 was first discovered in 1997 as the orphan receptor P2Y9, but was 

later renamed to LPA4 in 2003 after displaying specific binding for LPA in a calcium mobilization 

assay during what was considered a “de-orphaning project”, becoming the first member of the 

non-EDG family of LPA receptors.95–97 Prior to this, it was believed that endogenous LPA only 

enacted its biological functions through LPA1-3. LPA5 was similarly discovered and given a 

different name before subsequent reclassification as an LPA receptor. LPA5 was discovered using 

a high-throughput database search and identified as GPR93 in 2001; interestingly, in this study, 

GPR93 was noted to have a high sequence similarity to P2Y5, which was the contemporary name 

for LPA6 at that time.98 GPR93 was later renamed as LPA5 after a screening using reverse 

transfection and cell-based assays was performed in 2006.99 Finally, LPA6 was first discovered 

as 6H1 after isolation from a chicken T cell library in 1993, was later designated as P2Y5 in 1996 

after it showed high sequence similarity with other P2Y receptors, and was again renamed in 
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2009 to LPA6 after the receptor was shown to respond to LPA with activation of the G12/13 Rho 

pathway.100–102  

LPA4 is known to couple to G12/13, Gq/11, Gi/o, and Gs proteins, LPA5 can couple to G12/13 and 

Gq/11 proteins, and LPA6 can couple to G12/13, Gi/o, and Gs proteins. Through their associated 

signaling pathways, LPA4 and LPA5 are most notable for their ability to negatively regulate cell 

migration and invasion in mouse embryonic fibroblasts and sarcoma cells respectively, which is 

in direct contrast to the cellular effects of the three EDG receptors.103,104 LPA6 is most prominently 

known for being the first GPCR to be implicated as essential for the maintenance of human hair 

growth.105 In terms of breast cancer research, LPA6 has been reported as a potential tumor 

suppressor, and expression of LPA6 was found to negatively correlate with cancer-promoting 

factors in a 2019 study.106 Overall, however, relatively little is known about the relationship 

between the non-EDG receptors and disease conditions, much less their relationship with breast 

cancer. As the non-EDG LPA receptors are less studied than their EDG family counterparts due 

to their more recent identification as LPA receptors, it is impossible to give a definitive answer 

regarding their potential in breast cancer pharmacology. Further investigation is necessary to 

determine the potential of these receptors for breast cancer drug development. 

 

1.3 – Positron Emission Tomography 

Several medical imaging modalities have already been discussed earlier in this chapter, 

including X-ray, mammography, ultrasound, and MRI. However, one other important imaging 

modality that has yet to be discussed is positron emission tomography (PET). PET is a highly 

sensitive and non-invasive three-dimensional nuclear imaging modality that allows for the 

visualization and monitoring of physiological processes within the body. This type of imaging is 

called ‘functional imaging’; in contrast, X-ray, mammography, ultrasound, and MRI are typically 

used as ‘structural imaging’ modalities and are only able to show structural information within the 

body, although some methods have been developed to perform functional imaging with these 
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modalities in recent years. Functional imaging is often preferable due to its ability to determine 

metabolic activity and biochemical processes that are occurring in tissues and organs; whereas 

structural imaging allows for the visualization of abnormal tissue, functional imaging can allow for 

precise insight into the underlying physiological functions. This makes PET a valuable tool for the 

diagnosis of a variety of purposes, including the assessment of brain activity, the evaluation of 

cardiac performance, and the detection and characterization of tumours. 

 

1.3.1 – PET Basics 

 Functional imaging with PET requires the administration of a pharmaceutical tagged with a 

radioactive isotope that has a known ability to bind to a specific target that is associated with the 

biological function of interest. An appropriately chosen biomarker should have a higher in vivo 

concentration when the body is undergoing the studied biological function, and the 

radiopharmaceutical should have high selectivity for this biomarker. After the radiopharmaceutical 

is administered to the patient, usually via intravenous injection, the radiopharmaceutical travels 

throughout the body and accumulates preferentially in regions where the biomarker is highly 

concentrated. While in the body, the radionuclide that is tagged onto the pharmaceutical 

undergoes beta-plus (β+) decay, emitting a positively charged subatomic particle called a positron. 

The positron travels a short distance from the decay event before colliding with one of the many 

electrons within the body; this collision, known as annihilation, produces two 511 keV annihilation 

photons that travel in opposite directions and are detected by a ring of detectors that surround 

the patient. The detected photons are used to reconstruct an image that represents the 

distribution of the pharmaceutical within the body, which provides important information about 

physiological processes occurring in the patient’s body. By analyzing the distribution of this 

radiopharmaceutical, researchers and clinicians can study and quantify the changes in function 

within the patient’s body and can identify abnormal or diseased conditions. 
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 Although PET is very useful imaging modality, it often cannot be used alone. PET is usually 

coupled with computed tomography (CT), which is a sophisticated X-ray imaging procedure that 

digitally combines a series of X-ray images taken from different angles to produce cross-sectional 

images of the body, giving detailed anatomical information with high image resolution. By 

combining the functional information of PET with the structural information of CT, this allows for 

the precise identification and localization of abnormalities within the body. While PET alone can 

be useful in certain cases, the combination of these two modalities certainly improves diagnostic 

accuracy. Other advantages of PET-CT include early disease detection, as many structural 

imaging modalities such as MRI struggle to detect the early stages of disease progression while 

PET can identify metabolic changes before structural changes become apparent; high sensitivity, 

as it is generally agreed upon that PET has the highest sensitivity of any imaging modality, 

meaning that diseased patients will have the highest chance of being correctly diagnosed; and a 

reduced need for multiple scans, as combining two complementary modalities into one scan 

reduces imaging time for the patient. Apart from PET/CT, PET/MRI has also seen use in recent 

years to obtain the anatomical background, although its use has been relatively limited.107 

Although PET and PET/CT are highly effective, there are a few disadvantages. PET is one of 

the most expensive imaging modalities, and highly specialized machines are required for imaging. 

PET also has a relatively longer procedure and scan time. Combined, these make PET 

unfavourable for general screening purposes. PET and PET/CT also involve ionizing radiation, 

which always poses a risk for bodily harm, even if it is minimal. Standalone PET imaging also has 

lower spatial resolution than other common imaging modalities, but this can be mostly negated 

by coupling with CT.108 These disadvantages notwithstanding, PET imaging represents an 

incredibly useful diagnostic imaging tool that is at the forefront of modern imaging techniques. 
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1.3.2 – PET Radioisotopes 

 There are several radioisotopes that are used for PET imaging. The chosen radioisotope 

varies depending on the application, with certain radioisotopes being more appropriate for the 

imaging of certain conditions while others are more applicable for other conditions. The most 

common radioisotopes that are currently in use are listed in Table 4; these are namely carbon-11 

(11C), nitrogen-13 (13N), oxygen-15 (15O), fluorine-18 (18F), copper-64 (64Cu), gallium-68 (68Ga), 

rubidium-82 (82Rb), and iodine-124 (124I).109 

Important factors when deciding which radionuclide to use for a particular PET imaging 

experiment include isotope half-life, emitted positron energy, biological target, and availability and 

ease of production. When using small molecules radiopharmaceuticals, a short half-life can be 

beneficial as these molecules usually will quickly distribute throughout the body and because a 

short half-life can allow for multiple imaging procedures in one day, if desired; however, if the half-

life is too short, then it may be required to prepare the radiopharmaceutical on-site, which requires 

special facilities. A longer half-life means that images can be taken over a longer period of time 

with a single injection, which may be beneficial for some applications. Typically, long-lived 

radioisotopes are tagged onto pharmaceuticals such as peptides or proteins. Positron energy is 

also a large factor to consider. A higher positron energy means that a given positron will have 

higher penetrating power, meaning it will travel farther from the point of decay before annihilation. 

