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Abstract  
 

Overexpression of the receptor tyrosine kinase HER2 (ERBB2) leads to an aggressive 

form of breast cancer. In the past two decades many HER2-targeted therapies have 

been developed that have increased patient survival, however, metastatic patients often 

develop resistance to these treatments. HER2 expression has been shown to induce the 

expression of cannabinoid receptor 2 (CB2), which relates to a more aggressive 

phenotype, increased rates of metastasis, and a worse prognosis. Targeting CB2 in 

HER2+ breast cancer represents a novel way to decrease protumourigenic signalling 

and overcome HER2-target treatment resistance. 

To understand the role of CB2 in promoting tumourigenesis and its potential as a 

therapeutic target, I engineered a CB2 expression system in HER2+ breast cancer cell 

lines. Using this system in 2D and 3D models, I demonstrate that CB2 expression 

increases migration and invasion, which is abrogated with cannabinoid treatment. CB2 

expression leads to metabolic rewiring, increased ATP production and increased 

protection against oxidative stress. The resulting metabolic phenotype reproduces that 

of cancer stem cells (CSCs), and we observed CB2-dependent increased stemness, 

shown by mammosphere formation, which was reduced upon cannabinoid 

treatment.  Moreover, CB2 increased Wnt/β-catenin signalling, leading to the 

expression of the stem cell marker ALDH1A1. We also report that CB2 expression 

increases PYK2, AKT, and PDL1, driving 3D invasion and immune escape. Taken 

together, these data suggest that CB2 expression in HER2+ breast cancer induces a 

migratory CSC-like phenotype that is highly invasive and potentially facilitates 

immune evasion, thereby promoting metastasis. The expression of CB2 could be an 

important biomarker for a less favourable prognosis in HER2+ breast cancer. Using 

CB2-targeting therapies in conjunction with traditional treatments could lead to 

reduced metastasis, reduced tumour recurrence and improved patient outcomes.   
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1.1 Breast cancer 
 

Breast cancer is a leading cause of death among women worldwide and has become 

the most frequently diagnosed cancer, with 2.3 million diagnoses reported in 20201. 

Documentation of breast cancer dates back to antiquity, with the earliest descriptions 

of breast cancer in ancient Egypt2.  The visible manifestation and palpability of late-

stage breast cancer allowed for easy identification and documentation of the disease in 

ancient texts such as the Edwin Smith Surgical Papyrus from 3500 BCE. The ancient 

Greek physician Hippocrates also describes breast cancer around 400 BCE. In 

accordance with his Humoral theory of medicine, Hippocrates postulated that breast 

cancer is caused by an excess of black bile and suggested treatment through restoring 

the balance of humours3. During this period, Hippocratic physicians used the phrase 

krakinoma, or carcinoma, derived from the Greek word for crab, krakinos, to describe 

the crab-like appearance of tumours and their associated blood vessels2.  

In the 1st century CE, Leonides provides the first documented description of a 

mastectomy with removal of the tumour and surrounding tissue through alternating 

incision and cautery to control bleeding, which became the surgery standard for over 

1500 years4,5. Development of the radical mastectomy surgery by William Halsted at 

the end of the 19th century, revolutionised the surgical treatment of breast cancer and 

soon became the criterion standard. Radical mastectomy decreased recurrence rates 

by removing the surrounding breast tissue, the pectoralis major and minor and axillary 

lymph nodes6.  

The advancement of surgical practices and the understanding of breast cancer through 

the 20th and into the 21st century broadened surgical options. The radical mastectomy 

has since undergone adaptations, with the current standard-of-care ‘modified 

mastectomy’ developed by John Madden in 19727. Furthermore, breast-conserving 

surgery (BCS), which leaves the majority of breast tissues intact rather than complete 
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removal of the breast through mastectomy, is now an option for many patients8. 

Alongside these advances in surgical practices was increased understanding of the 

biology and causes of breast cancer. 

 

1.1.1 Risk factors for breast cancer 
 

Throughout the history of breast cancer, much effort has been invested in 

understanding its origins. Observations that breast cancer incidence changed with 

lifestyle factors such as celibacy, age at marriage and number of children have been 

recorded for hundreds of years9. In 1926 Janet Elizabeth Lane-Claypon published risk 

factors for breast cancer implicating the age at menarche, age at first birth, number of 

children, age at menopause and months of breastfeeding as significant risk factors that 

are still relevant today 10. Additionally, various extrinsic factors have now been linked 

with increased breast cancer incidence, such as high-fat diet, lack of physical activity 

and alcohol consumption11. 

Further research into the causes of breast cancer identified inherited genetic mutations 

in two tumour suppressor genes, BRCA112 and BRCA213. Carriers of BRCA1 and BRCA2 

mutations were found to have an increased incidence of breast and ovarian cancers, 

with up to 80% increased risk of breast cancer by 70 years of age14. Missense and 

nonsense mutations in these breast cancer susceptibility genes increase the risk of 

breast cancer through impaired DNA repair, genomic instability and loss of cell cycle 

control15. Screening for these genes has enabled women at very high risk of developing 

breast cancer to take early preventative steps, such as prophylactic mastectomy16. 

BRCA mutations have also been recognised as a risk factor in the development of male 

breast cancer17. While the incidence of male breast cancer is considerably lower than 

female breast cancer, contributing to less than 1% of all breast cancer diagnoses, male 

breast cancer is becoming more frequently diagnosed18. Furthermore, many risk factors 
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associated with female breast cancers are similar amongst men, such as age, hormonal 

imbalance and obesity19. However, due to the differences in biology, gene expression, 

subtypes and survival rates between male and female breast cancer20, this thesis solely 

focuses on breast cancer in women. 

 

 

1.1.2 Breast cancer development 
 

Cancer of the breast prominently occurs in the breast duct, the vessel that carries milk 

from the lobules to the nipple, with around 80% of breast cancer cases diagnosed as 

ductal carcinoma21. Lobular breast cancer is less common, making up 10-15% of breast 

cancer diagnoses21, and is not covered in this thesis. The breast duct comprises an inner 

layer of polarised luminal epithelial cells and an outer layer of myoepithelial cells that 

act as a supportive barrier and provide contractile forces for milk expulsion22 (Figure 

1.1.1). This ductal bilayer of cells is surrounded by the basement membrane, primarily 

made up of collagen, laminin, nidogen and proteoglycans23. 

The initial formation of breast cancer and its progression to invasive and metastatic 

cancer involves both cell-intrinsic (e.g. genetic mutations) and cell-extrinsic processes 

(e.g. ECM remodelling)24. Initial aberrant growth starts with intra ductal hyperplasia, 

leading to atypical ductal hyperplasia (ADH), abnormal but non-cancerous growth 

within the lumen24. ADH precedes ductal carcinoma in situ (DCIS), where the 

abnormal growth becomes cancerous, and cells continue to proliferate within the 

ductal lumen. DCIS is a non-invasive form of breast cancer confined to the lumen by 

the anti-tumoural action of myoepithelial cells and the basement membrane25. 

However, DCIS is a non-obligate precursor to invasive ductal carcinoma (IDC), so 

whilst some patients may remain with DCIS for life with a favourable prognosis, some 

patients will progress to IDC, which has a significantly poorer prognosis26 (Figure 

1.1.1). 
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 Pre-invasive DCIS can lead to alterations of the surrounding microenvironment to 

support tumour growth and progression, such as increased angiogenesis, increased 

leukocyte infiltration and protumoural alterations of the myoepithelial cells27. 

Interestingly, transcriptome analysis revealed high levels of similarity in gene 

expression changes in epithelial cancer cells between DCIS to IDC28, indicating genetic 

alterations are not the cause of DCIS progression. There are, however, significant 

changes in non-cancerous myoepithelial cell gene expression, likely caused by 

epigenetic modifications29.  

Progression from DCIS to IDC requires cancer cells to escape the ductal environment 

through the loss of the myoepithelial layer and the basement membrane. The 

population of myoepithelial cells becomes heterogenous, with some losing their anti-

tumourigenic properties and promoting neoplastic growth. These ‘altered’ 

myoepithelial cells have significantly different gene expression compared to 

myoepithelial cells from normal tissue29. Alterations in myoepithelial gene expression 

leads to the loss proteins involved in maintaining differentiation, such as cytokeratin 

7, 14 and 17, and the oxytocin receptor, decreasing their ability to provide a barrier 

that can prevent invasion into the surrounding tissue30.  Altered myoepithelial cells 

also exhibit increased expression of CXCL12 and CXCL14, chemokines that regulate 

cell proliferation, migration and invasion, increasing the potential for DCIS to invade 

into the surrounding tissue30. Moreover, altered myoepithelial expression of different 

collagen isoforms and proteases, such as matrix metalloproteinase-2 (MMP2) and 

cathepsins, lead to the remodelling of the extracellular matrix (ECM), facilitating 

cancer invasion27,31. Furthermore, increased myoepithelial MMP2 expression has been 

linked to increased angiogenesis and worse patient outcomes32.   

In addition to altered myoepithelial cells increasing the risk of IDC, other stromal cells 

have altered phenotypes in DCIS that contribute to tumour progression. Cancer-

associated fibroblasts (CAFs) secrete chemokines and growth factors such as CXCL12 
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and hepatocyte growth factor (HGF), promoting cell proliferation and 

angiogenesis33,34. Similarly to myoepithelial cells, the alterations in the stromal 

compartment that influence the phenotypic change are due to the epigenetic regulation 

of gene expression35. Importantly, breast cancer patients with high levels of Human 

epidermal growth factors receptor 2 (HER2), whose disease is more likely to progress 

to IDC, have been observed to have a higher frequency of epigenetic modifications in 

stromal cells, than patients with low HER2 expression36. 

Alterations in the myoepithelial and stromal cells also leads to increased leukocyte 

recruitment, with an increased level of macrophage infiltration often accompanying 

the progression from DCIS to IDC. Tumour-associated macrophages (TAMs) 

promote tumourigenesis through ECM remodelling, cytokine and proangiogenic 

factor secretion and inhibition of anti-tumour immune response, increasing the risk of 

DCIS progression. Moreover, cytotoxic chemotherapy has been shown to increase the 

recruitment of TAMs through increased cancer cell production of colony stimulating 

factor 1 (CSF1), a potent chemokine for macrophages37. TAMs may therefore be used 

as a prognostic marker to determine the likelihood of progression38. 
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Figure 1.1.1: Breast cancer progression 

The development of breast cancer from the normal duct to the preliminary aberrant non-

cancerous growth of intraductal hyperplasia and atypical ductal hyperplasia (ADH). ADH 

precedes the formation of ductal carcinoma in situ (DCIS), a pre-invasive form of breast 

cancer, with initial changes to the surrounding microenvironment, including alterations 

to the myoepithelial cells. DCIS can progress to invasive ductal carcinoma (IDC), where 

cancer cells escape the ductal environment and invade the surrounding tissue. IDC is often 

accompanied by further alterations to the myoepithelial cells and the recruitment of 

tumour-associated macrophages (TAMs), leading to the degradation of the basement 

membrane and tumour invasion. 
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1.1.3 Breast cancer progression 
 

The progression of DCIS to IDC is an important stage of breast cancer, with the 10-

year overall survival of patients decreasing from around 98% with DCIS to less than 

80% with IDC, attributable to their increased risk of metastasis39,40. Most deaths from 

breast cancer are due to such metastases41, as breast cancer commonly metastasises to 

critical organs such as the lung, brain, and liver21.  Clinically, the Tumour-node-

metastasis (TNM) staging system is used to describe the size of the tumour (T), the 

presence of lymph node metastasis (N) and the extent of its metastatic spread (M). 

Overexpression of HER2 in breast cancer is associated with higher TNM grading, 

indicating the increased chance of HER2+ cancers to progress to IDC and 

metastasise42.  

For IDC to progress into metastatic breast cancer, tumour cells undergo a multistep 

process known as the metastatic cascade43 (Figure 1.1.2). The first step requires a single 

cancer cell, or a cluster of cancer cells, to disseminate from the primary tumour. These 

disseminated tumour cells (DTCs) invade the surrounding tissue and then intravasate 

into the circulatory system through blood or lymph vessels. Whilst in the circulatory 

system, DTCs are termed circulating tumour cells (CTCs) until their extravasation at 

distant sites44. To survive the circulatory system and spread throughout the body, CTCs 

need to initially detach from the ECM and survive anoikis, an anchorage-dependent 

form of apoptosis45. Further, CTCs need to evade the immune system through the 

expression of immune checkpoint proteins such as PDL1 and CTLA4 and interactions 

with platelets in the blood46. Upregulation of cell surface proteins such as P-selectin on 

CTCs facilitates platelet binding and contributes survival of haemodynamic shear 

forces encountered in blood vessels46.  

For the formation of secondary tumour sites, CTCs need to leave the circulatory 

system through extravasation, which can be aided by arresting of CTCs in the 
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microvasculature. Once at a secondary site, tumour cells need to outcompete the 

surrounding tissue for available resources to proliferate and form clinically relevant 

metastases. Metastasis can be a relatively slow and inefficient process due to its 

multistep nature and the harsh environments of blood vessels and secondary sites, with 

only around 1% of CTCs successfully establishing macrometastases47.  

Once at a secondary site, DTCs can remain dormant, where the level of proliferation 

is not sufficient to facilitate the formation of macrometastses48. These dormant 

micrometastases formed of small groups of DTCs, or even single cells, can have 

latency periods from weeks to years, depending on tumour grade49. Due to the low 

levels of proliferation, and the genetic heterogeneity between metastases and the 

primary tumour, cytotoxic chemotherapy and targeted therapies can fail to eliminate 

the dormant metastases, leading to their eventual awakening, growth into 

macrometastases and patient relapse50. 
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Figure 1.1.2: The metastatic cascade 

Metastatic progression from invasive cancer begins with intravasation into the circulatory 

system. Once in circulation, cancer cells need to evade the immune system through the 

expression of immune checkpoint proteins and interactions with platelets. Circulating 

tumour cells arrest at distant sites throughout the body and extravasate into the 

surrounding tissue. At the secondary site, metastatic tumour cells adapt to compete with 

normal cells to access the required nutrients for proliferation. Micrometastases can 

remain dormant and not rapidly proliferate for extended periods. Tumour recurrence can 

occur when dormant metastases awaken, leading to the metastatic colonisation of 

secondary tumour sites and relapse. 
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1.1.4 The subtypes of breast cancer 
 

Breast cancer is considered a highly heterogenous disease, with patient outcomes 

varying significantly. The classification of patients into subtypes began after the 

ground-breaking studies by Perou et al. in 2000, in which patient tumour gene 

expression signatures were profiled using microarrays51. Cancers were categorised as 

either luminal A, luminal B, basal-like or HER2+ using intrinsic gene expression 

profiles. The division of breast cancer into subtypes has aided the accurate 

determination of patient prognosis, their response to specific treatments, and the 

potential for targeted therapy52.    

 

Luminal breast cancer 

Breast cancers that display expression of luminal epithelial markers, such as 

cytokeratin 8 and 18, are classified as luminal subtype and are further subdivided into 

luminal A and luminal B, which differ in terms of prognosis, marker expression and 

treatment options51. Luminal A breast cancer is characterised by the expression of the 

oestrogen receptor (ER) and the progesterone receptor (PR) and a lack of HER2 

expression. Luminal A cancers often display low levels of proliferation markers such 

as Ki67 and therefore have a low proliferation index53 and  account for the highest 

proportion of breast cancers, around 50-60% of all diagnoses54. Patients diagnosed with 

luminal A have the best prognosis of all subtypes, with an overall survival rate of 95% 

after 5 years55. Patients are often treated with endocrine therapies, such as tamoxifen, 

which can significantly increase their long-term survival56. 

Luminal B breast cancers are ER+, with or without PR expression and typically 

negative for HER2, and account for 15-20% of breast cancer diagnoses54. Luminal B 

cancers are differentiated from luminal A due to their characteristic high levels of Ki67 

and expression of other proliferation markers such as MYBL2 and cyclin-B1, resulting 
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in a high proliferative index57. Hence, luminal B is an aggressive subtype of breast 

cancer resulting in poor patient outcomes, with only 88.7 % of patients surviving for 5 

years55. Moreover, luminal B cancers are less responsive to endocrine therapies, 

neoadjuvant paclitaxel, and doxorubicin-based chemotherapies54. 