Therefore, a radionuclide that generates low-energy positrons is generally desirable, since the 

shorter the distance that the emitted positrons travel, the more accurate the resulting image will 

be. The biological target, or biomarker, also can be an important factor when selecting the 

radioisotope. If the target is located in the brain, for instance, metal radioisotopes may have a 

difficult time crossing the blood-brain barrier and reaching the target, as is the case for 64CuCl2.110 

Lastly, the availability of a radionuclide and its ease of production also play an important role in 

selecting the most desirable radionuclide for a particular application. In order to use a radionuclide, 

it must first be generated; this requires specific production facilities such as cyclotrons and 
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radionuclide generators. If a radionuclide with a short half-life is desired, then it is crucial for the 

correct production facilities to be located nearby. Radionuclides with longer half-lives have the 

benefit of being able to be transported over longer distances, making them accessible even in 

locations without dedicated radionuclide production facilities. From a synthetic standpoint, 

radionuclides also should be easily incorporable into the pharmaceutical; radionuclides should be 

added to pharmaceuticals as late into the synthetic scheme as possible, and reactions should be 

fast and high yielding. Depending on the chemical structure of the unlabelled pharmaceutical, 

certain radionuclides may be preferable due to better chemical compatibility.109 

Table 4 – Most common radionuclides used in PET imaging109 

Radionuclide Half-life Positron energy (keV, max) 

11C 20.4 minutes 960 

13N 9.97 minutes 1190 

15O 2.05 minutes 1720 

18F 109.7 minutes 635 

64Cu 12.7 hours 653 

68Ga 67.7 minutes 1900 

82Rb 1.27 minutes 3150 

124I 4.18 days 2138 

 

1.3.2.1 – Fluorine-18 

 18F is possibly the most advantageous radionuclide for PET imaging. It can be easily produced 

in high quantities by a cyclotron and owing to its medium-length half-life of just under two hours, 

it can be generated and transported over a short distance to other healthcare facilities while also 

being cleared from the body relatively quickly. 18F is attractive for this thesis, since a cyclotron 
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facility is available nearby. 18F also has the lowest maximum positron energy out of all of the 

common PET radionuclides, meaning the images that are produced from the usage of 18F-

radiopharmaceuticals tend to have higher accuracy. Fluorine also has the benefit of acting as an 

isostere of common functional groups such as hydrogen and hydroxyl groups; the substitution of 

these groups with fluorine can, in many cases, improve the pharmaceutical’s metabolic stability 

and target affinity.111,112 Additionally, a diverse set of radiofluorination reactions have been 

developed for the addition of 18F to pharmaceuticals, meaning that chemical incorporation of this 

radionuclide can be performed using a variety of methods.113 Overall, it can be concluded that 

fluorine-18 is a highly useful radionuclide for PET imaging. The application of fluorine-18 PET 

imaging to the work of this thesis will be further explored in Chapter 5. 

 

1.3.3 – Use of PET for Cancer Detection 

 PET oncology can be used for tumour detection, tumour staging, evaluation of treatment 

response, detection of recurrent cancer, and radiation treatment planning.114 In this field, the most 

common radiopharmaceutical used is fluorodeoxyglucose F-18, or [18F]FDG, being used for the 

PET imaging of over 90% of cancers.115 This chemical compound is a glucose analogue with one 

hydroxyl group substituted for one 18F atom, and it imitates the biological activities of glucose 

within the body. Nearly all cells metabolize glucose, and therefore [18F]FDG, as their primary 

source of energy through a biochemical process called mitochondrial oxidative phosphorylation, 

which oxidizes glucose to adenosine triphosphate (ATP).116 However, compared to healthy cells, 

tumour cells have an increased uptake of glucose due to the Warburg effect; this effect describes 

the preference of cancer cells to metabolize glucose through aerobic glycolysis rather than 

mitochondrial oxidative phosphorylation, and due to the relative inefficiency of aerobic glycolysis, 

tumor cells are required to consume an elevated level of glucose.116 The increased uptake of 

glucose/[18F]FDG can be exploited by using PET imaging; PET imaging can reveal areas with 

elevated uptake, which can be indicative of cancerous tissue. Unfortunately, cancerous tissue is 
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not the only type of abnormal tissue with increased uptake. For breast cancer imaging, false 

positives may be observed as a variety of benign conditions within the breast also have an 

increased uptake of [18F]FDG, as is the case with certain acute and chronic infections and atypical 

ductal hyperplasia.117 Likewise, false negatives may also occur. Less aggressive subtypes of 

breast cancer may be overlooked on PET/CT images as the degree of [18F]FDG uptake may not 

be different enough to make a decisive diagnosis, especially for smaller tumours.117 Therefore, a 

new radiopharmaceutical that displays a higher selectivity for breast cancer tumours would be 

invaluable for the evaluation and diagnosis of breast cancer. 

 

1.4 – Project Overview 

It is clear that there is a need for both new breast cancer diagnostic tools and breast cancer  

therapeutics tools. Existing tools may be useful in many cases but are limited due to a variety of 

factors. As such, the primary goals for the research presented in this thesis are to develop a novel 

breast cancer imaging agent that can be used in PET imaging, and to develop a ligand that 

displays antagonistic qualities for the LPA1 receptor. This will be accomplished using a 

combination of computational drug design, organic synthesis, biological evaluation, and 

radiochemistry. 
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Chapter 2: Ligand Design 

 In order to achieve the two goals detailed in Section 1.4, it is necessary to select an 

appropriate target within the body. As highlighted in Chapter 1, LPA1 from the EDG-family of LPA 

receptors represents an intriguing target for both breast cancer diagnostics and therapeutics. Its 

increased expression level in breast cancer tumours and many breast cancer cell lines indicates 

that targeting LPA1 with a radiopharmaceutical may have diagnostic benefits with PET imaging, 

while its role in the progression of breast cancer means that antagonism of this receptor may have 

important therapeutic implications. 

 

2.1 – Targeting the LPA1 Receptor: Antagonists from the Past to Present 

Initial studies into LPA1 antagonist development were performed by making minor 

modifications to a previously identified LPA1 agonist, N-acyl ethanolamide phosphoric acid, which 

shares high structural similarity to endogenous LPA (Figure 4). Derivative compounds of N-acyl 

ethanolamide phosphoric acid containing bulky groups such as aromatic rings demonstrated 

antagonistic tendencies after performing these structural substitutions; one compound in 

particular, VPC12249, which contained a bulky benzyl-4-oxybenzyl substituent, was found to have 

no agonistic activity whatsoever while displaying moderate selectivity for LPA1.118 Other lipid-

based LPA1 analogues have also been reported, such as derivatives of the naturally occurring 

LPA analogue, cyclic phosphatidic acid.119  
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Figure 4 – Chemical structures of selected lipid LPA1 antagonists 

However, because lipid-based compounds often display poor bioavailability due to their 

innately high hydrophobicity, recent studies have shifted their focus from the synthesis of lipid-

based LPA analogues to non-lipid small molecules that have increased hydrophilicity (Figure 5). 

One of the first non-lipid LPA1 antagonists was discovered by the Kirin Brewery Co. Ltd. in 2003. 