 

Basal breast cancer  

The basal subtype is characterised by the expression of basal epithelial markers 

cytokeratin 5, cytokeratin 17 and integrin β451, and accounts for 10-20% of breast 

cancer diagnoses58. Basal breast cancers are poorly differentiated and have a high 

histological grade and proliferative index59. Patients with basal breast cancer typically 

suffer from poor prognoses with a high chance of relapse and increased rates of 

metastasis60, with only 78.5% of patients surviving to 5 years55. Basal cancers often lack 

detectable ER, PR or HER2 expression by immunohistochemistry (IHC) and are 

therefore termed triple-negative breast cancer (TNBC). However, not all basal breast 

cancers are triple negative. As the basal subtype is defined through microarray analysis 

of gene expression and TNBC is classed through IHC, there is only around an 80% 

concordance of these two classifications54. Basal cancers often exhibit overexpression 

of oncogenic proteins such as EGFR, Ki67 and cyclin-E61. Interestingly, patients that 

have mutations in BRCA1 are more likely to be diagnosed with basal-like breast cancer 

than other subtypes54. 

 

HER2+ breast cancer 

HER2+ breast cancer, the focus of this thesis, is a highly proliferative subtype, 

comprising approximately 20% of diagnoses62 and is characterised by overexpression 

of HER2, which is defined by high IHC and fluorescence in situ hybridization (FISH) 

scores of tumour biopsies63. Patients diagnosed with HER2+ breast cancer typically 
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have poor prognoses with an overall survival rate of 85.6% at 5 years55. HER2+ breast 

cancer often has low or no expression of ER and PR, although in some cases, luminal 

breast cancers can show HER2 expression (discussed later). Furthermore, HER2 

expression is observed in some breast cancers with basal gene expression profiles64. 

HER2 is a receptor tyrosine kinase in the ErbB family of receptors, comprising four 

receptors, epidermal growth factor receptor (EGFR), HER2, HER3 and HER4, which 

upon ligand binding, can homo- and heterodimerise to regulate signalling pathways65. 

HER2 has no known ligand; however, due to its strong kinase activity, it is the 

preferential dimerisation partner of the other members of the ErbB family, commonly 

forming HER2-EGFR, HER2-HER3 and HER2-HER4 heterodimers66,67. Activation 

of HER2 leads to signalling through the mitogen-activated protein kinase (MAPK) and 

phosphoinositide 3-kinase (PI3K)68 pathways resulting in cell proliferation, survival, 

invasion and angiogenesis. In breast cancer, HER2 can heterodimerise with any 

member of the ErbB family. However, the HER2-HER3 heterodimer results in the 

most potent protumoural signalling69. Moreover, unlike other ErbB family members, 

overexpression of HER2 allows for ligand-independent homodimerisation and 

activation without the need for any growth factor ligands, resulting in the rapid, 

uncontrolled growth that is characteristic of HER2+ breast cancer70. Whilst HER2+ 

cancers are highly proliferative, they often lack upregulation of the proliferation 

markers PCNA and Ki67 which are commonly observed in other aggressive breast 

cancers, such as TNBC71. However, HER2+ cancers commonly have mutations in p53 

and increased cell cycle activation72. 

Overexpression of HER2 in breast cancer is commonly caused by gene amplification 

events, such as polysomy of chromosome 17, where the HER2 gene, ERBB2, is 

located73. Moreover, whilst relatively rare, hyperactivating mutations of HER2 can 

lead to tumourigenesis. A mutation that is present in around 5% of HER2+ breast 

cancers is the in-frame deletion of exon 16 of ERBB2 (delta 16 HER2), resulting in 



33 

 

constitutive homodimerisation and activation of HER274. Another hyperactive HER2 

mutant is p95HER2, a truncation of the HER2 protein that lacks the extracellular 

domain whilst retaining a constitutively active form of the intracellular domain, 

contributing to increased tumour growth75. 

 

Other subtypes of breast cancer  

Whilst most patients can be classified into the previously mentioned subtypes, there 

are rarer subtypes with distinct phenotypes. The normal breast-like subtype accounts 

for around 5-10% of breast cancer diagnoses and displays gene profiles similar to 

normal breast tissue54.  Normal breast-like cancers do not express ER, PR and HER2 

and are thus classified as a subset of TNBC. However, they lack expression of basal 

markers such as cytokeratin 5 and EGFR, preventing classification into the basal 

subtype54. Another subset of TNBC is the claudin-low breast subtype. These tumours 

display low levels of the cell-cell adhesion proteins claudin 1, 3, 4 and 7. Claudin low 

tumours often have an epithelial-mesenchymal transition (EMT) phenotype and poor 

patient outcomes76.  

Expression of HER2 is also occasionally seen in luminal breast cancer, termed the 

luminal-HER2 subtype71. These cancers are HER2+ and ER+, often with low PR 

expression. Patients with luminal-HER2 cancer are less responsive to endocrine 

therapy such as tamoxifen and show increased rates of tumour recurrence77,78.  

Subtyping of breast cancer has become an invaluable clinical tool to determine patient 

prognosis and treatment plans. IHC analysis of patient tissue is often sufficient for 

subtype diagnosis; however, differentiating between subtypes can be difficult due to 

arbitrary cut-offs, poor inter-lab reproducibility and different antibody selections used 

in staining classifications54. More reliable diagnosis can be achieved through gene 

expression analysis using clinical RT-qPCR panels such as MammaPrint79 and 
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Oncotype Dx80. The ability to differentiate between breast cancer subtypes allows for 

prognostic assessments, patient stratification and the tailoring of personalised 

therapies. The discrimination between cancers of different grades enables rapid 

aggressive treatment regimens to be implemented whilst sparing patients with low-

grade cancers from the side effects of unnecessary treatment.  

 

 

1.2 Treatment and resistance in HER2+ breast cancer 
 

1.2.1 HER2+ breast cancer treatment 
 

Although ERBB2 is a potent oncogene and its over expression relates to poor patient 

outcomes, the presence of HER2 on the cancer cell surface allows for HER2-targeted 

therapies. In 1998, the development of the humanised anti-HER2 monoclonal 

antibody trastuzumab (Herceptin) revolutionised the treatment of HER2+ breast 

cancer. Trastuzumab binds to the extracellular juxtamembrane region of HER2, 

preventing HER2 homodimerisation, disrupting the formation of HER2-HER3 

heterodimers and abrogating signalling through the MAPK and PI3K pathways81–83. 

Trastuzumab also triggers HER2 internalisation and degradation via c-Cbl, initiates 

cell cycle arrest and leads to apoptosis84. Furthermore, trastuzumab interacts with Fc 

receptor family expressed on the patient’s immune cells and mediates cancer cell killing 

through to antibody-dependent cell cytotoxicity (ADCC), primarily through the action 

of natural killer cells85,86. 

Trastuzumab is indicated for early-stage breast cancer in both adjuvant and 

neoadjuvant settings, in combination with chemotherapy and as a monotherapy87,88. 

Combination trastuzumab with paclitaxel or anthracycline chemotherapies has 

become the mainline therapy for patients with HER2+ breast cancer89. Trastuzumab 

has dramatically improved the outcome of HER2+ breast cancer patients since the 
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start of its clinical use, with adjuvant trastuzumab treatment reported to increase 5-

year disease-free survival by around 12%90.  

Since the advent of trastuzumab, other therapies targeting HER2 have been developed. 

Lapatinib, a small molecule receptor tyrosine kinase inhibitor (RTKi) of HER2 and 

EGFR, acts as a competitive inhibitor of the adenosine triphosphate (ATP) binding 

site, preventing the kinase activity and subsequent signal transduction91. Lapatinib has 

been approved for clinical use in patients with metastatic breast cancer and can 

significantly extend patient survival92. Additionally, lapatinib can improve the 

progression-free and disease-free survival in patients that have developed resistance to 

trastuzumab93  and the combination therapy of trastuzumab and lapatinib is more 

effective than either alone94. 

Other combinations have also been shown to increase therapeutic response, with 

trastuzumab, pertuzumab (another HER2-targeted monoclonal antibody) and the 

chemotherapy docetaxel prescribed for metastatic HER2+ breast cancer significantly 

increasing patient survival93. The development of effective therapeutic anti-HER2 

antibodies also allows the target delivery of cytotoxic agents in the form of antibody-

drug conjugates (ADCs). Trastuzumab emtansine (T-DM1) and trastuzumab 

deruxtecan are well-tolerated ADC therapies used in unresectable metastatic breast 

cancer patients95 and significantly increase their survival96,97. In these ADCs, 

trastuzumab binds to HER2-expressing cancer cells and induces receptor 

internalisation to deliver the cytotoxic payload. Once inside the cell, emtansine inhibits 

microtubule assembly, preventing cell division98, whereas deruxtecan acts as a 

topoisomerase inhibitor, blocking DNA replication, both resulting in cell death99. 

Moreover, cancer cells killed through the action of ADCs can subsequently release the 

cytotoxic component into the surrounding milieu, resulting in the death of cells that 

may have been resistant to trastuzumab binding, via the bystander effect100.  
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1.2.2 Treatment resistance in HER2+ breast cancer 
 

HER2+ breast cancer patients are at a higher risk of tumour recurrence than HER2- 

patients due to the increased capacity of HER2-expressing cancer cells to establish 

metastases101. This is compounded due to the high rates of treatment resistance in 

HER2+ breast cancer, with over two-thirds of patients displaying intrinsic resistance 

or acquiring resistance over the course of HER2-targeted treatment102. Although 

trastuzumab and other HER2-targeted treatments are initially effective therapies for 

most HER2+ patients, there are many resistance mechanisms that cancer cells use to 

prevent HER2 inhibition.  

Intrinsic resistance to trastuzumab can occur in patients with mutated forms of HER2. 

For example, the p95HER2 mutant, which lacks the extracellular portion of HER2, 

no longer contains the trastuzumab binding site, whilst the intracellular side remains 

constitutively active75. Additionally, the delta 16 HER2 mutant, which still includes 

the trastuzumab binding site, confers resistance through its potent HER2 dimerisation, 

overcoming the inhibitory effects of trastuzumab103. However, this remains 

controversial as some report delta 16 HER2 mutant cells are still sensitive to 

trastuzumab action104. In addition to HER2 mutations blocking trastuzumab binding, 

the increased expression of MUC4 glycoprotein has been shown to contribute to 

resistance by binding to the extracellular domain of HER2, physically blocking the 

trastuzumab binding site and preventing HER2 inhibition105. 

Further, mutations in the signalling pathways downstream of HER2 can also lead to 

resistance.  The intracellular kinase AKT is commonly mutated in invasive breast 

cancers, with over 30% of patients displaying hyperactivating mutations, reducing the 

efficacy of HER2 inhibition69. Moreover, loss of PTEN function through nonsense 

mutations or deletion events imparts resistance to blocking HER2 function by 

preventing the negative regulation of PI3K signalling106. Likewise, gain of function 
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mutations in PIK3CA allow for the circumvention of HER2 inhibition through 

constitutive downstream signalling and is involved in the resistance of many anti-

neoplastic agents107.  

The alternative activation of these downstream pathways through the compensatory 

upregulation of different receptors is another common form of anti-HER2 treatment 

resistance. Overexpression of the other HER family members and increased 

heterodimerisation with HER2 is seen in cancers that have developed resistance to 

HER2 therapies, along with an increase in the ligands for EGFR, HER3 and HER4, 

further contributing to anti-HER2 therapy resistance108. The overexpression of non-

HER family member cell surface receptors can maintain protumourigenic signalling 

via activating the same intracellular signalling pathways. HER2 inhibition can lead to 

compensatory increases insulin-like growth factor 1 receptor (IGFR1) or MET 

expression69, and increased concentrations of their ligands can bypass the action of 

trastuzumab or lapatinib through the activation of AKT and MAPK signalling 

pathways109. Interestingly heterotrimerisation has been reported between HER2, 

HER3 and IGF1R in response to the inhibition of HER2, highlighting the diverse 

mechanisms of HER2 therapy resistance110.  

Furthermore, the overexpression of apoptosis and cell cycle regulators can reduce the 

efficacy of HER2 inhibition. Upregulation of cyclin-E is observed in trastuzumab-

resistant patients111, as well as the anti-apoptotic factors BIM and SURVIVIN, 

preventing both cell death and decreases in proliferation in response to HER2 

inhibition112,113.  Additionally, polymorphisms in the FCGRIIa receptor have been 

shown to impair trastuzumab binding and therefore limit the efficacy of trastuzumab-

mediated cytotoxicity through defective ADCC114,115. 
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1.2.3 Overcoming resistance  
 

As a result of the numerous and diverse mechanisms of treatment resistance, patient 

relapse is a common event with over 30% of HER2+ patients suffering tumour 

recurrence116. Therefore, many patients are treated with combination therapies that 

aim to delay the onset of resistance and circumvent resistance once it has developed. 

Understanding the cause of a specific patient’s resistance is valuable in deciding which 

combination treatment would be most successful. As such, cancers resistant to 

trastuzumab might still be sensitive to HER2 inhibition with small molecule RTK 

inhibitors due to their different mechanism of action.  The increases efficacy of 

trastuzumab and lapatinib combination therapy for metastatic breast cancer patients 

indicates that the dual targeting HER2 can re-sensitise resistant cancers117.  

Additionally, the neoadjuvant polytherapy of trastuzumab, lapatinib and paclitaxel 

was significantly more effective than either trastuzumab or lapatinib alone, reinforcing 

the potential of combination therapies for combating resistance118. 

Trastuzumab used in conjunction with other anti-HER2 antibodies, such as 

pertuzumab or 19H6-Hu, which recognise different epitopes on HER2, can overcome 

HER2 mutations or steric hindrances that prevent the binding of a single antibody 109. 

ADCs, as discussed earlier (Section 1.2.1), can combat resistance through the 

combination of HER2 inhibition and their cytotoxic action which is enhanced through 

the bystander effect. However, resistance to ADCs such as T-DM1 can occur through 

impaired HER2 internalisation; as such, there is a new generation of anti-HER2 ADCs 

under development that have distinct binding sites to trastuzumab and different 

cytotoxic drug cargoes. The ADCs ARX788 and XMT-1522.ARX788, anti-HER2 

monoclonal antibodies conjugated to the tubulin polymerisation inhibitor 

amberstatin119, are showing promising pre-clinical results in cancers resistant to T-

DM1 and are shown to be an effective anti-neoplastic agent in in vivo mouse xenograft 

models using HER2+ breast cancer cell lines BT474 and HCC1954120–122.  
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However, whilst there are effective strategies to combat resistance, hyperactivated 

downstream signalling networks still pose a significant therapeutic hurdle to overcome. 

Whilst inhibitors of AKT, PI3K, mTOR and other downstream signalling molecules 

have been used clinically, the blockade of these intracellular kinases is poorly tolerated 

and leads to adverse side effects123. Due to this, and the dynamic nature of cancer 

evolution, there is still an unmet need for further understanding of the mechanisms of 

resistance and the identification of alternate pathways and targets that could be used 

to prevent resistance development. One such system receiving increasing research 

interest as a potential target for anti-cancer drugs is the endocannabinoid system 

(ECS). Pre-clinical data have demonstrated that targeting the ECS with well-tolerated 

cannabinoids could aid in preventing metastasis, treatment resistance and tumour 

recurrence124.  

 

 

1.3 Targeting the endocannabinoid system in breast cancer 
 

1.3.1 The endocannabinoid system 
 

The endocannabinoid system (ECS) is a complex signalling system that regulates 

diverse processes throughout the body125. The ECS is evolutionarily ancient and has 

been found to regulate the feeding response in primitive Cnidaria prior to the evolution 

of bilateral animals126 and is involved in many behavioural systems in complex 

vertebrates127. In humans, the ECS consists of the two main GPCR cannabinoids 

receptors (CB), CB1 and CB2, as well as less well-characterised receptors such as the 

orphan receptor GPR55, ion channels in the transient receptor potential (TRP) family 

and peroxisome proliferator-activated receptors (PPARs) (Figure 1.3.1). In addition to 

these receptors, the ECS comprises endogenous ligands, termed endocannabinoids, 

the enzymes responsible for endocannabinoid synthesis and degradation, and 

endocannabinoid membrane transporters128.  
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1.3.2 Endocannabinoid ligands 
 

The ligands of the ECS, endocannabinoids, are lipid-based molecules that exist as 

precursors in the cell membrane125. Unlike other signalling molecules, such as 

neurotransmitters, endocannabinoids are not synthesised in advance and stored in 

vesicles but are produced on demand through enzymatic modification of 

phospholipids on the inner leaflet of the cell membrane129. The two central and most 

well studied endocannabinoids are 2-arachidonoyl glycerol (2-AG) and arachidonoyl 

ethanolamine (AEA), which have distinct biosynthetic and degradation pathways. 2-

AG is produced primarily from the precursor phosphatidyl inositol bis-phosphate 

(PIP2) through the action of phospholipase C β (PLCβ) and diacylglycerol lipase 

(DAGL) enzymes130. After signalling, 2-AG is transported back across the cell 

membrane and can be degraded by monoacylglycerol lipase (MAGL) and 

cyclooxygenase 2 (COX2), resulting in a hydrolysed or oxidised product, 

respectively131,132. Degradation of 2-AG by COX2 produces prostaglandin glycerol 

ethers, an important step in prostaglandin synthesis125.  