This compound, called Ki16425, demonstrated good antagonism against both LPA1 and LPA3 in 

both a calcium flux assay and a GTP [γ35S] assay.120 After the discovery of this compound, several 

research groups synthesized derivatives of Ki16425, including a series of analogues developed 

by Amira Pharmaceutical. The most promising ligands from this study included AM966, AM095, 

and BMS-986020. These compounds showed high potency and selectivity for LPA1, with half-

maximal inhibitory concentrations (IC50) in the low nanomolar range for LPA1 and in the 

micromolar range for LPA2-6. Major structural changes from Ki16425 to these newer ligands were 

the substitution of a sulfur atom for an additional phenyl group, the shortening of the long aliphatic 

chain, the oxidation of the ester group to a carboxylic acid, and in the case of BMS-986020, the 

addition of a cyclopropane group in the carboxylic acid alpha position.121,122 

 In 2012, a new analogue which utilized the beneficial structural changes demonstrated by 

Amira Pharmaceuticals was reported by a research group from Roche. This compound, called 

RO6842262, was structurally identical to BMS-986020 except the isoxazole core in BMS-986020 
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was replaced with a triazole core. This change enhanced the potency and selectivity for LPA1 

even further, with an LPA1 IC50 value of 25 nM and an LPA3 IC50 value of > 30,000 nM in a calcium 

flux assay; other LPA receptors were not tested. In human lung fibroblasts, RO6842262 

demonstrated an ability to decrease LPA-induced cell proliferation and contraction.123,124 The 

same research group from Roche reported a novel series of carboxylic acid 5-amino-4-

cyanopyrazole analogues two years later that also acted as LPA1 antagonists. Three compounds 

in this series had high potency and selectivity for LPA1 in a FLIPR assay, although were slightly 

worse in both categories compared to RO6842262 (LPA1 IC50 = 74-111 nM, LPA3 IC50 > 30,000 

nM).125 

 

Figure 5 – Chemical structures of Ki16425 and derived LPA1 antagonists 

In 2016, researchers at Ono Pharmaceutical Co., Ltd. published their discovery of a novel 

compound with high potency and selectivity for LPA1 that was optimized from a high-throughput 

screening (LPA1 IC50 = 160 nM, LPA2 IC50 = 8,600 nM, LPA3 IC50 > 10,000 nM). This compound, 

ONO-7300243, demonstrated therapeutic abilities in both a rat intraurethral pressure model that 

was induced by LPA and in the lung cancer cell line, A549.126,127 Further optimization led to the 
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development of ONO-0300302, which had an IC50 of 0.16 nM for LPA1 in a calcium assay after a 

24-hour incubation period. However, the selectivity of this compound was not explored.128 Finally, 

Astellas Pharma Inc. reported the biological activity of their ONO-7300243 analogue, ASP6432, 

that contained a sulfamoyl thiazole moiety that is linked to the amide through a methylene bridge. 

This compound had an IC50 of 11 nM for human LPA1 and IC50 values of > 10,000 nM, > 10,000 

nM, 114 nM, and > 30,000 nM for the LPA2-5 receptors, respectively, demonstrating high potency 

and selectivity for LPA1, except for the relatively high activity shown towards the LPA4 receptor.129 

 

Figure 6 – Chemical structures of ONO-7300243 and derived LPA1 antagonists 

 

2.1.1 – LPA-Targeting Ligands in Clinical Trials 

As of now, there are no drugs targeting LPARs that have been approved by the FDA. However, 

there are several LPA1 antagonists that have entered clinical development.130–133 SAR100842 is 

an LPA1 inhibitor developed by Sanofi-Aventis with an IC50 of <0.1 μM.134 This compound inhibited 

downstream Gαi and β-arrestin signaling without any effect on Gαq signaling in vitro, and therefore 

turned out to be a negative allosteric modulator of the LPA1 receptor.135 Currently, this compound 

is at phase II of clinical trials for the treatment of systemic sclerosis.133 The therapeutic effect of 

SAR100842 was observed in patients with diffuse cutaneous systemic sclerosis after oral dosing, 

demonstrated by a decreased modified Rodnan skin thickness score  and severity of pruritus.136 
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BMS-986020 (Figure 5) is an α-substituted AM095 analogue with a cyclopropane moiety.137 

Clinical trials showed that treatment with BMS-986020 in patients with idiopathic pulmonary 

fibrosis could ameliorate the decline in pulmonary function and improve the bio markers of fibrosis 

or inflammation compared with patients treated with a placebo.131,138 In a mouse model of 

ischemia, administration of BMS-986020 improved brain functions and survival rate by attenuating 

microglial activation, lipid peroxidation, and cell apoptosis.139  

 

Figure 7 – Chemical structures of LPA1 ligands in clinical trials 

BMS986278 is a potent antagonist that blocks LPA1-mediated Gi, Gq, G12, and β-arrestin 

signaling pathways in primary human lung fibroblasts.140,141 Phase I studies showed that it was 

generally well-tolerated and did not pose the same risk for hepatobiliary toxicity as BMS986020. 

It is currently in phase II trials for the treatment of lung fibrosis.142 To date, there is only one PET 

radioligand reported that targets the LPA1 receptor; currently, it is at phase I of clinical trials.132 

This compound, 11C-BMT-136088, was imaged and evaluated with PET using rhesus monkeys 

in vivo. The pharmacokinetic parameters showed that 11C-BMT-136088 is a promising tracer to 

detect potential upregulation of the LPA1 receptor in lung fibrosis with PET.143,144 It is anticipated 

that 11C-BMT-136088 will also be beneficial for clinical evaluation of BMS-986020. 

Although several small molecules targeting LPA1 have made it to clinical trials for their 

evaluation in lung fibrosis and systemic sclerosis, to this point, there are no clinical trials involving 

the evaluation of small molecules targeting LPA1 for breast cancer regulation. Furthermore, while 

a small number of molecules targeting other receptors have been identified with varying results, 
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these have largely been repurposed from targeting other diseases or cancer types.145 As a result, 

these repurposed ligands are generally non-specific for breast cancer. As such, a novel ligand 

that can specifically target the LPA1 receptor for breast cancer diagnostics or therapeutics would 

hold great significance. 

 

2.2 – Introduction to Scaffold Hopping 

 Scaffold hopping is a strategy employed in medicinal chemistry that is used to explore 

alternative chemical frameworks while preserving or enhancing the desired biological activity of a 

well-characterized drug molecule. This approach is derived from the concept that structurally 

diverse molecular scaffolds can exhibit similar biological activities by replicating analogous 

molecular interactions using bioisosteric replacements.146 The goal of scaffold hopping is to 

identify novel ‘scaffolds’, or core structural components, that can serve as a foundation for the 

development of new drug candidates with improved pharmacological properties.147 This drug 

discovery method has been successfully applied in many drug discovery projects in the literature, 

such as in the discovery of the investigational drug motesanib by the ring opening scaffold hopping 

of the known vascular endothelial growth factor 2 and Flt-1 inhibitor, PTK787/ZK222584.148,149 By 

employing scaffold hopping, the drug discovery process can be accelerated by providing 

alternative starting points based on proven chemical compounds, leading to the facile 

development of more effective and safer drug candidates that are more readily patentable. 

 

 

 

 

 

2.2.1 – Application of Scaffold Hopping to RO6842262 
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 In Section 2.1, the triazole-based Ki16425 derivative, RO6842262, was identified as a highly 

potent ligand targeting the LPA1 receptor. RO6842262 also displayed a high degree of selectivity 

for LPA1, with > 1,200-fold selectivity for LPA1 over LPA3. RO6842262 also displayed an ability to 

attenuate cell proliferation and contraction in an in vitro experiment using human lung fibroblasts. 

Based on the promising results shown by the optimization of Ki16425 and subsequent 

development of RO6842262, it is believed that further structural optimization could yield an even 

more potent and selective LPA1 antagonist. Since the biological activity of RO6842262 has 

already been determined, it is proposed that the application of scaffold hopping to this ligand could 

hold the key to obtaining an optimized structure with a novel chemotype that displays enhanced 

pharmacological properties. 

 One common strategy used in scaffold hopping is closing a ring structure. When a ligand 

interacts with its protein target, it must overcome an entropic barrier in order for binding to occur 

due to a loss of ligand mobility. However, this can be mitigated by reducing the mobility of the 

ligand before it even enters the biological system via a ring closure. By performing a ring closure 

in the core structure of the designed ligand, this can lock a molecule into its bioactive conformation, 

decreasing the entropy penalty that it faces when interacting with its target.147 Armed with this 

knowledge, a ring closure was imposed upon RO6842262, exchanging its triazole carbamate core 

for a 3H-1,2,3-triazolo[4,5-d]pyrimidine core (Figure 8). 