Similarly, AEA is synthesised from N-arachidonoyl phosphatidyl ethanol (NAPE) by 

different enzymes such as NAPE-phospholipase C and NAPE phospholipase D. AEA 

can be degraded through the action of fatty acid amide hydrolase (FAAH) into 

ethanolamine131 or by COX2 into prostaglandin E2133, highlighting the interrelation 

between endocannabinoid signalling and other cellular pathways125. These 

endocannabinoids have differing affinities for CB1 and CB2, which can influence the 

cellular response. 2-AG is considered a full agonist for CB1 and CB2, whilst AEA has 

lower affinity for both receptors and acts as a partial agonist for these receptors134. In 

addition to 2-AG and AEA, there are many less well-characterised endocannabinoids, 

such as noladin, virodhamine, oleamide, and N-arachidonyoldopamine, that are less 

potent modulators of the ECS135.  
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1.3.3 Phytocannabinoid ligands 
 

Cannabinoids from the plant Cannabis sativa, so-called phytocannabinoids, are the 

group of molecules that mediate their biological effects through interaction with the 

ECS125,128. The cultivation of Cannabis for these effects has been recorded since the 

neolithic era, with documented medicinal, recreational and spiritual use dating back 

around 6000 years136. Whilst over 100 phytocannabinoids have been described, the 

effect of only a handful of these has been extensively studied. The most potent and 

well-known phytocannabinoid is Δ9-tetrahydrocannabinol (THC), the component of 

Cannabis responsible for its psychoactive effects through CB1 binding125. In addition to 

its psychotropic action, THC acts as a sedative, appetite stimulant and analgesic 

through interactions with CB1 in the brain134. 

Additionally, the phytocannabinoid cannabidiol (CBD), whilst not psychoactive, has 

many physiological effects, acting as an effective anxiolytic, antioxidant and anti-

convulsant137. Interestingly, CBD does not bind to the orthosteric site of CB1 or CB2 

and is thought to mediate some of its effects by acting as an allosteric modulator of 

these receptors138 and through the action of TRPV and PPARs134. However, there is 

growing evidence that CBD can act as an inverse agonist for CB1 and CB2 and hence 

balances some of the psychoactive effects of THC139.  

 

1.3.4 Cannabinoid receptors 

 

CB1 and CB2 are the major receptors through which both endo and phytocannabinoids 

mediate their effects. Whilst both receptors are found on tissues throughout the body, 

CB1 is primarily located in the central nervous system (CNS) and CB2 on immune cells 

and tissues140. CB1 is localised to the cerebellum, basal ganglia, hippocampus and 

cortex of the brain141, where it regulates sleep, appetite, mood, memory, cognition, 

circadian rhythm, stress and pain perception125,128,134. CB1 mediates these wide-ranging 
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effects by regulating the firing of GABAergic, glutamatergic and cholinergic neurons, 

amongst others141. A major role of CB1 on these neurons is inhibiting the continued 

firing of the pre-synaptic neuron, with CB1 expression localised to the terminal end of 

neurons. Endogenous cannabinoids produced by the post-synaptic neuron signal to 

CB1 in a retrograde manner, inhibiting further neurotransmitter release142. In addition 

to its diverse role in regulating normal brain function, CB1 is also essential during brain 

development. CB1 mRNA expression has been observed in the foetal brain from week 

20 of gestation143, with roles in establishing axonal connections, which continue into 

adulthood. Hence, adolescent use of Cannabis has been theorised to interfere with 

proper brain development by disrupting CB1 function128. 

As most CB2 expression is located on immune cells and organs such as the spleen, CB2 

activation with phytocannabinoids does not result in psychotropic effects144,145. 

Moreover, compared to the stable expression of CB1 in the CNS, the expression of CB2 

in the immune compartment is highly inducible, with significant increases in CB2 

expression during tissue injury and in inflammatory states146,147. Activation of CB2 by 

endocannabinoids typically has anti-inflammatory effects; however, CB2 signalling can 

also promote inflammation, highlighting CB2 as an important regulator of immune 

function144. CB2 regulates the migration of immune cells to areas of infection and 

modulates their function through the production of cytokines such as IL-6 and IL-10 

to mediate the inflammatory response148,149. Due to the importance of cannabinoid 

signalling in regulating inflammation, dysregulation of the ECS can result in 

inflammatory and autoimmune diseases150,151 

Signalling through the CB2 GPCR, usually results in the coupling to inhibitory Gαi/o 

G-proteins152; however, they less commonly associate Gαs G-proteins148. After ligand 

binding and signal transduction, active Gαi inhibits adenyl cyclase, leading to 

decreased cyclic adenosine monophosphate (cAMP) levels, which leads to the 

activation of AKT and MAPK pathways148,153. Moreover, CB2 activation leads to β-
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arrestin recruitment and subsequent receptor internalisation and arrestin-mediated 

signalling events153. Furthermore, the various cannabinoid ligands have displayed 

biased signalling through cannabinoid receptors, further fine-tuning their physiological 

function through the engagement with different G-proteins and differing degrees of G-

protein activation154,155. Additionally, many synthetic cannabinoids have been 

developed that have high specificity and high affinity for CB2 that has enabled its 

functional isolation156. Interestingly, further refinement of cannabinoid signalling 

occurs through receptor dimerisation with other GPCRs, such as CB2 dimerisation 

with the chemokine receptor CXCR4 to meditate the migration of cancer cells157.  

 

1.3.5 Dysregulation of the endocannabinoid system in disease 
 

Due to the wide-ranging functions of the ECS and its involvement in other major 

signalling pathways, it is unsurprising that perturbations of the ECS are a common 

cause of human disease. In fact, ECS is involved in many neurological disorders, 

including schizophrenia, Parkinson’s, Alzheimer’s, multiple sclerosis (MS), 

amyotrophic lateral sclerosis and epilepsy, as well as non-neurological conditions such 

as glaucoma, obesity, autoimmune disorders, and cancer135,150,158–160.  Furthermore, 

manipulating ECS function through the medicinal application of Cannabis or its 

derivatives has proved successful in treating many of these conditions.  

 Nabilone, a synthetic analogue of THC, has been indicated for the relief of 

chemotherapeutic side effects161, and Sativex (a cannabinoid preparation of 1:1 THC 

and CBD) is prescribed to patients with MS162. Furthermore, the ingestion of Cannabis 

is a recognised treatment for intraocular hypertension associated with glaucoma163,164. 

Moreover, much research has investigated the use of cannabinoids for palliative care 

for cancer patients due to their anti-emetic, anti-cachexic, and anti-nociceptive 

effects165. Now, however, increasing studies strongly suggest that dysregulation of the 
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ECS is common in various cancer types and that cannabinoids can have anti-

tumourigenic effects in in vitro, in vivo and clinical research166.  

 

1.3.6 The role of the endocannabinoid system in cancer 
 

The ectopic expression of CB1 or CB2 has been observed in many different cancers, 

including bone, brain, breast, gastrointestinal, lung, prostate and skin cancers134,135,167–

169. Expression of the cannabinoid receptors in these cancers has been related to 

increased cancer cell growth, migration, invasion and angiogenesis134,166,168. In breast 

cancer, CB2 is commonly expressed and linked to poor patient prognosis in most 

subtypes170. However, some report that CB2 expression in ER+ breast cancer has been 

linked with improved patient survival171. Indeed, CB2 expression correlates with breast 

cancer grade, with more aggressive cancers such as TNBC, luminal B and HER2+ 

breast cancer having higher CB2 expression134.  

HER2+ breast cancers have the highest proportion of CB2 expression of any subtype, 

with over 95% of HER2+ breast cancer patients displaying CB2 expression with 75% 

having high CB2 expression, with negligible expression of CB2 observed in the 

surrounding normal breast tissue172. Moreover, HER2+ patients with high CB2 

expression are also more likely to have decreased overall survival and increased rates 

of relapse and metastasis172. Additionally, activation of the MAPK-ELK pathway 

through HER2 signalling has been shown to increase CB2 expression173. It has been 

reported that CB2 and HER2 receptors interact at the membrane and form a GPCR-

RTK receptor heteromer173. Whilst GPCR-GPCR heteromers are relatively common 

in nature174, comparatively few GPCR-RTK heteromers have been described175. The 

presence of the HER2-CB2 heteromer in patient tissue correlates with poor survival 

and increased tumour recurrence173.  
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1.3.7 Anti-cancer mechanisms of cannabinoids 
 

The expression of the CB receptors in an array of cancers and their diverse 

physiological effects highlight the potential of targeting these receptors with 

cannabinoids to modulate cancer cell growth. The anti-proliferative effects of 

cannabinoids have been known since 1975 when Albert Munson and colleagues 

demonstrated that THC and cannabinol (CBN), another phytocannabinoid, reduced 

the in vivo growth of Lewis lung adenocarcinoma176. Since then, much research has 

been invested into elucidating the anti-cancer mechanisms of cannabinoids.  

Most research into these mechanisms has been conducted in glioma cells, which 

commonly display upregulated expression of CB1 and CB2
124. In these cells, the 

addition of cannabinoids such as THC and CBD can cause cancer cell death through 

autophagy-mediated apoptosis. Activation of the cannabinoid receptors leads to 

increased ceramide production, resulting in endoplasmic reticulum (ER) stress and 

inhibition of AKT via p8 and TRIB3177.  Inactive AKT can no longer activate 

mTORC1, preventing the mTORC1-mediated inhibition of autophagy, leading to 

autophagic cell death177. Moreover, concurrent treatment with cannabinoids and the 

main line treatment of glioma, temozolomide, results in increased cancer cell death 

compared to either therapy alone178. This mechanism of cannabinoid-induced cell 

death has been observed wholly or partially in many other cancer types, including 

breast, pancreatic, liver and melanoma cancers124. 

However, autophagic cell death is not the only anti-cancer mechanism of 

cannabinoids. Cannabinoids have also been shown to reduce cancer cell migration, 

invasion, angiogenesis and metastasis in vivo179. Cannabinoid treatment prevents 

tumour growth through the inhibition of the cell cycle via decreased expression of 

CDK2 and decreased angiogenesis via a reduction in VEGF expression179,180. 

Moreover, exogenous cannabinoids can interact with COX enzymes, leading to 
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reduced expression of metastasis-related genes, inhibition of the cell cycle and ROS 

generation166. In addition, cannabinoids can decrease the activity of the potent 

tumourigenic β-catenin/Wnt pathway by reducing the activation and nuclear 

localisation of β-catenin181. Importantly, these cell death mechanisms appear to be 

unique to cancer cells. Normal cells expressing cannabinoid receptors are unaffected 

by cytotoxic activity of cannabinoid treatment, and the reason for this difference is yet 

to be elucidated124.  

However, it is important to note that some reports have documented protumoural 

effects of cannabinoids179. This biphasic signalling of cannabinoid receptors appears to 

be regulated by cannabinoid concentration, with low concentrations leading to 

increased proliferation and high concentrations preventing tumour growth and 

progression179. This biphasic signalling is observed under the normal function of CB1 

and CB2, with endocannabinoid concentration impacting cellular response. For 

example, at high concentrations of AEA, there is an decrease in CB2 expressing 

leukocytes’ ability to phagocytose, whilst at low AEA concentrations, phagocytosis is 

enhanced182. Biphasic signalling is also observed with THC binding CB1, with 

anxiolytic and anxiogenic effects at low and high concentrations, respectively182. 

Similarly to biased signalling with different cannabinoid ligands, the biphasic effect of 

ligand concentration could also be mediated by differential G-protein activation182. 

Furthermore, it is important to note that CB2 activation in normal physiology often 

results in the opposite of CB2 activation in cancer, through yet to be elucidated 

mechanisms. For instance, the activation of CB2 in neuronal cells leads to increased 

cell survival via the BAX/BCL2 axis. However, in cancer cells CB2 expression 

correlates with cell survival, and subsequent activation of CB2 leads to apoptosis via 

BAX activity. In cancer, CB2 expression, but not activation with exogenous 

cannabinoids, has the same effect as CB2 activation in normal tissue. 
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In breast cancer, cannabinoids have been shown to lead to cell death via AKT 

inhibition and reduce expression of the breast cancer risk factor gene BRCA1 via 

MAPK inhibition166. Experiments in the MMTV-neu mouse model of HER2+ breast 

cancer demonstrated that the addition of the CB2-specific synthetic cannabinoid 

JWH133 or the phytocannabinoid THC reduced tumour burden by decreasing the 

number of tumours generated, increasing the latency time before tumour onset and 

reducing the number of lung metastases183. Moreover, cannabinoid-treated mice had 

increased staining for cleaved caspase 3, indicating apoptosis, as well as decreased 

tumour vascularisation, MMP2 expression, AKT activity and increased cell cycle 

arrest124,184,185. Furthermore, in HER2+ breast cancer, HER2-CB2 heteromer-

expressing cells treated with the THC in vitro lead to HER2 degradation by the 

proteasome, and once separated from HER2, CB2 activation promotes autophagy-

induced apoptosis186. This anti-tumour effect is also seen in mouse models of the 

HER2-CB2 heteromer, with THC administration reducing tumour growth in vivo186.  

Whilst CB2 expression in HER2+ breast cancer leads to increased protumoural 

signalling, the exact mechanisms are still undetermined. Moreover, as cannabinoids 

have strong anti-neoplastic properties, are well tolerated and can be designed with high 

receptor specificity, they have high therapeutic potential. Therefore, understanding 

CB2’s mechanistic role in HER2+ breast cancer and how cannabinoids affect tumour 

growth in this setting could lead to the development of cannabinoid-based therapies 

for HER2+ patients. 
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Figure 1.3.1: The endocannabinoid system. 

(A) An illustration of the endocannabinoid system (ECS) containing of the cannabinoid 

receptors CB1 and CB2, orphan receptors such as GPR55, peroxisome proliferator 

activated receptors (PPARs) and the vanilloid transient receptor potential (TRPV) ion 

channels. The two major ligands for the cannabinoid receptors, endocannabinoids 

arachidonoyl ethanolamine (AEA) and 2-arachidonoyl glycerol (2-AG) are synthesised 

from phospholipid precursors in cell membranes via N-acyl phosphatidylethanolamine 

(NAPE) and phosphatidylinositol 4,5-bisphosphate (PIP2), respectively. NAPE-

phospholipase D (NAPE-PLD) converts NAPE to AEA and phospholipase C β (PLC-β) and 

diacylglycerol lipase (DAGL) convert PIP2 to diacylglycerol (DAG) and subsequently 2-AG. 

Endocannabinoids are then transported out of the cellvia endocannabinoid membrane 
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transporters to activate cannabinoid receptors. After signalling, AEA and 2-AG are 

transported back into the cell where they are degraded to arachidonic acid by fatty acid 

amide hydrolase (FAAH) and monoacylglycerol lipase (MAGL), respectively. (B) Canonical 

signalling pathways of CB2 in normal tissue. After activation with cannabinoid ligands CB2 

couples with Gαi G proteins, leading to inhibition of adenylyl cyclase, decreased cAMP 

accumulation leading to increased AMPK and MAPK activity. The Gβγ complex can further 

signal, inhibiting Ca2+ ion channels, activating G protein-coupled inwardly rectifying 

potassium channels (GIRKs) and activating the PI3K-AKT signalling pathway. (C) 

Mechanism of CB2-mediated cancer cell cytotoxicity. Activation of CB2 expressed on 

cancer cells leads to accumulation of ceramides, causing ER stress and activation of the 

ER stress related proteins, p8 and TRIB3, leading the inhibition of AKT. Reduced AKT 

activity leads to decreased mTORC1 function, resulting in increased autophagy, leading to 

apoptosis. 
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1.4 Hypothesis and aims 

Whilst HER2+ breast cancer has effective targeted treatments, it still has a relatively 

poor survival rate, high rates of resistance and metastasis. Therefore, further research 

into mechanisms of disease progression, resistance development and new therapeutic 

targets is vital. 

CB2 expression is linked with decreased survival in many cancers, including HER2+ 

breast cancer. CB2 therefore highlights a potential biomarker for patient stratification 

and a promising drug target. 

I hypothesise that the that CB2 expression contributes to decreased patient survival in 

HER2+ breast cancer patients via increasing metastatic potential. Therefore, the 

primary aim for this thesis was to examine the protumourigenic effects of CB2 

expression in HER2+ breast cancer and determine the efficacy of cannabinoid-based 

therapy in this context. 

 

To address this, the main objectives are: 

• Develop an inducible CB2 expression system in HER2+ breast cancer cell lines. 

• Use the inducible exp 

• ression to examine changes in gene expression upon CB2 expression. 

• Using 2D and 3D models investigate phenotypic changes that lead to increased 

metastatic potential. 

• Use synthetic cannabinoids to functionally validate the role of CB2 in the context 

HER2+ breast cancer. 

• Evaluate the suitability of using cannabinoids targeting CB2 therapeutically. 
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Chapter 2  Materials and Methods 
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2.1 Cell culture 

HCC1954187 (ATCC) cells were cultured in RPMI-1640 medium (Gibco, 21875-034) 

supplemented with 10% foetal bovine serum (FBS) (Sigma, F9665) and grown at 37°C 

in 5% CO2. SKBR3188 (ATCC) cells were culture in McCoy’s 5a medium (Sigma, 

M4892) supplemented with 10% FBS (Sigma, F9665) and grown at 37°C in 5% CO2. 

BT474189 (ATCC) cells were culture in DMEM-F12 (Sigma, D8437) supplemented 

with 10% FBS (Sigma, F9665) and grown at 37°C in 5% CO2. HEK293T190 (ATCC) 

cells were used for lentivirus production and were cultured in DMEM (Gibco) 

supplemented with 10% FBS (Sigma, F9665) and grown at 37°C in 5% CO2. For 

preparing experiments, cells were harvested by washing in phosphate buffered saline 

(PBS) (Severn Biotech, 20-7461-01) and dissociated from culture vessel with 1 x trypsin 

(Gibco, 15400054) and gentle tapping. Cells were counted with a Countess II 

(Invitrogen) and plated as appropriate. Cells were tested for mycoplasma every 6 

months and were confirmed to be negative. 

 

2.2 Gateway cloning 

The CNR2 gene was cloned into the pINDUCER20 (Addgene) plasmid using the 

Gateway method191. BP clonase and LP clonase (Invitrogen) were used to generate the 

entry vector and expression clones, respectively, containing HA-tagged CNR2, 

according to the manufacturer’s instructions. AttB flanked 3xHA-CNR2 PCR product 

was produced in a PCR reaction, using NEB Q5 polymerase, with the 3xHA-CNR2-

pcDNA3.1 vector as a template and AttB primers (Table 1), according to the 

manufacturer’s instructions. The PCR reaction was set up as follows: 100 ng of 

template DNA was combined with 5 µl Q5 reaction buffer, 0.5 µl 10 mM dNTPs, 1.25 

µl of 10 mM forward and reverse CB2 AttB primers (Table 1), 2.5 µl Q5 high-fidelity 

DNA polymerase and d.H2O to a final volume of 25 µl. The reaction was mixed, and 
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the PCR carried out in a Veriti 96-Well Fast Thermal Cycler (Applied Biosystems). 

Initial denaturation was performed at 98°C for 30 s, followed by 98°C for 10 s, 60°C 

for 30 s and 72°C for 30s, for 30 cycles. Final extension was performed at 72°C for 2 

min. 

The AttB PCR product was run on an agarose DNA gel (2.4 DNA gels), to ensure 

resolution at the correct size (1200 bp). The AttB PCR product was then excised from 

the DNA gel for purification using the Monarch® DNA Gel Extraction Kit (New 

England Biolabs, T1020) following the manufacturer’s instructions. Briefly, the 

excised portion of gel was weighed and transferred to a 2 ml centrifuge tube. 400 µl of 

Monarch Gel Dissolving buffer was added per 100 mg of gel, then incubated at 55°C, 

with occasional inversion and vortex until gel fully dissolved (around 15 min). 

Dissolved gel was then transferred to spin column and centrifuged at 16,000 x g for 1 

min. Flow-through was discarded and 200 µl DNA Wash Buffer added before a second 

centrifugation. The spin column was then transferred to a clean 1.5 ml centrifuge tube 

and 6 µl DNA elution buffer added to the spin column membrane and incubated for 1 

min. A final centrifuge was performed to elute the purified DNA containing the AttB 

PCR product. The pure AttB PCR product is then incubated with the donor vector 

(pDONR) and BP clonase in TE buffer (pH 8) for 1 hour at room temperature (RT). 1 

µl proteinase K was added to terminate the reaction. Correct insertion of HA-CNR2 

was verified by BsrG1 restriction enzyme digestion (Section 2.3). 

The LR reaction was performed by combining the entry vector (CNR2-pDONR) and 

the destination vector (pINDUCER20) with the LR Clonase in TE buffer (pH ), at RT 

for 1 hour. The reaction was terminated by the addition of 1 µl proteinase K. After LR 

reaction the correct insertion corroborated with BsrGI digestion (Section 2.3) 

For plasmid propagation, NEB 10-Beta bacteria (New England BioLabs, C3019H) 

were transformed with plasmid, according to manufacturer’s instruction. Briefly, 

bacteria for transformation were defrosted on ice. 1 µl of plasmid was added to 50 µl 
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of bacteria and incubated for 20 min on ice. Bacteria were heat shocked at 42°C for 30 

s, then transferred to ice for 2 min. 750 µl of NEB 10-Beta outgrowth medium was 

added to the bacteria and incubated at 37°C for 1 hour. Bacteria were spread onto agar 

plates containing antibiotics (Zeocin 50µg/ml or Ampicillin, 1 µg/ml) and left to grow 

overnight at 37°C. Colonies that grew were picked and expanded in 5 ml LB broth 

containing antibiotics (Zeocin 50µg/ml or Ampicillin 1 µg/ml) and cultured in a 

shaker at 150 rpm at 37°C for 12-16 hours. To check the for the presence of CNR2 in 

bacterial colonies, colony PCR was performed by dabbing the pipette tip used to pick 

colony into nuclease free water. Using the NEB Q5 PCR kit, PCR was performed as 

above and the PCR product was run on a 1% agarose gel (Section 2.4) to ensure the 

correct size of the plasmid.  Plasmid DNA was harvested using the Monarch Plasmid 

Miniprep Kit (New England BioLabs, T1010S), following manufacturer’s instructions. 

Briefly, 4.5 ml bacterial suspension was centrifuged at 1500 x g for 15 min to pellet. 

Bacterial pellet was resuspended in 200 µl Plasmid Resuspension Buffer then lysed by 

the addition of 200 µl Plasmid Lysis Buffer and mixed by inversion. Lysis was 

neutralised by the addition of 400 µl Plasmid Neutralization Buffer and incubated at 

RT for 2 min. Lysed cells were then centrifuged for 5 min at 16,000 x g. Supernatant 

was then transferred to spin column and centrifuged at 16,000 x g for 1 min. The flow 

through was discarded and spin column washed with 200 µl Wash Buffer 1 and 

centrifuged at 16,000 x g for 1 min. Flow through was discarded and spin column 

washed in 400 µl Wash Buffer 2 then centrifuged at 16,000 x g for 1 min. Spin column 

was transferred to a clean 1.5 ml centrifuge tube. 30 µl Elution Buffer was added to the 

membrane of the spin column and incubated for 1 min at RT. Plasmid DNA was then 

eluted by a final centrifuge at 16,000 x g for 1 min. 

For the bulking up of plasmids for maxiprep, 150 µl of transformed bacteria was added 

to 150 ml LB broth containing the relevant antibiotic (Zeocin 50µg/ml or Ampicillin 

1 µg/ml) and cultured in a shaker at 150 rpm at 37°C for 12-16 hours. Plasmid was 
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harvested using ZymoPURE II Maxiprep kit, following manufacturer’s instructions. 

Briefly, bacterial broth was centrifuged to pellet bacteria. The bacterial pellet was then 

resuspended in 14 ml of the ZymoPURE P1 buffer. Bacteria was then lysed with 14 

ml of the ZymoPURE P2 buffer. The reaction was neutralised with 14 ml of the 

ZymoPURE P3 buffer, creating a precipitate. The reaction was transferred into a 

syringe filter and incubated for the precipitate to settle to the top. The clear lysate was 

filtered into a clean 50 ml centrifuge tube and combined with 14 ml Binding buffer. 

The mixture was transferred to a 50 ml reservoir attached to the Zymo-spin column 

and placed onto a vacuum manifold, before being washed three times with wash 

buffers. DNA was then eluted in 400 µl nuclease free water through centrifugation into 

a 1.5 ml centrifuge tube at 16,000 x g for 1 min. 
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Table 1: Primer sequences 

Primer Sequence 

AttB CNR2 Fw 5’ TGGTCTAGAGCTAGCATGTACCCATACGATGT 3’ 

AttB CNR2 Rv 5’ CCGATTTAAATTCGAATTCTCAGCAATCAGAGAGG 3’ 

CNR2 Fw 5’ CGGAAGCCCTCATACCTGTTC 3’ 

CNR2 Rv 5’ GTCACGCTGCCAATCTTCAG 3’ 

CNR1 Fw 5’ GGGATGCGAAGGGATTGCC 3’ 

CNR1 Rv 5’ CCACGTACAGGAGGTCAGTG 3’ 

MMP13 CHIP Fw 5’ CACAGGCCACTTGAGAGGTT 3’ 

MMP13 CHIP Rv 5’ AAGGTTGGTGGTGAAAGTGAGA 3’ 

HK3 Fw 5’ CTGCTTGTCCAGATGACTTCGG 3’ 

HK3 Rv 5’ CTGCTTGTCCAGATGACTTCGG 3’ 

HKDC1 Fw 5’ GTTTGCGGTCCACTTGATGG 3’ 

HKDC1 Rv 5’ GTGGGCAACATCTTCACTGC 3’ 

LDHB Fw 5’ CTGCTTGTCCAGATGACTTCGG 3’ 

LDHB Rv 5’ CTGCTTGTCCAGATGACTTCGG 3’ 

SOX2 Fw 5’ GGATAAGTACACGCTGCCC 3’ 

SOX2 Rv 5’ CATGTGCGCGTAACTGTC 3’ 

KLF4 Fw 5’ CCCTGGGTCTTGAGGAAG 3’ 

KLF4 Rv 5’ CATGAGCTCTTGGTAATGGAGC 3’ 

OCT4 Fw 5’ GTAGTCCCTTCGCAAGCCC 3’ 

OCT4 Rv 5’ GAG AAG GCG AAA TCC GAA GC 3’ 

WNT10A Fw 5’ GTGCTCCTGTTCTTCCTACTG 3’ 

WNT10A Rv 5’ CTGGCAATGTTAGGCACACTG 3’ 

ALDH1A1 Fw 5’ CACGCCAGACTTACCTGTCC 3’ 

ALDH1A1 Rv 5’ GCAGAGCTCCTCCTCAGTTG 3’ 

CD44 Fw 5’ CCTCAGCTCATACCAGCCAT 3’ 

CD44 Rv 5’ TTGCAGTAGGCTGAAGCGTT 3’ 

CD274 Fw 5’ TGCCGACTACAAGCGAATTACTG 3’ 

CD274 Rv 5’ CTGCTTGTCCAGATGACTTCGG 3’ 
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2.3 BsrG1 digestion 

DNA digestion by BsrG1 (New England BioLabs, R3575) was carried out according 

to the manufacturer’s instructions. Briefly, 1 µg of target DNA for digestion was 

combined with 5 µl NEB CutSmart Buffer, 1 µl BsrG1 restriction enzyme and 

combined with nuclease free H2O to a total volume of 50 µl. The reaction was 

incubated at RT for 15 min. The reaction was heat inactivated at 80°C for 20 min. 

 

2.4 DNA gels 

TAE agarose gels for DNA separation were made in 1x tris-acetate-EDTA (TAE) 

buffer (Severn Biotech) with 1% agarose (Invitrogen, 11553277). For a single gel 300 

µg agarose was combined with 30 ml 1x TAE buffer and microwaved at 50% power 

for 2.5 min, or until all agarose had dissolved. Gel was allowed to cool slightly, then 

GelRed (Biotium, 41003) was added at 1:10,000 dilution, and gels poured and allowed 

to set. DNA samples were combined with Gel Loading Dye, Purple (6X) (New 

England BioLabs, B7024) (1:6 dilution) and the gels were run at 100V for 30-45 min. 

Gels were imaged on a BioSpectrum Imaging System (Ultra-Violet Products Ltd.). 

 

2.5 Lentivirus generation 

Lentivirus containing the HA-CNR2-pINDUCER20were generated in HEK293T cells. 

The pINDUCER20 expression clones were combined with pMD2.G and 

pCMVΔR8.74 packaging lentivirus plasmids and transfected into HEK293T cells 

using FuGENE HD (Promega, E2311) according to the manufacturer’s instructions. 

Briefly, packaging plasmids and HA-CNR2-pINDUCER20were combined with 50 µl 

FuGENE HD reagent and incubated at RT for 15 min before being added to 

HEK293T cells. Transfected HEK292T cells were incubated for 24 hours at 37°C in 

5% CO2, before medium was refreshed. After a further 24 hours the supernatant 
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containing lentivirus was harvested, centrifuged to remove cell debris and stored at -

80°C until use. 

 

2.6 Transduction and selection 

The HA-tagged CB2 inducible expression plasmid (HA-CNR2-pINDUCER20, (Section 

2.2) was transduced into HCC1954, SKBR3 and BT474 cells using a lentivirus vector 

(Section 2.5). Briefly, cells were cultured in 6 cm2 cell culture dishes, after 1 day of 

culture 1 ml of lentivirus vector was added on top of the cell culture media. The 

following day cell culture medium was refreshed. Cells were incubated for a further 24 

hours before neomycin selection.  Cells containing the HA-CNR2-

pINDUCER20plasmid (HCC1954iCB2, SKBR3iCB2, BT474iCB2) were subsequently 

selected in growth medium containing 5 mg/ml neomycin (Sigma, N-6386) for 7 days. 

For the induction of CB2, expression HCC1954iCB2, SKBR3iCB2 and BT474iCB2 cells 

were treated with 1 µg/ml doxycycline (dox) (ThermoFisher, J60422-06). 

 

2.7 Neomycin kill curve 

HCC1954iCB2, SKBR3iCB2 and BT474iCB2 cells were plated into a flat bottom 96 well 

plate at 5000 cells/well, in the appropriate cell culture media for each cell line (Section 

2.1). Triplicate wells containing 200 µl of each media were added to calculate baseline 

values. The next day cell culture medium was removed and replaced with media 

containing increasing concentrations of neomycin. Cells were cultured at 37°C in 5% 

CO2 for 2 days. Cell viability was measured using the 3-(4,5-dimethylthiazol-2-yl)-5-(3-

carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium (MTS) assay, following the 

manufacturer’s instructions. Briefly, cell culture media was removed and replaced with 

100 µl fresh cell culture media, followed by the addition of 20 µl MTS reagent. The 
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plate was incubated at 37°C in 5% CO2 for two hours before reading at 490 nm on the 

Clariostar plate reader (BMG Labtech).  

 

2.8 RNA extraction and RT-PCR 

RNA was harvested using Monarch® Total RNA Miniprep Kit (New England 

BioLabs, T2010S), following the manufacturer’s instructions. Briefly, plates 

containing cells for RNA extraction were washed in PBS and then the PBS removed. 

350 µl RNA Lysis Buffer was added to each well and cells were scraped to remove 

from plate. Lysed cells were added to the gDNA columns then centrifuged for 30 s at 

16,000 x g. Flow through was retained and mixed with 350 µl 100% ethanol and 

transferred to RNA purification columns and centrifuged for 30 s at 16,000 x g. Flow 

through was discarded and spin column membranes were treated with DNase I (5 µl 

+ 75 µl DNase reaction buffer) and incubated for 15 min at RT. 500 µl Priming buffer 

was added to the column and then centrifuged for 30 s at 16,000 x g. Flow through 

was discarded and  500 µl RNA Wash buffer was added then centrifuged for 30 s at 

16,000 x g. Flow through was discarded and another 500 µl RNA Wash buffer was 

added, before a 2 min centrifuge to dry the spin column membrane. Spin columns were 

then transferred to clean 1.5 ml centrifuge tube and 50 µl of nuclease free water added 

to the membrane. mRNA was eluted with a final centrifuge for 30 s at 16,000 x g. 

Concentration of mRNA was determined using a Nanodrop One spectrophotometer 

(ThermoFisher). mRNA was converted to cDNA using NEB LunaScript® RT 

SuperMix Kit (New England BioLabs, E3010), following the manufacturer’s 

instrcutions. Briefly, 1 µg of mRNA was combined with 4 µl LunaScript RT SuperMix 

and nuclease free water up to a total volume of 20 µl. The reverse transcription reaction 

was performed on a Veriti 96-Well Fast Thermal Cycler (Applied Biosystems). 