 

Figure 8 – Discovery of the 3H-1,2,3-triazolo[4,5-d]pyrimidine core using scaffold hopping 

2.2.1.1 – Docking Studies Using AutoDock Vina 
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 In order to compare the new scaffold to that of RO6842262, a molecular docking study was 

performed. Molecular docking is a computational drug design technique used to study the 

interactions between a ligand and its receptor. It is widely used in the early stages of drug 

discovery to predict how a potential drug molecule binds to its target protein and to estimate its 

binding affinity. To this end, AutoDock Vina was used. AutoDock Vina is a standard program used 

in molecular docking studies that employs a complex scoring function to evaluate ligand binding 

interactions. Various physical and chemical factors are taken into consideration, such as 

hydrogen bonding, hydrophobic interactions, and steric interactions.150 

For this study, the crystal structure of LPA1 (PDB ID:4z36) was used to perform molecular 

docking.151 The three-dimensional structures of the proposed compounds were generated using 

DS Viewer 3.5 after importing from a two-dimensional chemical drawing program.152 Molecular 

docking was performed for both RO6842262 and the novel scaffold using AutoDock Vina.153 The 

dimensions of the grid box were set large enough to encompass the entire binding pocket of the 

LPA1 structure. All other parameters were left as default.  

Using AutoDock Vina, 13 different binding modes were predicted for RO6842262. Binding 

free energy ranged from -8.2 kcal/mol to -10.1 kcal/mol. For the 3H-1,2,3-triazolo[4,5-d]pyrimidine 

scaffold, 11 different binding modes were predicted. These binding modes ranged in binding free 

energy from -8.2 kcal/mol to -11.1 kcal/mol. For the top-ranked pose of RO6842262, several 

interactions were predicted, including pi-anion interactions between GLU293 and the phenyl ring 

adjacent to the carboxylic acid as well as between ASP129 and the triazole moiety, pi-alkyl 

interactions between MET198 and the phenyl ring that is directly bonded to the triazole moiety as 

well as between ALA300 and the phenyl ring that is linked to the scaffold via a secondary amine, 

and a pi-sigma interaction between ASP129 and the triazole core; each of these same interactions 

were also predicted between the novel scaffold and LPA1. The top-ranked binding mode of the 

3H-1,2,3-triazolo[4,5-d]pyrimidine scaffold is displayed in Figure 9. Overall, this molecule was 

found to have similar interactions with the orthosteric binding pocket (endogenous ligand binding 
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pocket) of LPA1 as the top-ranked binding mode of RO6842262, with some distinctive differences. 

Hydrogen bonding was evident between Thr109, Lys294 and the carboxylic acid functional group, 

and many pi-anion and pi-alkyl interactions were conserved as previously mentioned. However, 

an additional hydrogen bonding interaction was predicted between Trp210 and the pyrimidine 

moiety for the new scaffold, whereas for the old scaffold, hydrogen bonding interactions involving 

the triazole core were not predicted. Additionally, another pi-pi stacking interaction was predicted 

between Trp271 and the phenyl group that is linked to the core of the molecule through an 

aminoethyl group that was not predicted for RO6842262. These may indicate a higher degree of 

stabilizing interactions between LPA1 and the new scaffold than LPA1 and RO6842262. This was 

supported by the predicted binding free energy of the novel scaffold having a value of -11.1 

kcal/mol, while the top-ranked mode for RO6842262 only had a predicted binding free energy of 

-10.1 kcal/mol. 

 

Figure 9 – Docking result of the novel scaffold in the orthosteric binding pocket of LPA1 (left: 

overview of the ligand-bound LPA1 complex; right: focused view of the ligand-receptor  

interactions for the 3H-1,2,3-triazolo[4,5-d]pyrimidine scaffold). 
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 To complete this docking study, the top-ranked binding modes of RO6842262 and the novel 

scaffold were superimposed; this is displayed in Figure 10. These two molecules overlayed 

relatively favourably with only minor differences in molecular position. This indicates that the two 

scaffolds are likely to share a similar functional profile, which is a promising result for the novel 

scaffold. 

 

Figure 10 – Superimposed docking results of RO6842262 and the novel scaffold 

 

2.3 – Designing a Library of Novel Small Molecules 

 With the novel scaffold decided, a series of analogues will be required in order to fully explore 

its competency. Of note, there appears to be a sizeable sub-pocket within the orthosteric binding 

pocket of LPA1; modification of the interacting moieties may help attain a higher binding affinity 

and increase selectivity of these analogues for this receptor. This sub-pocket is located near the 

bottom-left of the LPA1 orthosteric binding pocket, around the region where the docked ligands 

contain a phenylethanol substituent (RO6842262) or a phenylethanamine substituent (see Figure 

10). Therefore, the design of analogues with minor structural modifications and substitutions in 

this region appears to present an auspicious opportunity, as these may allow for increased 

favourable interactions between the ligands and the receptor. 
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 In order to fully explore the structure-activity relationship between the ligands and the receptor, 

a range of different building blocks are proposed (Figures 11-14). These building blocks are all 

nucleophilic in nature and can be added to the scaffold via nucleophilic aromatic substitution. The 

first substitutions proposed (Figure 11) are the two stereochemical forms of phenylethanol, and 

phenylmethanol.  

 

Figure 11 – Proposed alcohol building blocks for the novel scaffold 

The (R)-1-phenylethanol building block is embedded in the structure of RO6842262, and so using 

this substituent for the novel scaffold would allow for a direct comparison between the two 

scaffolds. (S)-1-phenylethanol and phenylmethanol could also be used to determine the 

importance of the stereochemistry of this building block, and to determine the relative importance 

of this methyl group in general. 

 

Figure 12 – Proposed amine building blocks for the novel scaffold 

The second set of building blocks proposed (Figure 12) are the amine analogues of the 

compounds shown in Figure 11. Similar to the alcohol building blocks, the use of these three 

amine building blocks would be useful in determining the importance of stereochemistry and of 

the methyl group, in addition to determining the binding difference imposed by the substitution of 

the alcohol for an amine.  
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Figure 13 – Proposed fluorine-containing amine building blocks for the novel scaffold 

The third set of building blocks that are proposed (Figure 13) are fluorine-containing 

phenylethanamines. Substitutions at the ortho, meta, and para positions will allow for the 

determination of the optimal position for small substituents, as well as determining the optimal 

position for 18F-labeling. 

 

Figure 14 – Proposed isosteric heterocycle building blocks for the novel scaffold 

 The fourth set of building blocks (Figure 14) is centred around the use of isosteric 

heterocycles. The inclusion of heteroatoms may be able to exploit the hydrogen-bond donor 

residues located in the unexploited sub-pocket shown in Figure 10, thereby enhancing the 

interactions between ligand and receptor. Due to their ability to act as hydrogen bond receptors, 

oxygen and nitrogen are the most promising heteroatoms for these building blocks. Varying the 

size of the ring system, such as by using a five-membered ring instead of a six-membered ring, 

may also prove to be a worthwhile endeavour. 
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Chapter 3: Organic Synthesis and Structure Confirmation 

3.1 – Proposal of a Rational Synthetic Scheme 

With the ligand design components having been decided on, a rational synthetic scheme will 

need to be followed for the synthesis of these ligands. The synthesis of these analogues should 

be accomplished in as few reaction steps as possible and should be based on existing and well-

known reactions and conditions. Scheme 1 displays the synthetic scheme that was designed 

based on these principles. This is a six-step synthesis that uses common commercially available  

reagents and follows standard reaction procedures.  

 

Scheme 1 – Synthesis of novel 3H-1,2,3-triazolo[4,5-d]pyrimidine LPA1 antagonists 

The first reaction is a nucleophilic aromatic substitution reaction in which the chlorine atom 

that is adjacent to the nitro group is replaced by 4-bromoaniline; a slight excess of the weak base, 

N,N-diisopropylethylamine (DIPEA), is used to neutralize the formed hydrochloric acid. This 

reaction is started at 0ºC and warmed up to room temperature to enhance the selectivity for the 
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indicated position.154 In the second reaction, the nitro group contained in Compound 3 is reduced 

using SnCl2•2H2O and ethanol (EtOH), which functions as both a solvent and a reagent. This 

technique has been reported to have high functional group tolerance, including in the presence 

of halogens.155 The following reaction is a cyclization reaction, converting the primary and 

secondary amine from Compound 4 into a triazole ring using an alkyl nitrite at elevated 

temperature, forming a bicyclic system in Compound 5.156 The fourth reaction is another 

nucleophilic aromatic substitution; the remaining chlorine substituent on the pyrimidine is 

substituted by a selected nucleophilic building block, neutralizing the formed acid using DIPEA. 

Compound 6 then undergoes a Suzuki-Miyaura cross-coupling reaction under reflux using a bulky 

palladium catalyst in the presence of a base, coupling with an ester-containing boronic ester 

partner to produce Compound 7.157 In the final step, the ester group of the coupled intermediate 

is hydrolyzed using lithium hydroxide (LiOH) in a 1:3 ratio of water (H2O) to tetrahydrofuran (THF), 

yielding the final carboxylic acid product 8 upon acid work-up.158 

 

3.2 – Experimental Methods and Data 

 Section 3.2 will detail the experimental procedures that were performed as well as present the 

data that was collected to characterize each compound. 

 

3.2.1 – Synthesis of Compound 3 

N-(4-bromophenyl)-2-chloro-5-nitropyrimidin-4-amine (3) 

A 0ºC solution of 4-bromoaniline (1893 mg, 11 mmol) in 1,4-dioxane (30 mL) was prepared using 

an ice bath. To this solution was slowly added 2,4-dichloro-5-nitropyrimidine (1940 mg, 10 mmol), 

shortly followed by the slow addition of N,N-diisopropylethylamine (1422 mg, 11 mmol) via syringe. 

The reaction mixture was allowed to warm to room temperature and then stirred for 1 hour. The 

reaction mixture was diluted with ethyl acetate and extracted with brine. The separated organic 

phase was dried over sodium sulfate, filtered, and evaporated. The residue was adsorbed to silica 
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and purified using flash silica gel column chromatography (EtOAc:Hexane = 1:10) to afford 

Compound 3 (2510 mg, yield: 76%). (APCI) m/z: [M + H]+ Calcd for C10H7BrClN4O2
+ 330.94; 

Found 331.5. 

 

3.2.1.1 – Structure Confirmation for Compound 3 

Structure was confirmed by mass spectrometry and following chemical reaction. Two 

regioisomers were produced due to the ability of the amine nucleophile to react at both the 2 and 

4-chlorine positions. Some regioselectivity was conferred by adding the reagents at a decreased 

temperature, which was clearly visualized upon running thin-layer chromatography (TLC). The 

desired isomer was obtained in approximately a 3:1 ratio to the undesired isomer. Furthermore, 

both regioisomers were purified and were subsequently reduced, and then both were used in the 

cyclization reaction step. Since only the isomer with 4-bromoaniline substituted at the 4-position 

of the pyrimidine could undergo cyclization, the results of these parallel reactions confirmed that 

the more abundant isomer was the desired stereoisomer; the less abundant regioisomer 

substituted at the 2-position generated a variety of undesired products under cyclization 

conditions. 
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Figure 15 – Mass spectrum for Compound 3 

3.2.2 – Synthesis of Compound 4 

N4-94-bromophenyl)-2-chloropyrimidine-4,5-diamine (4) 

Compound 3 (2510 mg, 7.61 mmol) was dissolved in a 1:2 mixture of EtOH:EtOAc (60 mL; EtOH 

= 342 mmol) and the reflux condenser was set up. SnCl2•2H2O (5151 mg, 22.83 mmol) was 

weighed and slowly added to the stirring flask, and the reaction was heated to 70ºC. The reaction 

was stirred for 3 hours. After cooling to room temperature, a saturated solution of sodium 

carbonate was prepared and added to the reaction mixture. The basified solution was filtered 

through a pad of Celite, washed with EtOAc, dried over sodium sulfate, and evaporated. The 

residue was adsorbed to silica and purified using flash silica gel column chromatography (gradient; 
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1:10 EtOAc:Hexane to 1:1 EtOAc:Hexane) to afford Compound 4 (1640 mg, yield: 72%). 1H NMR 

(500 MHz, CDCl3) δ 7.89 (s, 1H), 7.55 (d, J = 9.0 Hz, 2H), 7.50 (d, J = 6.7 Hz, 2H), 7.09 (s, 1H), 

3.10 (s, 2H). MS (APCI) m/z: [M + H]+ Calcd for C10H9BrClN4
+ 300.97; Found 300.8. 

 

3.2.2.1 – Structure Confirmation for Compound 4 

 

Figure 16 – 1H NMR spectrum for Compound 4 

 

3.2.3 – Synthesis of Compound 5 

3-(4-bromophenyl)-5-chloro-3H-[1,2,3]triazolo[4,5-d]pyrimidine (5) 

To Compound 4 (1635 mg, 5.45 mmol) was added acetonitrile (25 mL), and a reflux condenser 

was set up. The solution was heated to 70ºC and isobutyl nitrite was slowly added via syringe. 

The reaction was allowed to continue for 16 hours and then slowly cooled to room temperature. 

EtOAc (50 mL) was added to the room temperature solution, after which it was further cooled to 

-20ºC. Orange-brown crystals formed and were collected by filtration and washed with cold EtOAc 
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and cold hexane. This recrystallization process was repeated a total of three times. The collected 

crystals were desiccated to give Compound 5 (1370 mg, yield: 80%). 1H NMR (500 MHz, CDCl3) 

δ 9.50 (s, 1H), 8.16 (d, J = 8.6 Hz, 2H), 7.78 (d, J = 8.7 Hz, 2H). MS (APCI) m/z: [M + H]+ Calcd 

for C10H6BrClN5
+ 311.95; Found 311.9. 

 

3.2.3.1 – Structure Confirmation for Compound 5 

 

Figure 17 – 1H NMR spectrum for Compound 5 

 

3.2.4 – Synthesis of Compounds 6a-c 

(R)-3-(4-bromophenyl)-N-(1-(4-fluorophenyl)ethyl)-3H-[1,2,3]triazolo[4,5-d]pyrimidin-5-amine 

(6a) 

Compound 5 (127 mg, 0.40 mmol) was dissolved in 1,4-dioxane (5 mL), and to this solution was 

added (R)-1-(4-fluorophenyl)ethanamine (55 mg, 0.40 mmol) and N,N-diisopropylethylamine (57 

mg, 0.44 mmol) via syringe in short succession. The reaction was stirred for 16 hours and then 
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diluted with EtOAc (30 mL). A series of brine extractions were performed, and the separated 

organic layer was dried over sodium sulfate, washed with EtOAc, and filtered. The filtrate was 

concentrated and desiccated. The dried residue was adsorbed to silica and purified using flash 

silica gel column chromatography (1:7 EtOAc:Hexane) to afford Compound 6a (50 mg, yield: 

30%). 1H NMR (500 MHz, CDCl3) δ 9.09 (s, 1H), 7.97 (s, 2H), 7.64 (d, J = 8.5 Hz, 2H), 7.38 (dd, 

J = 8.6, 5.3 Hz, 2H), 7.05 (t, J = 8.6 Hz, 2H), 6.09 (s, 1H), 5.06 (s, 1H), 1.61 (d, J = 6.9 Hz, 3H). 

MS (ESI) m/z: [M + H]+ Calcd for C18H15BrFN6
+ 413.05; Found 413.17. 