Initially, samples were heated to 25°C for primer annealing, followed by cDNA 

synthesis at 55°C for 10 min and final heat inactivation at 95°C for 1 min. RT-qPCR 
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was carried out using the NEB Luna® Universal qPCR Master Mix (New England 

BioLabs, M3003L), according to the manufacturer’s instructions. Briefly, primer 

master mixes were prepared with 5 µl Luna Universal qPCR Master Mix, 0.25 µl 10 

mM forward and reverse qPCR primers (Table 1), and 3.5 µl nuclease free water, for 

each primer pair. Master mixes were added to 96-well RT-qPCR plates (Applied 

Biosystems, 4306737) and 1 µl (50 ng) of cDNA added to appropriate wells. Each 

condition was plated in technical triplicate, as well as including beta actin house-

keeping gene and non-template controls. Plate was sealed with MicroAmp Optical 

Adhesive Film (Applied Biosystems, 4360954) and RT-qPCR analysis was carried out 

using the StepOnePlus™ Real-Time PCR System (Applied Biosystems) with the 

following temperature cycles. Initial denaturation was carried out at 95°C for 1 min, 

followed by 40 cycles of denaturation at 95°C for 10 s, then extension at 60°C for 30s. 

Data was analysed using QuantStudio™ and GraphPad Prism 9 software, with 2-ΔΔCt 

values used for relative quantification. 

 

2.9 Western blotting 

Polyacrylamide gels for electrophoresis were prepared in two parts, the resolving gel 

and the stacking gel. For a single 10% gel the resolving gel was prepared as follows, 

4.8 ml d.H2O was combined with 3 ml resolving buffer (500 ml d.H2O + 90.9 g Tris-

base + 10 ml 20% sodium dodecyl sulfate (SDS) (Sigma, 436143), pH 8.8), 4 ml 30% 

acrylamide (BioRad, 1610156), 120 µl 10% SDS, 96 µl 10% ammonium persulfate 

(APS) (ThermoFisher, 17874) and 12 µl tetramethylethylenediamine (TEMED) 

(Sigma, T9281). The resolving gel was poured into a gel cassette (Invitrogen, NC2015) 

and 500 μl 100 % isopropanol was added on top to flatten the gel surface and remove 

bubbles. Gels were allowed to polymerise at RT, before the removal of the isopropanol 

and addition of the stacking gel. The stacking gel was prepared with 1.8 ml d.H2O, 750 
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µl stacking buffer (500 ml d.H2O, 30.29 g Tris-HCl (Sigma, T3253), 10 ml 20% SDS, 

pH 6.8), 375 µl 30% acrylamide, 30 µl 10% SDS, 60 µl 10% APS and 6 µl TEMED). 

Lysates for western blotting were prepared by lysing cells in ice cold 

radioimmunoprecipitation assay (RIPA) buffer (1% Triton X, 0.5% sodium 

deoxycholate (Sigma, D5670), 0.1% SDS, 50 mM Tris (Sigma, T1503), 150 mM NaCl 

(Fisher, BF358-1), adjusted to pH 8.0) supplemented with NaF (Sigma, S6776) and 

NaVO4 (Sigma, S6508) and protease inhibitors (Calbiochem, 539131). Lysates were 

centrifuged at 16,000 x g for 15 min at 4°C to remove insoluble protein. Protein 

concentration was calculated using the Bradford assay (Bio-Rad, 5000114). Samples 

containing 20 μg of protein per well were boiled in Laemmli sample buffer (Sigma, 

S3401) for 5 min. For the analysis for HA-tagged CB2 protein, samples were incubated 

in Laemmli sample buffer for 1 hour at RT . Proteins were separated by SDS PAGE 

on a 10% gel, and then transferred onto a nitrocellulose membrane (Amersham, 

10600003) using the Mini Trans-Blot® Cell system (Bio-Rad, 1703930) containing 

transfer buffer (700 ml d.H2O, 100 ml 10x Tris-glycine (Severn Biotech, 20-6300-10), 

200 ml methanol (Fisher, AC326950025)) for 1 hour at 100 V. Membranes were 

blocked in 5% milk Tris buffered saline + 0.05% Tween 20 (TBST) for 1 hour at RT. 

Membranes were incubated with anti-HA (Invitrogen, 26183), anti-ALDH1A1 

(Invitrogen, PA5-11537), anti-phospho-AKT (S473) (Cell Signalling Technologies, 

92715), anti-total-AKT (Cell Signalling Technologies, 2920S), anti-PDL1 (Cell 

Signalling Technologies, 13684T), anti-alpha-tubulin (Sigma, T5168) or anti-HSC70 

(Santa-Cruz, SC7298) antibodies (Table 2: Antibodies), diluted to 1:5000 in 5% BSA, 

overnight at 4°C. Horseradish peroxidase (HRP)-conjugated secondary antibodies 

anti-mouse-HRP (Dako, P0447), anti-rabbit-HRP (Dako, P0448), diluted to 1:2000 

(Table 2: Antibodies) in 5% milk TBST were incubated for 1 hour at RT. Membranes 

were incubated with Immobilon Western HRP substrate (Merck Millipore, 

WBLUF0500) and images were captured using the Amersham AI600 Imager (GE 
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Healthcare). For phospo- and total-AKT blotting, membranes were initially developed 

using anti-phospho-AKT antibodies, and then stripped using Re-Blot Plus Mild 

Solution (Merck Millipore, 2502) (1:10 in d.H2O) for 10 min under agitation, then re-

blocked in 5% milk TBST for 1 hour, before staining with anti-total-AKT antibody, as 

above. 

 

2.10 Immunofluorescence 

Cells for immunostaining were seeded on coverslips in a 6 well plate (Corning, 3598). 

After appropriate treatments, coverslips were washed in PBS prior to fixation in 4% 

formaldehyde (Thermo Scientific, 28908) for 10 min at RT. Coverslips were washed 3 

times in PBS and permeabilised for 10 min at RT using 0.1% Triton-X in PBS (Alfa 

Aesar, A16046). Cover slips were blocked using 5% bovine serum albumin (BSA) 

(Sigma, A8022) in PBS for 1 hour at RT and were incubated in anti-HA (Invitrogen, 

26183, 1:500 dilution), anti-HER2 (Cell Signalling Technologies, 2242S, 1:500) anti-

vimentin (Sigma SAB5700070, 1:100) anti E-cadherin (Cell Signalling Technologies, 

3195S, 1:1000), anti-ALDH1A1 (Invitrogen, PA5-11537, 1:50 dilution) or anti-β-

catenin (Cayman Chemical, 100029, 1:300 dilution) antibodies (Table 2: Antibodies), 

diluted in 5% BSA PBS overnight at 4°C. The following day, coverslips were washed 

3 times in PBS and incubated in anti-mouse AF488 (Invitrogen, A21202) and/or anti-

rabbit AF546 (Invitrogen, A11035) antibodies, diluted 1:500 and 1:250, respectively, 

(Table 2: Antibodies) in 5% BSA PBS for 1 hour at RT. Coverslips were washed 3 

times in PBS, dried, and mounted on microscope slides using ProLong™ Gold 

Antifade Mountant with DAPI (Invitrogen, P36931).  

For immunofluorescence of spheroids, gels were removed from the culture plate, 

washed in PBS and fixed in 4% formaldehyde for 30 min at RT.  Gels were washed 3 

times in PBS and spheres permeabilised with 0.1% Triton-X in PBS for 1 hour at RT, 
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then blocked in immunofluorescence (IF) buffer (130mM NaCl  (Fisher, BF358-1), 7 

mM Na2HPO4 (Sigma, S9390), 3.5 mM NaH2PO4 (Sigma, S0751), 7.7 mM NaN3 

(Sigma, S2002) , 0.1% BSA, 0.2% Triton X-100, 0.05% Tween-20 (Sigma, P9416), 10% 

horse serum (Gibco, 16050-130)) for 1 hour under agitation. Anti-PDL1 (Cell 

Signalling Technologies, 13684T) and anti-HA (Invitrogen, 26183) antibodies were 

diluted in IF buffer at 1:200 and incubated with gels for 48 hours at 4°C under 

agitation. Gels were washed in IF buffer and incubated anti-mouse AF568 (Invitrogen, 

A11031) and anti-rabbit AF488 (Invitrogen, A11008) antibodies, diluted 1:500 and 

1:200, respectively, in IF buffer, for 2 hours at RT in the dark under agitation. Gels 

were washed 3 times in IF buffer and stained in 4′,6-diamidino-2-phenylindole (DAPI) 

(Sigma, D9542) for 10 min at RT. Gels were placed onto microscope slides that had 

been prepared with two layers of electrical tape with the centre of the tape excised to 

allow space for the thickness of the gels, before being mounted using Mowiol (Calibio 

Chem, 475904) and coverslips that cover the electrical tape. All immunofluorescence 

images were captured on an LSM 710 confocal microscope (Zeiss).  

 

2.11 Bioinformatics 

Overall survival plots were generated with the Kaplan-Meier plotter web tool at 

kmplots.com192. The Cancer Genome Atlas database was used for patient data, using 

all available Breast Cancer mRNA gene chip datasets. CNR2 (Affymetrix ID 206586) 

was selected with auto select best cut-off, HER2 status, and lymph node status were 

selected as positive or negative where appropriate.  

For differential expression analysis, cBioPortal193,194 was used to select HER2+ patient 

data from Breast Cancer Invasive PanCancer dataset of TCGA and separate into upper 

(n = 20 patients) and lower (n = 19 patients) quartiles of CNR2 mRNA expression. 

Genes of interest were selected and differential expression data between quartiles was 
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downloaded and graphed in GraphPad Prism 9. For CNR2 co-expression correlation 

analyses, cBioPortal was used to select HER2+ patient data from Breast Cancer 

Invasive PanCancer dataset of TCGA. The expression of genes of interest were 

compared to CNR2 expression and data was downloaded and graphed in GraphPad 

Prism 9. 

 

2.12 Hanging drop spheroid culture 

Spheroids were generated by resuspending HCC1954iCB2 or BT474iCB2 cells in media 

containing 2.5% methylcellulose at 25,000 cells/ml (Sigma, M0512). Droplets of 20 μl 

containing 500 cells were pipetted on to the underside of a 15 cm culture dish (Thermo, 

130183) lid, with PBS in the bottom of the dish and left at 37°C in 5% CO2 overnight 

to form spheroids. The following day, gel composed of 2 mg/ml collagen I (Corning, 

354249), 2 mg/ml Matrigel (Corning, 356234), 12.5 μM HEPES (Sigma, H3375), 10 

μM NaOH (Fisher, J/7620/15) was prepared. Wells of low attachment 96 well plates 

(Greiner, 655970) were coated with 40 µl gel and set at 37°C. Spheroids were harvested 

from the hanging drops, washed in medium to removed methylcellulose and 

resuspended in the collagen-Matrigel gel mix. Gel containing spheroids was added to 

precoated wells at 50 µl/well, with approximately 6 spheroids per well. Plates were 

incubated for 45 mins at 37°C for the gels to set before 200 µl of medium was added, 

containing 1 µg/ml dox, 100 nM JWH133 (Tocris, 1343), 1 µM CP55940 (Tocris, 

0949), 100 nM Defactinib (Tocris, 7305), 100 nM AKT1/2 inhibitor (Sigma, A6730), 

or DMSO (Fisher, D-4120-PB08) vehicle control, as appropriate. 100 nM JWH133 

was added daily. Spheroids were incubated at 37°C in 5% CO2 for 3 days. Images of 

spheroids were captured using an Axiovert 13S light microscope (Zeiss). Invasion was 

quantified on ImageJ and % invasion was calculated using the following equation: 

% 𝐼𝑛𝑣𝑎𝑠𝑖𝑜𝑛 =  (
𝐴𝑟𝑒𝑎𝑡𝑜𝑡𝑎𝑙 − 𝐴𝑟𝑒𝑎𝑐𝑒𝑛𝑡𝑟𝑎𝑙

𝐴𝑟𝑒𝑎𝑐𝑒𝑛𝑡𝑟𝑎𝑙  
) 𝑥100 
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2.13 Incucyte assays 

For Incucyte proliferation assays, 5000 cells per well were plated in flat bottomed 96 

well plates (Costar, 3599), +/- 1 µg/ml dox, and cultured for up to 5 days at 37°C in 

5% CO2, with images captured every 4 hours. Incucyte S3 software was used to 

determine the percentage confluency at each time point.  

For migration assay, cells were washed in serum free RPMI-1640, harvested and 

resuspended to 5000 cells per well in serum free RPMI-1640. Cells in 40μl serum free 

medium were plated in the top well of the Incucyte® Clearview 96-well Plate for 

Chemotaxis, 8 μm pore size, (Sartorius, 4648) +/- 1 µg/ml dox.  Full growth medium 

containing 10% FBS was added to the bottom of the Chemotaxis transwell plate, 175 

μl/well. Cells were incubated in the Incucyte for 4 days, with pictures being taken 

every 4 hours. Incucyte chemotaxis software was used to analyse the area of cells in 

focus on the top side of the transwell membrane, versus the bottom side of the 

membrane to calculate level of migration. 

 

2.14 Lapatinib dose response 

To test the effect of CB2 on lapatinib sensitivity, HCC1954iCB2and BT474iCB2 cells were 

plated at 1000 cells / well in a flat bottom 96-well plate (Costar, 3599) and cultured at 

37°C in 5% CO2. Cells were then treated with 1 µg/ml dox for 24 hours, followed by 

increasing concentrations of lapatinib or DMSO vehicle control for 7 days. Cell 

viability was tested using the MTS assay following the manufacturer’s instructions, as 

outlined in Section 2.7. The plate was incubated at 37°C in 5% CO2 for two hours 

before reading at 490 nm. 
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2.15 Cell Titre Glo assay 

HCC1954iCB2 and BT474iCB2 cells were plated into white 96 well clear bottom plates 

(Greiner, 655083) at 3000 cells / well in RPMI-1640 + 10% FBS +/- 1 µg/ml dox. 

Cells were cultured for 4 days before analysis by Cell Titre Glo (Promega, G7571). 

Cell Titre Glo was performed according to the manufacturer’s instructions. Briefly, cell 

culture plates were removed from incubator and equilibrated to RT for 30 min. 100 µl 

of cell culture medium was removed and 100 µl of Cell Titre Glo reagent was added. 

Plates were mixed on a plate shaker for 2 min at RT and incubated at RT for a further 

10 min and luminescence was recorded on Clariostar plate reader (BMG Labtech).  

 

2.16 Seahorse XF Cell Energy Phenotype assay 

The measurement of oxidative phosphorylation and glycolysis rates in HCC1954iCB2 

and BT474iCB2 cells was carried out using the Agilent Seahorse XF Cell Energy 

Phenotype Kit (Agilent, 103325-100) using the Agilent Seahorse XFe 96 Analyzer, 

according to the manufacturer’s instructions. Briefly, HCC1954iCB2 and BT474iCB2 cells 

were plated into the Seahorse XF Cell Culture Microplate (Agilent, Seahorse XFe96 

FluxPak, 102416-100). Cell density was optimised by test concentrations of 5000-

30,000 cells/well. The following day cell medium was removed and medium +/- 1 

µg/ml dox was added. The Agilent Seahorse XFp Sensor Cartridge (Agilent, Seahorse 

XFe96 FluxPak, 102416-100) was hydrated with Agilent Seahorse XF Calibrant 

(Agilent, 100840-000) a day prior to the assay and incubated in a non-CO2 incubator 

at 37°C overnight.  The following day Seahorse XF RPMI Assay medium (Agilent, 

103681-100) was supplemented with 1 mM pyruvate, 2 mM glutamine, and 10 mM 

glucose (Agilent, 103681-100) and warmed to 37°C. The cell culture plate was washed 

twice in Seahorse XF Assay medium, with the final wash volume of 180 µl per well, 

then incubated in a non-CO2 incubator at 37°C for 1 hour. Oligomycin and Carbonyl 

cyanide-p-trifluoromethoxyphenylhydrazone (FCCP) were reconstituted to 
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concentrations of 10 μM and 5 μM, respectively (Agilent, 103275-100). FCCP 

concentration was titrated for optimal oxygen consumption rate (OCR) response. 20 

µl of Oligomycin and FCCP were added to the drug ports of the previously hydrated 

Agilent Seahorse XFp Sensor Cartridge. The metabolic phenotype was measured using 

the Cell Energy Phenotype assay template using the Agilent Seahorse XFe 96 

Analyzer. Data were normalised by protein concentration using the Protein Assay kit 

(Biorad #5000116). GraphPad Prism 9 was used for data presentation and statistical 

analysis using the unpaired Student’s t-test. 