 

Compound 6b was prepared using the same procedures as 6a, but (R)-1-phenylethanamine was 

used in place of (R)-1-(4-fluorophenyl)ethanamine. 1H NMR (500 MHz, CDCl3) δ 9.02 (s, 1H), 

7.87 (d, J = 5.1 Hz, 2H), 7.55 (d, J = 8.0 Hz, 2H), 7.35 (d, J = 7.3 Hz, 2H), 7.31 (t, J = 7.5 Hz, 2H), 

7.21 (d, J = 7.1 Hz, 1H), 6.01 (s, 1H), 4.98 (s, 1H), 1.56 (d, J = 6.9 Hz, 3H). 

 

Compound 6c was prepared using the same procedures as 6a, but (S)-1-phenylethanamine was 

used in place of (R)-1-(4-fluorophenyl)ethanamine. 1H NMR (500 MHz, CDCl3) δ 9.10 (s, 1H), 

7.96 (d, J = 6.3 Hz, 2H), 7.65 (d, J = 8.1 Hz, 2H), 7.44 (d, J = 7.3 Hz, 2H), 7.40 (t, J = 7.5 Hz, 2H), 

7.31 (d, J = 7.2 Hz, 1H), 6.15 (s, 1H), 5.08 (s, 1H), 1.66 (d, J = 6.9 Hz, 3H). 
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3.2.4.1 – Structure Confirmation for Compounds 6a-c 

 

Figure 18 – 1H NMR spectrum for Compound 6a 

 

Figure 19 – 1H NMR spectrum for Compound 6b 
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Figure 20 – 1H NMR spectrum for Compound 6c 

 

3.2.5 – Synthesis of Compound 7a 

(R)-ethyl 1-(4’-(5-((1-(4-fluorophenyl)ethyl)amino)-3H-[1,2,3]triazolo[4,5-d]pyrimidin-3-yl)-[1,1’-

biphenyl]-4-yl)cyclopropanecarboxylate (7a) 

Compound 6a (101 mg, 0.24 mmol) was dissolved in 8 mL of a 1:3 mixture of H2O:1,4-dioxane 

and the reflux condenser was prepared. The solution was heated to 80ºC, and Na2CO3 (54 mg, 

0.515 mmol) was added to the solution. Ethyl 1-(4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-

yl)phenyl)cyclopropanecarboxylate (92 mg, 0.29 mmol) was added to the solution, quickly 

followed by the addition of Pd(dppf)Cl2 (18 mg, 10 mol%). The solution was bubbled with argon 

and then stirred for 10 hours. The mixture was cooled and then filtered through diatomaceous 

earth and partitioned between EtOAc and brine. The organic phase was separated, dried over 

Na2SO4, filtered, and concentrated. The residue was dissolved in HPLC-grade acetonitrile and 

purified by HPLC (10 mL/min, 25% H2O:75% Acetonitrile), affording pure Compound 7a after 
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concentration of the HPLC fractions (17 mg, yield: 14%). 1H NMR (500 MHz, CDCl3) δ 9.11 (s, 

1H), 8.13 (dd, J = 6.3, 3.2 Hz, 2H), 7.73 (d, J = 8.4 Hz, 2H), 7.60 (d, J = 8.2 Hz, 2H), 7.48 – 7.46 

(m, 2H), 7.41 (dd, J = 8.3, 5.5 Hz, 2H), 7.05 (dd, J = 9.8, 7.5 Hz, 2H), 6.00 (s, 1H), 5.12 (s, 1H), 

4.14 (q, J = 7.1 Hz, 2H), 1.66 (q, J = 4.0 Hz, 2H), 1.63 (d, J = 6.9 Hz, 3H), 1.26 – 1.23 (m, 4H), 

1.21 (t, J = 7.1 Hz, 3H). MS (ESI) m/z: [M + H]+ Calcd for C30H28FN6O2
+ 523.23; Found 523.38. 

 

3.2.5.1 – Structure Confirmation for Compound 7a 

 

Figure 21 – 1H NMR spectrum for Compound 7a 

 

3.2.6 – Synthesis of Compound 8a 

(R)-1-(4’-(5-((1-(4-fluorophenyl)ethyl)amino)-3H-[1,2,3]triazolo[4,5-d]pyrimidin-3-yl)-[1,1’-

biphenyl]-4-yl)cyclopropanecarboxylic acid (8a) 

Compound 7a (17 mg, 0.0325 mmol) was dissolved in 2 mL of a prepared 1:3 mixture of H2O:THF. 

Lithium hydroxide pellets (17 mg, 0.709 mmol) were added to the solution, and the solution was 
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stirred for 1 week. The mixture was partitioned between EtOAc and brine, and the organic phase 

was separated, dried over Na2SO4, filtered, and concentrated. The residue was dissolved in a 

mixture of THF and HPLC-grade acetonitrile and purified by HPLC (10 mL/min, 40% H2O:60% 

Acetonitrile), affording pure Compound 8a after concentration of the HPLC fractions (10 mg, yield: 

62%). 1H NMR (500 MHz, DMSO) δ 9.22 (s, 1H), 8.76 (d, J = 5.9 Hz, 1H), 8.17 – 8.00 (m, 2H), 

7.83 (d, J = 8.0 Hz, 2H), 7.60 (d, J = 6.9 Hz, 2H), 7.47 – 7.34 (m, 4H), 7.10 (dd, J = 24.7, 16.6 Hz, 

2H), 5.03 – 4.94 (m, 1H), 1.43 (d, J = 6.2 Hz, 3H), 1.36 (s, 2H), 0.96 (s, 2H). 13C NMR (126 MHz, 

DMSO) δ 162.43, 161.00, 160.51, 154.03, 150.07, 141.90, 139.96, 135.33, 131.49, 131.35, 

128.48, 128.42, 128.00, 126.49, 120.86, 115.56, 115.39, 51.05, 29.72, 23.27, 15.39. MS (ESI) 

m/z: [M + H]+ Calcd for C28H24FN6O2
+ 495.19; Found 495.34. 

 

3.2.6.1 – Structure Confirmation for Compound 8a 

 

Figure 22 – 1H NMR spectrum for Compound 8a 
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Figure 23 – 13C NMR spectrum for Compound 8a 

 

Figure 24 – Mass spectrum for Compound 8a 
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Figure 25 – HPLC chromatogram for compound 8a using 254 nm channel 
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Figure 26 – HPLC chromatogram for Compound 8a using 365 nm channel 
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Chapter 4: Biological Evaluation of Ligands 

4.1 – cAMP Assay 

 As shown in Figure 2, LPA1 activation leads to an inhibitory effect of cAMP production. 

Compound 8a synthesized in this study was tested in an in vitro cAMP assay using the Chinese 

hamster ovary (CHO) cell line overexpressing the LPA1 receptor. The common form of 

endogenous LPA, 18:1 LPA, was used to activate the LPA1 receptors. LPA1 antagonist activity is 

presented as IC50, representing the concentration of 8a required to reverse 50% of the inhibitory 

effect of 18:1 LPA on forskolin-mediated cAMP production. Intracellular cAMP levels were 

quantified by measuring the luminescence using the cAMP-Glo Assay kit and a microplate reader; 

binding of 8a to LPA1 leads to increased cAMP concentrations, which results in decreased 

luminescence. To generate the IC50 value of 8a, the data were fit to a three-parameter logistic 

curve using GraphPad Prism. The results from this assay are summarized by the concentration-

response curve showed below in Figure 27.  

 

Figure 27 – cAMP assay results using Compound 8a 

 Seven different concentrations of 8a were used in this assay. Based on the data collected, it 

was determined that Compound 8a has an IC50 value of 172.1 nM in the cAMP assay. While not 
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quite as potent as RO6842262, this result is still promising. This demonstrates that the novel 

scaffold not only functions as an LPA1 antagonist, but it has a relatively high level of antagonistic 

activity. This an important and encouraging first step, as it paves the way for future analogues 

with different substituents that may have increased potency towards LPA1. 

 

4.2 – Wound Healing Assay 

 In addition to the cAMP assay, Compound 8a was also tested in a wound healing assay. As 

discussed in Chapter 1, LPA1 has been shown to have an increased expression level in many 

breast cancer cell lines compared to non-tumorigenic cell lines. In several of these cell lines, 

activation of LPA1 leads to increased cell migration and invasion, showing the critical role of LPA1 

signaling in breast cancer progression, specifically in metastasis. A wound healing assay, also 

known as a scratch assay, is an assay that seeks to evaluate and quantify cell migration. Cells 

are plated in a 6-well plate and a wound is created by scratching the centre of the cell monolayer 

using a micropipette tip. After creation of the wound, cells are allowed to migrate over a certain 

period of time to ‘close’ the wound, and the migration rate can be quantified based on the results. 

 

Figure 28 – Effects of LPA and 8a on cell migration in wound healing assays using the MDA-

MB-231 cell line 
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 For the wound healing assay performed in this study, the MDA-MB-231 breast cancer cell line 

was seeded in a 6-well plate, and the wound was created after formation of the cell monolayer. 

In addition to a DMSO control group, five wells were stimulated with 10 μM LPA, and to four of 

these, Compound 8a was added in four different concentrations (1 μM, 5 μM, 10 μM, and 20 μM). 

Microscope images of the wound were taken at the start of LPA stimulation, and again after 24 

hours and 48 hours. Cell migration was quantified at both the 24-hour and 48-hour marks. 

 

Figure 29 – Quantification of the wound healing assay  

 After the first 24 hours, the difference in cell migration was not readily apparent between 

groups with different treatment. Most groups achieved ~40% wound closure after this time, 

although the addition of 20 μM of Compound 8a noticeably lowered the rate of wound closure. 

However, after the full incubation period of 48 hours, there was a noticeable downward trend in 

cell migration as the concentration of 8a increased. Stimulation of cells with 10 μM LPA increased 

the percentage of wound closure from a baseline of 49% to 84%. The addition of only 1 μM 8a 

only lowered the percentage of wound closure to 83%, but the addition of increasingly higher 

concentrations caused significantly decreased wound closure, with a maximum effect observed 
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using 20 μM 8a (Figure 29), decreasing the percentage of wound closure from 84% to 30% after 

48 hours. Therefore, it is clear that while LPA induces cell migration in the MDA-MB-231 breast 

cancer cell line, the addition of Compound 8a can this inhibit LPA-induced cell migration in a dose 

and  time-dependent manner, thereby demonstrating its therapeutic potential for the treatment of 

metastatic breast cancer. 

 In addition to the cAMP and wound healing assays, a calcium mobilization assay will be 

performed to further evaluate 8a and any analogues that are synthesized in the future. The 

calcium mobilization assay will be used to test the synthesized ligands’ ability to inhibit LPA1 

signaling through the Gq/11 protein. However, this assay has yet to have been performed as of 

now.  
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Chapter 5: Radiochemistry 

 As discussed in Chapter 1, PET imaging requires the usage of radioactive chemical isotopes. 

These isotopes must be tagged to drug compounds in a process known as ‘radiolabeling’. There 

are many different methods that can be used to radiolabel a drug compound; each method has 

its own strategic advantages and disadvantages and can vastly differ based on both the desired 

radioisotope and the chemical structure of the drug compound. As 18F has previously been 

identified as one of the most useful radioisotopes for PET imaging, Chapter 5 will explore several 

18F radiolabeling strategies that have reported in the recent literature, as well as propose an 

altered synthetic scheme for that will allow for the incorporation of this radioisotope into the 

chemical library that has been proposed in this thesis. 

 

5.1 – Common Fluorine-18 Radiolabeling Strategies 

 Fluorine-18 radiolabeling of small molecules can be accomplished in a number of different 

ways. These can be broadly categorized under the reaction types of aliphatic nucleophilic 

fluorination, nucleophilic aromatic fluorination, electrophilic fluorination, and transition metal-

mediated radiofluorination.159 

Aliphatic nucleophilic fluorination is accomplished by the SN2 substitution of a leaving group 

such as a halogen, tosylate, or triflate by 18F. This is usually performed in basic conditions at 

moderate temperatures (RT to 100ºC) and requiring relatively short reaction times.159 Additionally, 

phase transfer catalysts or tetrabutylammonium cations may be used to enhance the 

nucleophilicity and solubility of the fluorine anion. 18F nucleophilic aromatic fluorination is 

performed in polar aprotic solvents and is characterized by the substitution of a leaving group 

such as a nitro group, halogen, or trimethylammonium salt, and typically requires the presence of 

electron-withdrawing groups in the ortho or para positions to activate the aromatic ring. Similar to 

aliphatic nucleophilic fluorination, the use of phase transfer catalysts or tetrabutylammonium 

cations is commonplace for these reactions. However, nucleophilic aromatic fluorination often is 
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conducted at higher temperatures (100-180ºC) than aliphatic nucleophilic fluorination, and 

comparatively, the application of this nucleophilic aromatic fluorination can be challenging due to 

the requirement of an electron-deficient ring. Electrophilic fluorination is another option for 18F 

radiolabeling, although it is less preferred in radiopharmaceutical chemistry; production of 18F for 

use in electrophilic reactions requires different production methods and involves the use of 

fluorine-19 as a carrier molecule, decreasing the specific activity, as well as requiring more 

complex purification methodology.159,160 Regardless, electrophilic fluorination methods can still 

prove effective in certain scenarios. Electrophilic fluorination has been reported to work at a 

variety of reaction temperatures, and it can be highly useful when electron-rich arenes and 

alkanes are required to be labeled.159 Lastly, transition metal-mediated radiofluorination is a 

recently discovered method that can be used to add 18F to aromatic rings. Similar principles are 

used in these reactions as traditional transition metal mediated cross-coupling reactions, and it 

has been reported that transition metal-mediated radiofluorination has high functional group 

tolerance and may expand the amount of molecules that can radiolabeled with 18F.159 However, 

this is a relatively new field of research, and more research will need to be done in order to 

determine the scope of this type of fluorination method. 

 In recent years, a number of novel late-stage radiofluorination methods have been reported 

in an effort to maximize yield and increase the radiofluorination tolerance of different substrates. 

In 2016, a noteworthy radiolabeling method was reported by Rotstein et al. that sought to 

circumvent the limitations of standard nucleophilic and electrophilic fluorination.161 This group 

reported the use of spirocyclic iodonium ylides as arene radiofluorination precursors for non-

activated and sterically hindered molecules. This method was reported to have high functional 

group tolerance, high reactivity and regioselectivity, no metal of fluorine-19 required, and can be 

performed in a single radiochemical step.161 This method firstly involves the synthesis of 

spiroadamantyl-1,3-dioxane-4,6-dione (SPIAd), which is an air and temperature-stable compound 

that can easily be purified in high yield. Reaction of SPIAd with an iodoarene in the presence of 
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an oxidizing agent in acidic media gives the corresponding iodonium ylide, upon which treatment 

of 18F gives the radiolabeled compound with high radiochemical yield. This radiolabeling method 

has been demonstrated to work well with a variety of hindered and electron-rich substrates.161  

In 2021, Chen et al. reported the discovery of a robust halide/18F interconversion method using 

electron-rich halo(hetero) arenes. This group used acridinium photocatalysts for the photoredox-

catalyzed radiofluorination of a diverse range of iodine, bromine, chlorine, and fluorine-containing 

organic compounds, including several pharmaceuticals.162 Many of the tested compounds 

underwent halogen/18F conversion site-selectively, while compounds with both bromine and 

chlorine substituents preferentially underwent conversion at the chlorine position. This method is 

advantageous as there is a lack of suitable direct radiofluorination methods for electron-rich aryl 

halides, of which an abundance of these compounds exists in the pharmaceutical industry. The 

reaction methods reported by Chen et al. are expected to allow for the easier transformation of 

fluorinated therapeutic pharmaceuticals into 18F-labeled radiopharmaceutics than the standard 

methods that usually involve transition metal catalysis or the formation of a precursor molecule.162 