 

2.17 MitoTracker staining 

Cells for mitochondria content analysis were plated on coverslips in a 6 well cell 

culture plate (Corning, 3587) +/- CB2 induction. Staining was carried out using 

MitoTracker™ Red CMXRos (Invitrogen, M7512) according to manufacturer’s 

instructions. Briefly, cells were treated with 250 nM MitoTracker for 30 minutes. 

Coverslips were then washed in PBS and fixed in 4% formaldehyde for 10 min at 

room temperature RT. Coverslips were washed 3 times in PBS and then mounted 

onto microscope slides using ProLong™ Gold Antifade Mountant with DAPI 

(Invitrogen, P36931). Images were captured on an LSM 710 confocal microscope 

(Zeiss). Quantification of mitochondrial content was carried out in ImageJ (Section 

2.23). 

 

2.18 Metabolite extraction 

HCC1954iCB2 cells were plated into a 6-well plate (Costar, 3516) at 250,000 cells /ml. 

The following day cells were treated +/- 1 µg/ml dox. After 24 hours cell culture 

medium was changed with either glucose free and glutamine free RPMI (kindly 
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donated by Katiuscia Bianchi) containing 11.1 mM 13C glucose (CK Isotopes, CLM-

481) and 2 mM 15N glutamine (CK, Isotopes, NLM-557) or glutamine free RPMI 

(Gibco, 21870076) containing 2 mM 13C glutamine (CK Isotopes, CLM-1822-H). After 

8 hours, one well of each 6 well plate was counted to determine volume of extraction 

solution (50% LC-MS grade Methanol (Sigma, 1060020500), 30% LC-MS grade 

Acetonitrile (Sigma, 1.00029) and 20% LC-MS grade Water (Thermo, 51140)) 

required (1 ml per 106 cells). After the cell counting, the medium was aspirated and the 

6-well plates placed on ice, then wash 3x with ice cold PBS. After the last wash all 

remaining PBS was removed from the well. Appropriate volume of extraction buffer 

was added to each well and incubated for 15 minutes on dry-ice and methanol. The 

cells were then scraped and transferred into Eppendorf tubes. Eppendorf tubes were 

then agitated for 15 mins at 4°C using a Thermomixer, then incubated for 1hour at -

20 °C. Following this, tubes were centrifuged for 10 minutes at 4°C, at 16,000 x g for 

15 min and the supernatant collected. This centrifugation step was then repeated to 

remove insoluble debris. Finally, the supernatant was transferred into autosampler 

vials and stored at -80 °C until further analysis. Analysis was performed by the BCI 

mass spectrometry facility.   

 

2.19 Mammosphere formation assay 

Mammospheres were produced as described in Lombardo et al. (2015)195. Briefly, cells 

were counted and diluted from 500 to 5000 cells/ml for cell titration, or 1000 cells/ml 

for experimentation in RPMI 1640 medium + 10% FBS +/- 1 μg/ml dox, ensuring a 

single cell suspension and were seeded into an ultra-low attachment 24 well plate, 

1ml/well (Corning, 3473) in triplicate wells per condition. Plates were incubated at 

37°C in 5% CO2 for 7 days to allow mammospheres to form and treated with 100 nM 

JWH133 or DMSO vehicle treatments every other day. Mammosphere images were 
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captured using an Axiovert 13S light microscope (Zeiss). Mammosphere forming 

efficiency (MFE) was determined as in Lombardo et al. (2015). Briefly, mammospheres 

that measured 40 μm in diameter or larger were counted and the average number of 

mammospheres per well per condition were calculated. The MFE was then calculated 

using the following formula: 

𝑀𝐹𝐸 % =  
𝑎𝑣𝑒𝑟𝑎𝑔𝑒 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑚𝑎𝑚𝑚𝑜𝑠𝑝ℎ𝑒𝑟𝑒𝑠 𝑝𝑒𝑟 𝑤𝑒𝑙𝑙

𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑐𝑒𝑙𝑙𝑠 𝑠𝑒𝑒𝑑𝑒𝑑 𝑝𝑒𝑟 𝑤𝑒𝑙𝑙
 𝑥 100%  

 

2.20 TOPFlash assay 

HCC1954iCB2 cells were plated in 96-well flat bottom plates at 5000 cells/well, +/- 1 

µg/ml dox, then were cotransfected with the TOPFlash (1500 ng) and Renilla (10 ng) 

plasmids using Lipofectamine 3000 (Invitrogen, L3000001), according to the 

manufacturer’s instructions. Briefly, for the transfection of a single well of a 96-well 

plate 5 µl Opti-MEM (Gibco, 31985062) was combined with 0.3 µl Lipofectamine 

reagent. In a separate tube, 5 µl Opti-MEM was combined with 0.4 µl P3000 reagent 

and the above concentrations of DNA. The diluted Lipofectamine 3000 and the diluted 

P3000 and DNA was combined into a single tube and incubated at RT for 15 min. 10 

µl of the transfection mix was added to the appropriate wells and incubated at 37°C in 

5% CO2. 72 hours after transfection, luminescence was detected using the Dual 

Luciferase Kit (Promega, E1910) on the FLUOstar Omega plate reader (BMG 

Labtech). 

 

2.21 Flow cytometry 

Cells for flow cytometry analysis were harvested using TrypLE (Gibco, 12604013) and 

gentle scraping with a cell scraper, centrifuged at 450 x g for 3 mins and washed in 

PBS. Dead cells were stained with Zombie Violet (Biolegend, 423113) 1:1000 in PBS, 
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20 min at RT. The staining reaction was quenched by the addition of FACS buffer 

(PBS + 5% FBS + 1 mM EDTA (Invitrogen, AM9261) + 0.1% NaN3 (Sigma, S2002)) 

and cells centrifuged again, as above. For cell surface staining, cells were resuspended 

in 100 µl anti-PDL1 (Cell Signalling Technologies, 13684T) antibody (Table 2: 

Antibodies), diluted 1:500 in FACS buffer and incubated with cells for 1 hour at 4°C, 

then washed 3 times in FACS buffer. Secondary staining was performed in 100 µl anti-

rabbit AF546 secondary antibody (Table 2: Antibodies) (Invitrogen, A11035), diluted 

1:500 in FACS buffer, and incubated for 1 hour at 4°C, then cells were washed 3 times 

in FACS buffer. Stained cells were fixed with 4% formaldehyde for 10 min at RT before 

the final 3 x FACS buffer washes and resuspension in FACS buffer ready for 

acquisition. For intracellular Ki-67 staining, cells were fixed in 4% formaldehyde for 

10 min at RT and permeabilised using 0.1% Triton-X for 10 min at RT, prior to 

antibody staining with 100 µl anti-Ki67 antibody (Abcam, ab15580) at 1:500 dilution 

and 100 µl anti-rabbit AF546 antibody (Invitrogen, A11035) at 1:500 dilution (Table 

2: Antibodies) using FACS buffer containing 0.1% Triton-X. Flow cytometry data 

were acquired on the BD LSRFortessa (BD Biosciences). Flow cytometry analysis was 

performed using FlowJo™ v10.8 Software (BD Life Sciences). 

 

2.22 Statistical analysis 

The appropriate statistical tests were performed using GraphPad Prism 9 software. See 

figure legends for specific tests and statistical significance. 

 

2.23 ImageJ fluorescence quantification 

Quantification of fluorescence was performed using ImageJ software196. For corrected 

total cell fluorescence (CTCF) ‘area integrated intensity’ and mean grey value were 

selected in ‘select measurements’. Greyscale images were opened and using the 
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polygon select tool the outline of a cell to be analysed were traced and measurements 

collected. This was repeated for all the cells to be analysed. Background is then selected 

using the circle select tool and measured in the same way, with equal numbers of cells 

and background measurements taken. CTCF was then calculated with the following 

formula: 

𝐶𝑇𝐶𝐹 = (𝐼𝑛𝑡𝑒𝑔𝑟𝑎𝑡𝑒𝑑 𝑑𝑒𝑛𝑠𝑖𝑡𝑦 −
(𝐴𝑟𝑒𝑎 𝑜𝑓 𝑠𝑒𝑙𝑒𝑐𝑡𝑒𝑑 𝑐𝑒𝑙𝑙 𝑥 𝑀𝑒𝑎𝑛 𝑓𝑙𝑢𝑜𝑟𝑒𝑠𝑒𝑛𝑐𝑒 𝑜𝑓 𝑏𝑎𝑐𝑘𝑔𝑟𝑜𝑢𝑛𝑑)  

 

For β-catenin analysis the same method was used but only the nuclear area was 

selected, as determined by DAPI staining. For PDL1 spheroid fluorescence 

quantification, the same method was used, selecting either the total spheroid or 

invasive protrusion, as appropriate.  
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Table 2: Antibodies 

Antibody Species 

(Class) 

Use (Dilution) Supplier 

(Catelogue #) 

Anti-ALDH1A1 Rabbit 

(polyclonal) 

Western blot (1:5000) 

Immunofluorescence 

(1:50) 

Invitrogen (PA5-

11537) 

Anti-Alpha 

Tubulin 

Mouse 

(monoclonal) 

Western blot (1:5000) Sigma (T5168) 

Anti-β-

catenin 

Rabbit 

(polyclonal) 

Immunofluorescence 

(1:300) 

Cayman Chemical 

(100029) 

Anti-E-

cadherin 

Rabbit 

(monoclonal) 

Immunofluorescence 

(1:1000) 

Cell Signalling 

Technologies 

(3195S) 

Anti-HA-tag Mouse 

(monoclonal) 

Western blot (1:5000) 

Immunofluorescence 

(1:500, 1:200 spheroid) 

Invitrogen (26183) 

Anti-HER2 Rabbit 

(polyclonal) 

Immunofluorescence 

(1:500) 

Cell Signalling 

Technologies 

(2242S) 

Anti-HSC70 Mouse 

(monoclonal) 

Western blot (1:5000) Santa-Cruz 

(SC7298) 

Anti-Ki67 Rabbit 

(polyclonal) 

Flow cytometry (1:500) Abcam (ab15580) 

Anti-Mouse-

AF488 

Donkey 

(polyclonal) 

Immunofluorescence 

(1:500) 

Invitrogen 

(A21202) 

Anti-Mouse-

AF568 

Goat 

(polyclonal) 

Immunofluorescence 

(1:500) 

Invitrogen 

(A11031) 

Anti-Mouse-

HRP 

Goat 

(polyclonal) 

Western blot (1:2000) Dako (P0447) 

Anti-PDL1 Rabbit 

(monoclonal) 

Western blot (1:5000) 

Immunofluorescence 

(1:200 spheroid) 

Flow cytometry (1:500) 

Cell Signalling 

Technologies 

(13684T) 
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Anti-Phospho-

AKT (Ser473) 

Rabbit 

(polyclonal) 

Western blot (1:5000) Cell Signalling 

Technologies 

(92715) 

Anti-Rabbit-

AF488 

Goat 

(polyclonal) 

Immunofluorescence 

(1:200) 

Invitrogen 

(A11008) 

Anti-Rabbit-

AF546 

Goat 

(polyclonal) 

Immunofluorescence 

(1:250) 

Flow cytometry (1:500) 

Invitrogen 

(A11035) 

Anti-Rabbit-

HRP 

Goat 

(polyclonal) 

Western blot (1:2000) Dako (P0448) 

Anti-Total-

AKT 

Mouse 

(monoclonal) 

Western blot (1:5000) Cell Signalling 

Technologies 

(2920S) 

Anti-Vimentin Rabbit 

(polyclonal) 

Immunofluorescence 

(1:100) 

Sigma 

(SAB5700070) 
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Chapter 3  Development of an inducible 
CB2 expression system 
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3.1 Inducible CB2 expression 
 

To investigate CB2 function in HER2+ breast cancer in vitro inducible expression 

system was developed, enabling study of genotypic and phenotypic changes upon CB2 

expression and activation. Many expression systems have been designed for inducible 

expression, such as Tet-on and Tet-off, Tamoxifen-inducible, Cumate-inducible and 

even light-switchable197. In the case of Tet-on and Tet-off systems, tetracycline, also 

known as doxycycline (dox), induces or represses the expression of the gene of interest. 

Moreover, this expression system can be translated in vivo by supplementing feed or 

water with dox to induce expression of the gene of interest. 

For this thesis project the pINDUCER20 vector was chosen due to ease of use, 

negligible leakiness and potential for translation to in vivo systems198. pINDUCER20 is 

a Tet-on based system of inducible expression; without dox, a reverse tet-transactivator 

(rtTA) protein, encoded on the pINDUCER20 plasmid, cannot bind to the tetracycline 

response element (TRE) DNA region of pINDUCER20 to initiate transcription. 

Transcription can be initiated with the addition of dox, which binds the rtTA and 

facilitates interactions with TRE allowing transcription of the gene of interest (Figure 

3.1.1)197,198. 

 



76 

 

 

Figure 3.1.1: The Tet-on system of inducible gene expression in the pINDUCER20 
plasmid.  

The pINDUCER20 plasmid encodes reverse tetracycline transactivator (rtTA) protein that 

regulates the transcription of the gene of interest. Without tetracycline, also known as 

doxycycline (dox), rtTA cannot bind to the tetracycline-response element (TRE) to regulate 

transcription. When dox is added it binds to rtTA, which allows rtTA to interact with the 

TRE and initiates transcription of the gene of interest.  
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3.2 Cloning CNR2 with the Gateway system  

Gateway cloning was used to insert the CNR2 gene into the pINDUCER20 plasmid 

using two enzymatic recombination reactions199. CNR2 was amplified by PCR using 

primers containing DNA sequence termed AttB. The template for the AttB PCR 

reaction was a pcDNA3.1 vector containing CNR2 with a 5’ sequence for a 3x 

hemagglutinin (HA) tag (to allow for antibody detection of the CB2 protein) (Appendix 

figure 1). HA-CNR2 was amplified by PCR using primers that contained the AttB 

sequence (Table 1), resulting in a PCR product of HA-CNR2, flanked by two AttB 

sequences. During the first recombination reaction the enzyme BP clonase inserts HA-

CNR2 into the pDONR plasmid, replacing the bacterial death gene, ccdB, which 

encodes for a DNA gyrase inhibitor, causing DNA damage and bacteria death200. 

Bacteria transformed with pDNOR plasmids that still retain the ccdB gene and not HA-

CNR2 fail to form colonies.  Six bacterial colonies were picked and verified to contain 

CNR2 by colony PCR using CNR2 qPCR primers (Table 1). Confirmation of the 

correct CNR2 amplicon size was observed at the expected size of 146 bp after 

separation on an 1% agarose TAE gel (Appendix figure 2).  

Correct HA-CNR2 insertion into pDONR was confirmed by digestion with the 

restriction enzyme bsrG1 (Figure 3.2.1). After digestion with bsrG1, the pDONR-HA-

CNR2 yielded two bands on an agarose gel, indicating the plasmid was only cut twice 

(Appendix figure 4) and hence HA-CNR2 had been inserted, removing the third bsrG1 

site. Furthermore, CNR2 resolved at the correct size (~1200 bp) in all four colonies (1-

4), confirming its presence in the pDONR plasmid (Figure 3.2.1 A).  

The LR reaction was performed on plasmid DNA isolated from Colony 1, inserting 

HA-CNR2 into the destination vector, pINDUCER20 (Appendix figure 4). The HA-

CNR2-pINDUCER20 plasmid was transformed into competent bacteria, and another 

six colonies (A-F) were picked. Confirmation of the correct amplicon size for CNR2 
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was confirmed by colony PCR (Appendix figure 2), with colonies E and F having the 

strongest band.  

The pINDUCER20 plasmid contains 4 bsrG1 cut sites, losing one during the LR 

reaction. BsrG1 digestion of the HA-CNR2-pINDUCER20 yielded three distinct 

bands, indicating the correct insertion of HA-CNR2, with CNR2 resolving at the correct 

size (Figure 3.2.1 B). However, there was detection of a faint fourth band in all 

samples, possibly suggesting the presence of pINDUCER20 lacking HA-CNR2 

insertion. The HA-CNR2-pINDUCER plasmid isolated from Colony F was sent for 

sequencing at SourceBioscience for final confirmation of successful cloning. 

The HA-CNR2-pINDUCER20 plasmid was packaged into lentivirus particles using 

HEK293T cells. The harvested lentivirus containing HA-CNR2-pINDUCER20 was 

used to transduce the HER2+ breast cancer cell lines HCC1954, SKBR3 and BT474. 