Also in 2021, Zheng et al. yielded a radiofluorination method with high radiochemical yield and 

fast reaction time at mild temperatures using sulfur fluoride click chemistry.163 This collaborative 

project between The Scripps Research Institute and ShanghaiTech University demonstrated the 

radiosynthesis of 25 different structurally diverse aryl fluorosulfates that have higher stability than 

previously reported aryl sulfonyl fluorides.163 Furthermore, one of these synthesized hot 

compounds, an analogue of the anticancer drug olaparib, was successfully applied in a PET 

imaging experiment in a tumour-bearing mouse model. This represented the first PET image 

application using an S-18F-based probe, and their research demonstrated the synthesis of a novel 

chemotype of radiofluorinated compounds.163 
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5.2 – Modification of Synthetic Scheme to Attain 18F-Labelled Compounds 

 Based on the work of Rotstein et al., spirocyclic iodonium ylide-mediated radiofluorination 

appears to be an attractive method to use for the 18F-radiolabeling of the compounds proposed in 

this thesis. 18F radiolabeling of these compounds will likely be performed on the same aromatic 

ring as the other proposed substitutions due to reasons previously discussed in Chapter 2. This 

will require nucleophilic substitution by iodine-substituted building blocks. However, the use of this 

method with the reaction scheme shown in Scheme 1 would prove to be ineffective. Suzuki-

Miyaura cross-coupling is known to have an order of reactivity of I >> Br > OTf >> Cl for the 

electrophilic coupling partner, meaning that for the Suzuki-Miyaura coupling reaction used for the 

synthesis of these compounds, iodine-substituted building blocks would likely and undesirably act 

as the major coupling partner, giving undesired products.164 Therefore, for the production of 

radiolabeled compounds, an alternate synthetic scheme is proposed (Scheme 2). 

 

 

Scheme 2 – Alternate synthetic scheme for the synthesis of iodine-containing final compounds 
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 The proposed alternate synthetic scheme shown in Scheme 2 allows for the synthesis of 

iodine-containing final compounds while avoiding undesired Suzuki-Miyaura side products. Since 

chlorine is generally unreactive in Suzuki-Miyaura coupling reactions, only the aryl bromide should 

function as a coupling partner, thus giving the corresponding ester product 9 in high yield. 

Subsequent nucleophilic substitution by the iodine-containing building blocks should then give 

Compound 10 and its analogues.  

 With this synthetic challenge resolved, the next stage of the synthesis will be detailed. 

According to the work done by Rotstein et al., the synthesis of SPIAd will be required in order for 

this radiolabeling method to be performed.161 This is shown at the top of Scheme 3. After the 

synthesis and purification of both Compound 10 and SPIAd, the two compounds can be reacted 

together to produce the iodonium ylide 11. At this stage, it is desirable for the carboxylic acid to 

remain protected as an ester due to the possibility of undesirable interaction between the 

carboxylic acid and the reagents used for iodonium ylide synthesis. Compound 11 may then be 

further reacted in a two-reaction, one-pot synthesis with the fluorine-18 anion, a phase transfer 

catalyst such as the cryptand Kryptofix 222 (K222), and potassium cations reacting to yield the 

radiolabeled ester, upon which LiOH hydrolysis will give the final radiolabeled acid compound, 

Compound [18F]8. For this reaction, K222 will bind the potassium cations, allowing them to interact 

with the negatively charged 18F anions but preventing the true formation of potassium fluoride, 

thereby enhancing the nucleophilicity of the 18F.165 Additionally, since 18F will be added at the end 

of the synthesis according to this method, this should maximize the activity of the 18F and limit the 

number of half-lives that will have occurred to allow for more accurate PET imaging. 
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Scheme 3 – Proposed radiolabeling scheme to produce 18F-labeled compounds (Step 1, top: 

synthesis of SPIAd; Step 2, bottom: production of the iodonium ylide species and subsequent 

one-pot reaction with 18F and LiOH to yield the final hot compound). 
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Chapter 6: Conclusion 

In 2023, the detection of breast cancer and subsequent therapy remain a challenge in Canada. 

To address this need, this study focused on the design, synthesis, and biological evaluation of 

novel small molecules that have the potential to act as breast cancer diagnostic and therapeutic 

agents. The LPA1 receptor represented an attractive target due to its elevated expression levels 

in breast cancer cell lines and implication in the development and progression of breast cancer. 

In recent literature, several compounds targeting LPA1 have been reported, but none have made 

it to the market thus far. One of these compounds, RO6842262, demonstrated high selectivity 

and potency for the LPA1 receptor.  

To aid in the discovery of novel compounds, scaffold hopping was employed to identify new 

bioisosteric molecular structures that could have similar or enhanced pharmacological properties 

based on this reference compound. A novel 3H-1,2,3-triazolo[4,5-d]pyrimidine scaffold was 

identified using this method, and a comparative molecular docking study was conducted using 

AutoDock Vina and the crystal structure of LPA1. In this docking study, it was predicted that many 

of the key interactions between LPA1 and RO6842262 are conserved between LPA1 and this 

novel scaffold, and the best binding poses of the reference and new scaffold superimposed quite 

well. Additionally, the novel scaffold (-11.1 kcal/mol) was predicted to have a lower binding free 

energy than RO6842262 (-10.1 kcal/mol), indicating that this novel scaffold may have comparable 

or enhanced biological activity. 

 A rational six-step synthetic scheme was proposed for the synthesis of 3H-1,2,3-triazolo[4,5-

d]pyrimidine analogues. These compounds differentiate at the fourth reaction step by the addition 

of building blocks with three possibly distinct ‘R’ groups. Three different intermediate compounds, 

6a-c, have been synthesized. Compound 6a, bearing a fluorine-substituted phenyl ring, was 

progressed to the Suzuki-Miyaura coupling reaction and then hydrolyzed to yield the final 

compound 8a. 8a has been characterized and confirmed by 1H NMR, 13C NMR, and mass 

spectrometry, and its purity has been determined to be above 95% by HPLC. 
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 After purification, Compound 8a was evaluated using the cAMP assay. This compound was 

found to inhibit the LPA-induced antagonistic effects of LPA1 on forskolin-mediated cAMP 

production in a dose-dependent manner. The IC50 of this compound was found to be 172.1 nM. 

Although not as potent as the reference compound, this is only the first compound to be 

synthesized and tested. Compound 8a was also evaluated using a wound healing assay in the 

MDA-MB-231 breast cancer cell line. The results of this assay concluded that this synthesized 

compound can effectively inhibit LPA-induced cell migration in a time and-dose dependent 

manner, indicating that it has therapeutic potential for the treatment of metastatic breast cancer. 

In the future, a library containing many compounds with different substituents will be synthesized 

and evaluated. It is anticipated that some of these compounds will have comparable or enhanced 

biological activities compared to RO6842262. These analogues will be structurally optimized by 

analyzing the structure-activity relationship between each of the previously tested analogues to 

guide the synthesis of subsequent analogues. After the synthesis of several more compounds, a 

calcium mobilization assay will also be performed in order to more comprehensively evaluate their 

biological activities. 

 PET has been identified as an underutilized imaging modality for breast cancer detection and 

diagnosis. To enable the usage of the synthesized compounds as PET radiopharmaceuticals, an 

alternate synthetic scheme has been proposed that will allow for the radiofluorination of these 

compounds while minimizing undesirable side products. Chosen compounds will go through an 

iodonium ylide intermediate, be treated with fluorine-18 ions, and finally hydrolyzed to give 

radiolabeled final compounds. 

 Overall, the work presented in this thesis holds great significance as a novel scaffold of LPA1 

antagonists has successfully been identified, synthesized, and biologically evaluated. In the future, 

this research will be further built upon to give even more potent LPA1 antagonists, and additional 

biological studies will be used to evaluate these compounds.
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