The HA-CNR2-pINDUCER20 plasmid contains a neomycin resistance gene for 

selection, therefore a neomycin dose response was performed in wild type (WT) cells 

(HCC1954WT, SKBR3WT and BT474WT) before transduction to determine an 

appropriate concentration of neomycin for selection. The lowest neomycin 

concentration that achieved maximal cell death was 5 mg/ml achieved maximal cell 

death in all WT cell lines (Figure 3.2.2). After transduction with HA-CNR2-

pINDUCER20, HCC1954, SKBR3 and BT474 cells (HCC1954iCB2, SKBR3iCB2 and 

BT474iCB2) were grown in media containing 5 mg/ml neomycin for 7 days for selection 

of successfully transduced cells.  
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Figure 3.2.1: BsrG1 digestion of the BP and LR reaction products containing HA-CNR2. 

(A) Plasmid isolated from colonies 1-4 run on a 1% agarose TAE gel with and without 

digestion by the restriction enzyme bsrG1. Bands in bsrG1 digestion lanes represent the 

digestion products, two linear DNA sequences. The band at ~1200 bp represents the HA-

CNR2 gene fragment. The larger band at ~2000 bp is the remaining pDONR fragment. The 

lanes containing undigested pDONR-HA-CNR2 bands representing the different 

conformations of circular plasmid DNA. (B) Plasmid isolated from colonies A-F with and 

without digestion by the restriction enzyme bsrG1. Bands in bsrG1 digestion lanes 

represent the three linear DNA digestion products. The band at ~1200 bp represents the 

HA-CNR2 gene fragment. The larger bands at ~2500 and ~4000 bp are the remaining 

pINDUCER20 fragments. The lanes containing undigested HA-CNR2-pINDCUER20 bands 

representing the different conformations of circular plasmid DNA. The small fragment at 

~500 bp represents presence of digestion pINDUCER20 plasmid containing four bsrG1 

digestions site, indicating presence of pINDUCER20 plasmid without HA-CNR2 insert. 
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Figure 3.2.2: Neomycin kill curve. 

Absorbance values of HCC1954, SKBR3 and BT474 wild type (WT) cells grown in increasing 

concentrations of neomycin after 5 days, measured in with the MTS assay. Decreasing 

levels of viability are inferred by decreasing absorbance. 
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3.3 Validation of inducible CB2 expression in HER2+ cell lines 

Initially, the dox inducible expression of CNR2 was determined by qPCR in 

HCC1954iCB2, SKBR3iCB2 and BT474iCB2 cells. Dox (1 μg/ml) increased the expression 

of CNR2 mRNA 630-fold, 380-fold and 360-fold in HCC1954iCB2, SKBR3iCB2 and 

BT474iCB2 cells, respectively (Figure 3.3.1 A). As CB2 and CB1 share 44% amino acid 

homology identity134, qPCR using CNR1 primers was performed to determine 

endogenous CB1 expression was not confounding CNR2 detection (Figure 3.3.1 B). 

Only minimal CNR1 mRNA was detected across all three cell types (Ct values >30).   

Finally, qPCR was performed using genomic DNA primers for MMP13 to confirm that 

contamination with genomic DNA (gDNA) was the source of CNR2 detection in 

HCC1954iCB2 and BT474iCB2 cells, with negligible amounts of gDNA detected 

(Appendix figure 5).  

Subsequently, dox-inducible CB2 protein expression was analysed. All three cell lines 

showed CB2 expression after 24-hour dox treatment, detected by western blot using an 

anti-HA antibody. There was no detectable HA-antibody stain in WT cells with or 

without dox treatment (Figure 3.3.2 A). HCC1954iCB2, SKBR3iCB2 and BT474iCB2 cells 

also showed a dox dose-dependent increase in CB2 expression (Figure 3.3.2 B). 

HCC1954iCB2 cells displayed increased CB2 expression with increasing dox 

concentrations, peaking at 1 μg/ml dox. SKBR3iCB2 cells showed little CB2 expression 

until 1 μg/ml dox, which decreased by 10 μg/ml. BT474iCB2 cells had strong CB2 

expression at 50 ng/ml dox, and CB2 expression remained stable with increasing 

concentrations. Taken together, the qPCR and western blot data indicate slight 

differences in CB2 induction across the three cell lines. HCC1954iCB2 cells displayed the 

greatest expression of CNR2 mRNA and the most tunability of CB2 expression with 

different concentrations of dox. However, all cell lines showed significant expression 

of CB2 with 1 μg/ml dox, which was used for subsequent experimentation. 
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Further analysis of CB2 protein expression via immunofluorescence using an anti-HA 

antibody revealed heterogeneity in cells expressing CB2 across all three cell lines, 

particularly in SKBR3iCB2 cells (Figure 3.3.3), possibly down to differences in the 

transduction efficiencies of each cell line. To achieve more homogenous CB2 

expression, cells were induced for CB2 expression with 1 μg/ml dox and fluorescently 

stained. Cells were then sorted using fluorescence-activated cell sorting (FACS). 

Positively stained cells were sorted into medium and high populations of the top 50% 

and top 10% of fluorescent cells, respectively. Immunofluorescence was performed to 

assess CB2 expression level and heterogeneity in sorted populations (Figure 3.3.4). 

Some heterogeneity remained in the high populations across the cell lines. However, 

the number of cells that displayed little CB2 expression decreased. Subsequent 

experiments used the high populations of each cell line unless otherwise stated. CB2 

expression was tested by RT-qPCR, western blotting and IF throughout the project, 

whilst CB2 expression remained high, some heterogeneity was still observed in 

subsequent IF experiments. 

Finally, immunofluorescence was performed with and without cell permeabilisation 

to determine whether CB2 was successfully localising to the cell membrane (Figure 

3.3.5). As the HA-tag was located on the 5’ end of the CNR2 gene, when translated, 

the HA-tag is at the N-terminus, on the extracellular side. Non-permeabilised cells 

displayed staining with the anti-HA antibody, indicating localisation to the cell 

surface. This validation confirms that a dox-inducible system of CB2 expression has 

been established in the three HER2+ breast cancer cell lines: HCC1954, SKBR3 and 

BT474, enabling interrogation into the role of CB2 on the progression of HER2+ breast 

cancer, and the potential of targeting CB2 therapeutically. 
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Figure 3.3.1: Inducible expression of CNR2 mRNA. 

(A) RT-qPCR analysis of CNR2 mRNA expression in HCC1954iCB2, SKBR3iCB2 and BT474iCB2 

cells after 24 hours +/- 1 µg/ml doxycycline (dox), n=2. Relative mRNA expression 

normalised to ACTB (β-actin) mRNA expression. (B) Relative expression of CNR1 mRNA in 

HCC1954iCB2, SKBR3iCB2 and BT474iCB2 cells, 24 hours after +/- 1µg/ml dox, n=1. 
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Figure 3.3.2: Doxycycline inducible CB2 protein expression. 

(A) Western blot analysis of whole cell lysates isolated from HCC1954, SKBR3 and BT474 

inducible CB2 (iCB2) or wild type (WT) cells using αHA tag antibody +/- 1 µg/ml doxycycline 

for 24 hours. αTubulin was used as a loading control (representative image of n=3 

biological replicates). (B) Western blot of whole cell lysates isolated from HCC1954iCB2, 

SKBR3iCB2 and BT474iCB2 after 24-hour treatment with increasing concentration of 

doxycycline using αHA-tag antibody. αTubulin was used as a loading control (n=1).  
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Figure 3.3.3: Heterogenous CB2 expression after induction. 

Immunofluorescence of HA-CB2 (green) and HER2 (red) using anti-HA tag and anti-HER2 

antibodies, respectively, in (A) HCC1954iCB2, (B) SKBR3iCB2 and (C) BT474iCB2 cells with and 

without 24-hour 1µg/ml dox treatment (representative image of n=3 biological 

replicates). Scale bar 50µm. 
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Figure 3.3.4: Heterogeneity of CB2 expression is reduced after FACS sorting. 

Immunofluorescence HA-CB2 (green) and HER2 (red) in wild type (WT), top 50% of CB2 

expressing cells (CB2 MED) and top 10% of CB2 expressing cells (CB2 HI), in (A) HCC1954, 

(B) SKBR3 and (C) BT474 cells after 24-hour 1 µg/ml dox treatment (representative image 

of n=3 biological replicates). Scale bar 50 μm. 
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Figure 3.3.5: CB2 immunofluorescence of permeabilised and non-permeabilised cells. 

Immunofluorescence of HA-CB2 (green) and HER2 (red) with and without permeabilisation 

with 0.1% Triton X, after 24-hour 1µg/ml dox treatment in (A) HCC1954iCB2, (B) SKBR3iCB2 

and (C) BT474iCB2 cells. Scale bar 50 µm. 
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3.4 Summary of Results 

• Developed a doxycycline inducible CB2 expression system in the HER2+ 

breast cancer cell lines HCC1954, BT474, SKBR3. 

• Validated CB2 induction with dox in the above cell lines at mRNA and 

protein level. 

• FACS sorted the highest 10% of CB2 expressing cells for future experiments 

to reduce heterogeneity of CB2 expression. 
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Chapter 4  The role of CB2 on HER2+ 
breast cancer progression 
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4.1 CB2 expression impacts patient survival  

The palliative use of cannabinoids to treat the symptoms of cancer and chemotherapy 

is well established; cannabis is an effective anti-emetic, analgesic and appetite 

stimulant201. However, there is growing evidence that phyto and synthetic 

cannabinoids have anti-tumourigenic properties202.   In addition, alterations in the ECS 

are commonly observed in many cancer types135135.  Specifically, CB2 expression is seen 

in cancers of various tissues; non-small cell lung cancer203, breast cancer180, colon 

cancer204, glioma205, and renal cell carcinoma206, amongst others. Whilst ectopic 

expression of CB2 is relatively common in cancer, the prognostic implication of its 

expression is convoluted. CB2 expression correlates with poor survival in colon 

cancer204 and glioma205, although NSCLC and hepatocellular carcinoma patients with 

high CB2 expression have better prognoses169,203,207. Regardless of how CB2 expression 

affects patient survival in different cancers, cannabinoid treatment in each case can 

elicit anti-tumourigenic effects, depending on concentration208–210. The complexities of 

CB2 as a prognostic marker persist even in cancers of the same tissue, with CB2 relating 

to better or worse outcomes in different breast cancer subtypes. High CB2 expression 

associated with aggressive forms of breast cancer is commonly observed in TNBC, 

HER2+, and ER- PR- subtypes, with the highest proportion of CB2 seen in the HER2+ 

subtype211. However, CB2 expression in ER+, ER- and HER2- subtypes is correlated 

to better patient outcomes171.  

Over 75% of HER2+ patients display high CB2 expression, which correlates with 

decreased survival and increased rates of metastasis and relapse204. HER2+ signalling 

has been reported to induce CB2 expression via ERK, leading to CB2-HER2 heteromer 

formation186. The CB2-HER2 heteromer results in increased protumoural signalling, 

which is inhibited by THC administration, leading to HER2 poly ubiquitination and 

degradation via the proteasome186.  
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Examination of publicly available data sets192 confirmed that high CB2 expression is 

linked to decreased survival of patients with HER2+ breast cancer but not HER2- 

breast cancer (Figure 4.1.1 A), indicating that the presence of the CB2-HER2 heteromer 

could be responsible for decreased patient survival.  Furthermore, HER2- patients have 

a better prognosis with high levels of CB2, possibly due to an antitumourigenic effect 

of CB2 in the absence of HER2 as seen in ER+ breast cancer134. Alternatively, as CB2 

is primarily expressed on immune cells, these cancers could have a higher immune 

infiltrate, leading to increased survival.  

Interestingly, analysis of patient data shows that HER2+ patients with lymph node 

metastases have significantly worse survival with high CB2 expression, whilst the 

survival of HER2+ patients without lymph node metastasis is unaffected by CB2 

expression (Figure 4.1.1 B). This suggests that HER2+ patients expressing high levels 

of CB2 are at risk of advanced metastatic disease. Furthermore, CB2 expression could 

contribute to a specific increased risk of lymph node metastases through promoting 

immune evasion. These data also suggest that CB2 expression only contributes to 

decreased survival after successful lymph node metastasis. 

Metastasis to the lymph nodes is common in breast cancer and a reliable predictor of 

mortality212. Tumours can initiate lymph node metastasis through lymphangiogenesis, 

stimulating the growth of lymphatic vessels into the tumour213. Cancer cells intravasate 

into the lymphatic lumen, travelling into the lymph node where they can colonise and 

form a secondary tumour. For colonisation of the lymph node to be successful, 

metastasising tumour cells must evade immune surveillence212. Cancer cells can trigger 

the anergy and apoptosis of immune cells through the release of immunosuppressive 

cytokines, and the expression of immune checkpoint proteins such as PDL1, which 

are commonly observed in lymph node metastases214,215. Furthermore, patients with 

lymph node metastasis struggle to respond to chemotherapy as drug concentrations in 

axillary lymph nodes are very low after intravenous administration, leading to 
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increased mortality216. Therefore, CB2 expression could contribute to decreased 

survival of HER2+ breast cancer patients by promoting metastasis to the lymph nodes. 
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Figure 4.1.1: CB2 expression impacts HER2+ breast cancer patient overall survival, 

dependent on lymph node metastases. 

(A) Kaplan-Meier overall survival plots of HER2- and HER2+ breast cancer patients with 

high (red) or low (black) CNR2 expression. (B) Kaplan-Meier overall survival plots of HER2+ 

breast cancer patients with or without lymph node metastasis, with high (red) or low 

(black) CNR2 expression. Survival plots were made with kmplots.com, using all Breast 

Cancer mRNA gene chip datasets. CNR2 (Affymetrix ID 206586) with auto select best cut-

off was selected, and lymph node status was selected as positive or negative. HR = hazard 

ratio, significance logrank P < 0.05, using logrank test of survival distribution. 
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4.2 CB2 increases metastatic potential of HER2+ breast cancer 

cells 

To investigate the link between CB2 expression and metastasis in HER2+ breast 

cancer, I used the inducible CB2 expression system to model invasion in vitro. Several 

methods to study cancer cell invasion have been established, from simple wound 

healing assays to complex 3D in vitro models. In the wound healing assay, a scratch, 

or ‘wound’, is made on a monolayer of cancer cells, and cancer cells’ ability to migrate 

and ‘heal’ the wound is measured217. However, whilst measuring migratory capacity, 

the 2D nature of this assay does not recapitulate the extracellular environment cancer 

cells encounter in a tumour.  

To simulate the 3D environment of tissue, ECM proteins can be isolated and formed 

into a matrix for in vitro culture. In the organotypic invasion model, cancer cells are 

seeded on top of a physiomimetic hydrogel composed of collagen, Matrigel or a 

combination of the two in a transwell insert218.  Cells penetrate the gel towards a 

chemoattractant in the bottom of the transwell, and cell invasion is measured 

qualitatively by degree of cell penetration into the gel or quantitatively by the number 

of cells on the underside of the insert. While this does imitate the 3D environment of 

tissue, it does not recapitulate the 3D structure of tumours, as the cells are grown on a 

monolayer on top of the gel.  

For this study, the invasive potential of HCC1954iCB2, SKBR3iCB2 and BT474iCB2 cells 

+/- CB2 induction was determined in a hanging drop spheroid model219. This model 

recapitulates both tumoural 3D ECM using similar phyisomimetic organotypic gels 

and the 3D structure of tumours using cancer cell spheroids.  Spheroids are produced 

in droplets of cells suspended on the lid of a Petri dish. Methylcellulose in the medium 

helps cells coalesce into spheroids, which are then harvested from the droplets and 

embedded into an ECM hydrogel to grow and invade. Spheroids can subsequently be 

harvested from the gels for further analysis. 
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Optimisation to ensure reliable spheroid invasion in this model was required. First, the 

3D matrix most suitable for invasion was assessed by comparing collagen gels and 

collagen-Matrigel gels. Collagen gels offer a uniform matrix for the growth of 

spheroids, as they only contain collagen I, allowing reliability of gel formation between 

experimental repeats. However, as they consist of only a single ECM protein, they do 

not reflect the complexity of the ECM found in vivo. Alternatively, collagen-Matrigel 

gels compose numerous matrix proteins, primarily collagen I, laminin, collagen IV, 

entactin and perlecan, with other components in low abundance, more accurately 

recapitulating the diverse nature of the ECM220. Spheroids containing 1000 

HCC1954iCB2 cells/sphere were embedded in collagen and collagen-Matrigel gels 

(Figure 4.2.1) to test which gel was suitable. Gels were imaged at day 1, and collagen-

Matrigel gels were determined to be most appropriate, with setting properties resulting 

in clear, easy to image gels and reliable spheroid invasion. 

Next, cell titrations of 500, 1000 and 2000 cells/spheroid were performed to determine 

the optimal spheroid size for consistent invasion (Figure 4.2.2). For HCC1954iCB2 and 

BT474iCB2, 500 cells/sphere were chosen as spheroids form uniformly, and invasion 

was observed after only 1 day of culture. SKBR3iCB2 cells could not form spheroids, so 

were not analysed for invasion.  

Further, I sought to determine what experimental endpoint was optimal for 

quantifying spheroid invasion. Spheroids of HCC1954iCB2 and BT474iCB2 cells were 

imaged at day 3, 4 and 5, and invasion was quantified (Figure 4.2.3). In HCC1954iCB2 

spheres, there was significantly higher invasion with CB2 induction at all time points. 

However, for BT474iCB2, there was a significant increase in invasion at day 3, and 

quantification of invasion at day 4 and day 5 still indicated increased invasion after 

CB2 induction, although this was not significant. An experimental endpoint at day 3 

was chosen for both HCC1954iCB2 and BT474iCB2 spheroids due to consistent, 

significant CB2-driven invasion. In addition, with extended culture periods, spheroids 
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tend to grow into one another, preventing quantification of invasion of the spheroids 

(Appendix figure 6). After optimising the hanging drop spheroid model, experiments 

used collagen-Matrigel gels, containing 2 mg/ml collagen and Matrigel, with 500 cells 

per spheroid and quantifying invasion at day 3 of culture. 

As shown during optimisation, analysis of spheroid invasion revealed a significant 

increase in the ability of in HCC1954iCB2 and BT474iCB2 spheroids to invade into 

surrounding collagen-Matrigel matrix after 3 days of CB2 induction. Importantly, 

treatment with the synthetic CB2-specific cannabinoid JWH133 (100 nM) significantly 

reduced CB2-driven invasion in both cell lines (Figure 4.2.4). Furthermore, treatment 

with a non-specific cannabinoid CP55940 (1 µM) also significantly reduced invasion 

in HCC1954iCB2 spheroids (Figure 4.2.5). These data indicate that CB2 expression 

contributes to the invasive potential of the HER2+ cell lines, HCC1954 and BT474, 

which is abrogated by the activation of CB2 with cannabinoid ligands. 
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Figure 4.2.1: Comparison of collagen I and collagen-Matrigel matrices. 

HCC1954iCB2 spheroids embedded into (A) collagen I hydrogel and (B) collagen-Matrigel 

hydrogel after 1 day of culture. Scale bar 200 µm.  
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Figure 4.2.2: Comparison of spheroid size.  

HCC1954iCB2, SKBR3iCB2 and BT474iCB2 spheroids, composed of 500 cells/sphere, 1000 

cells/sphere or 2000 cells/sphere after 1 day of culture. Scale bar 200 µm. 
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Figure 4.2.3: Hanging drop experimental endpoint optimisation. 

Quantification of (A) HCC1954iCB2 and (B) BT474iCB2 spheroids in a collagen-Matrigel 

matrix, +/- CB2 induction and cultured for 5 days, imaged and quantified on day 3, 4 and 

5, each point representing a single spheroid and horizontal line represents median % 

invasion. ** p < 0.01. 
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Figure 4.2.4: CB2 increases 3D spheroid invasion, which is blocked by JWH133. 

(A) HCC1954iCB2 spheroids in a collagen-Matrigel matrix, +/- CB2 induction and +/- 100 nM 

JWH133 or vehicle (DMSO), after 3 days (representative images of n=3). (B) Analysis of 

invasive potential of CB2 expressing HCC1954iCB2 spheroids from (A), with each colour 

representing biological repeats, translucent points representing a single spheroid and 

each larger solid point represents the mean invasion of each experimental repeat, 

horizontal line represents median % invasion (n=3, ordinary one-way ANOVA). (C) 

BT474iCB2 spheroids in a collagen-Matrigel matrix, +/- CB2 induction and +/- 100 nM 

JWH133 or vehicle (DMSO), after 3 days (representative images of n=3). (D) Analysis of 

invasive potential of CB2 expressing BT474iCB2 spheroids from (C). (n=3, ordinary one-way 

ANOVA). * p < 0.05, **** p < 0.0001. Scale bar 200 µm. 
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Figure 4.2.5: Non-specific cannabinoid CP-55940 reduces invasion of HCC1954iCB2 

spheroids. 

(A) Light micrographs of HCC1954iCB2 spheroids embedded in a collagen-Matrigel matrix, 

with CB2 expression and treated with synthetic cannabinoid, CP55940 (1 μM) or vehicle 

(DMSO) after 3 days (representative images of n=3). (B) Quantification of invasion of CB2 

expressing HCC1954iCB2 spheroids into surrounding collagen-Matrigel matrix +/- 1 μM 

CP55940 (n=3, unpaired t-test). **** p < 0.0001. Scale bar 200 µm. Experiment performed 

by Natasa Tomasevic, Medical University of Vienna, Centre for Physiology & 

Pharmacology. 
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4.3 The effect of CB2 expression on migration and proliferation 

As the invasion of cancer cells into tissue is linked to cell migration, I aimed to assess 

whether CB2-mediated increase in 3D invasion corresponded to an increase in cell 

migration. Using a 96-well plate Incucyte chemotaxis Boyden chamber model (+/- 

CB2 induction), cell migration of HCC1954iCB2 and BT474iCB2 towards serum was 

assayed. Recapitulating the 3D invasion data, CB2 expressing HCC1954iCB2 cells 

showed significantly higher migration towards an FBS gradient (Figure 4.3.1). 

However, there was no significant difference in migration in BT474iCB2 cells, regardless 

of CB2 induction. Moreover, levels of migration of BT474iCB2 cells were generally low. 

This relative static behaviour could be due to BT474 cells having potentially stronger 

cell-cell adhesion than HCC1954 cells, or their tendency to grow in clumps rather than 

in a monolayer, reducing the access of cells to the pores of the lower chamber. 

Verification that the changes in migration and invasion were not a result of CB2 

increasing proliferation was confirmed by monitoring cell confluency over time in 2D 

using the Incucyte. Induction of CB2 in HCC1954iCB2 cells had no significant impact 

on growth. Interestingly, in BT474iCB2 cells, CB2 induction significantly reduced cell 

proliferation. The difference in proliferative response to CB2 induction could be due to 

the genetic and phenotypic differences between HCC1954 and BT474 cell lines, 

discussed later. This suggests that the increase in invasion observed in HCC1954iCB2 

and BT474iCB2 and increased migration in HCC1954iCB2 cells is not due to increased 

growth but increased cell motility due to CB2 expression. 
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Figure 4.3.1: The impact of CB2 on HER2+ breast cancer cell migration and proliferation. 

(A) Transwell migration of HCC1954iCB2 cells towards an FBS gradient measured using the 

Incucyte chemotaxis assay over 3 days. Migration calculated using phase area on the 

underside of transwell membrane normalised to initial value on top of the membrane 

(n=3, unpaired t-test, mean ± SD). (B) Proliferative capacity of HCC1954iCB2 cells +/- CB2 

induction, determined by Incucyte growth assay measuring cell confluency over 4 days 

(n=3, unpaired t-test, mean ± SD). (C) Transwell migration of BT474iCB2 cells towards an 

FBS gradient using the Incucyte chemotaxis assay after 3 days.  (n=3, unpaired t-test, mean 

± SD). (D) Proliferative capacity of BT474iCB2 cells +/- CB2 induction, determined by 

Incucyte growth assay measuring cell confluency over 4 days (n=3, unpaired t-test, mean 

± SD). **** p < 0.0001. 
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4.4 CB2 impacts epithelial-to-mesenchymal transition. 

Having shown the effect of CB2 on migration and invasion I sought to determine if the 

CB2-dependent migration was due to epithelial-to-mesenchymal transition (EMT). 

EMT is a normal developmental process during embryogenesis, wound healing and 

tissue regeneration, where epithelial cells lose cell-to-cell contacts and polarity, 

converting to a mesenchymal phenotype221.  Mesenchymal cells then migrate to 

specific areas before transitioning back into an epithelial phenotype in the reverse 

process, mesenchymal-to-epithelial transition (MET), regaining cell adhesion221. This 

process of EMT and subsequent MET is hijacked by cancer cells, aiding dissemination 

into the circulatory system and colonising a suitable niche, forming metastases222.  

Phenotypically, EMT can be characterised by the loss of cellular adhesion protein E-

cadherin and increased expression of N-cadherin, fibronectin and vimentin223,224. 

Cancer cells that have undergone EMT become highly invasive, hence EMT is related 

to poor patient prognosis225. Furthermore, EMT in cancer is associated with the 

formation of cancer stem cells (CSCs), epithelial cancer cells that become 

mesenchymal-like develop stem cell characteristics226. In breast cancer, EMT has been 

associated with HER2 overexpression, increased levels of migration and invasion and 

resistance to trastuzumab therapy227–229. Furthermore, CB2 has been reported to 

influence EMT in colon cancer cells, with the EMT transcription factor snail 

correlating with CB2 expression204. Using the cBioportal Breast Cancer Invasive 

PanCancer dataset of The Cancer Genome Atlas (TCGA)193,194, HER2+ patients were 

selected and split on the level of CNR2 mRNA expression, and the highest (n=20 

patients) and lowest (n=19 patients) quartiles of CNR2 expression were compared. 

With this comparison, the gene expression changes in HER2+ breast cancer patients 

that correlate with high CB2 expression can be explored. Analysis of TCGA datasets 

revealed, there was no difference in SNAI1 mRNA expression, between high and low 

of CNR2 expressing HER2+ breast cancer patients, or any significant correlation 
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between CNR2 and SNAI1 expression (Figure 4.4.1 A, B). However, there was a 

significantly positive correlation with another EMT-regulator, ZEB2 (Figure 4.4.1 C, 

D), indicating that CB2 expression may mediate EMT in HER2+ breast cancer, 

although not via snail. 

Therefore, I investigated if CB2 regulated EMT to increase the metastatic potential 

observed in HCC1954iCB2 and BT474iCB2 cell lines. Immunofluorescence of the EMT 

markers E-cadherin and vimentin in HCC1954iCB2 cells revealed that, even without CB2 

expression, HCC1954 cells appeared to be more mesenchymal-like, with low levels of 

E-cadherin and high vimentin expression, which remained unaffected with the 

induction of CB2 expression (Figure 4.4.2).  Upon CB2 induction, E-cadherin staining 

decreased, and vimentin staining increased, suggesting that CB2 expression does 

contribute to EMT in BT474 cells. Therefore, CB2 expression is sufficient to trigger for 

EMT in HER2+ cell lines, although is not required as EMT is controlled by many 

tumourigenic processes. 

 Interestingly, although HCC1954iCB2 cells are already mesenchymal-like in their E-

cadherin and vimentin expression, CB2 induction leads to increased migration (Figure 

4.3.1) This suggests that, even in a mesenchymal state, CB2 induction further increases 

their migratory capacity through another mechanism. As for BT474iCB2 cells, although 

there is a change in the EMT markers E-cadherin and vimentin, and increased invasion 

in 3D upon CB2 induction, this did not lead to increased migration in 2D. Even though 

there appeared to be differences in the effect of CB2 between HCC1954 and BT474 cell 

lines, CB2 increased the invasiveness of both, which was inhibited through activation 

of CB2 with JWH133 and CP55940. Increased invasion is a vital hallmark of 

metastasising cancer cells, and these data highlight the potential of targeting CB2 with 

cannabinoids to reducing cancer’s invasive potential. 
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Figure 4.4.1: Correlation with CNR2 expression and regulators of EMT in HER2+ breast 

cancer patients.  

(A) Comparison of SNAI1 mRNA expression between the upper and lower quartiles of 

CNR2 expressing HER2+ patients in the Breast Cancer Invasive TCGA dataset (unpaired t-

test). (B) The correlation of mRNA expression between SNAI1 and CNR2 in HER2+ breast 

cancer patients. (C) Comparison of ZEB2 mRNA expression in high and low CNR2 

expressing HER2+ breast cancer patients and (D) the correlation between CNR2 and ZEB2 

in HER2+ breast cancer patients. TCGA data generated using RNA-seq by Expectation 

Maximisation (RSEM).  
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Figure 4.4.2: Immunofluorescence of EMT markers in HCC1954iCB2 and BT474iCB2 cells. 

Immunofluorescence of vimentin (red) and E-cadherin (green) in (A) HCC1954iCB2 and (B) 

BT474iCB2 cells +/- 24-hour CB2 induction (representative image of n=3 biological 

replicates). Scale bar 50µm.  
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4.5 Contribution of CB2 expression in treatment resistance 

CB2 expression is closely associated with worse patient survival in HER2+ breast 

cancer (Figure 4.1.1). Hence, I wanted to examine if CB2 was linked to treatment 

resistance, a common cause of mortality for cancer patients.  To this end, I investigated 

CB2’s impact on resistance to lapatinib, a small molecule receptor tyrosine kinase 

inhibitor, indicated for metastatic breast cancer patients and used as a combination 

therapy93. Lapatinib is an ATP-competitive inhibitor of both HER2 and EGFR, 

preventing the autophosphorylation of the tyrosine kinase domains and subsequent 

signal transduction. Whilst lapatinib is an effective therapy for HER2+ breast cancer, 

some patients display innate resistance, and others acquire resistance during treatment. 

As upregulation of compensatory receptors and signalling pathways is a common 

mechanism of resistance for lapatinib230, I hypothesised that the expression of CB2 

could lead to compensatory activation of signalling pathways such as MAPK or AKT, 

preventing lapatinib-induced cell death. 

However, I found no difference in sensitivity across a range of lapatinib 

concentrations, regardless of CB2 expression in HCC1954iCB2 or BT474iCB2 cells (Figure 

4.5.1, unpaired t-test), suggesting that CB2 does not decrease patient survival by 

preventing lapatinib efficacy but through other mechanisms. Unfortunately, I did not 

have the opportunity to investigate the role of CB2 expression on trastuzumab 

resistance. As trastuzumab binds to the extracellular domain of HER2, preventing 

HER2 activity by blocking homodimerization, the HER2-CB2 heteromer could 

interfere with trastuzumab binding, conferring resistance. Investigation into this 

possibility would be beneficial, however, due to the importance of trastuzumab’s 

ADCC action, analyses in in vivo models would be required. 
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Figure 4.5.1: CB2 expression does not affect sensitivity to lapatinib. 

Viability of (A) HCC1954iCB2 and (B) BT474iCB2 cells grown in increasing concentrations of 

lapatinib, +/- CB2 induction, measured by the MTS assay. n=2 biological replicates, 

unpaired t-test. 
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4.6 Summary of Results 
 

• CB2 is associated with decreased survival in HER+, but not HER2- breast 

cancer patients. 

• Survival of HER2+ patients with lymph node metastases is significantly 

decreased with high CB2 expression, which was not observed in HER2+ 

patients without lymph node metastases. 

• CB2 expression increased in vitro 3D invasion, which was blocked by 

synthetic cannabinoid agonists JWH133 and CP55940. 

• HCC1954iCB2 and BT474iCB2 cell lines displayed differences in migration, 

proliferation and EMT with CB2 induction. 

• HCC1954iCB2 increased migration with CB2 but not proliferation and 

displayed a mesenchymal phenotype regardless of CB2 expression. 

• BT474iCB2 did not increase 2D migration with CB2 expression, however, CB2 

decreased proliferation and promoted a more mesenchymal phenotype. 

• Increase in the expression of the EMT transcription factor ZEB2 was 

observed in patients with high CB2. 

• CB2 expression did not impact sensitivity to lapatinib in HCC1954iCB2 or 

BT474iCB2 cells. 
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Chapter 5  CB2 alters the metabolic 
architecture of HER2+ breast cancer 
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5.1 CB2-driven metabolic changes in breast cancer 

Metabolic changes are a hallmark of tumourigenesis; cancer cells alter their 

metabolism to adapt to nutrient availability, aid proliferation and prevent oxidative 

stress231–233. The Warburg effect is a well-established phenomenon where highly 

proliferative tumours switch their metabolism from oxidative phosphorylation towards 

aerobic glycolysis234. This metabolic shift rapidly produces small amounts of ATP and 

enables more substrate availability to sustain the rapid growth of cancer235. In breast 

cancer, glycolytic enzymes are often upregulated to increase the rate of glycolysis236,237 

and can even contribute to treatment resistance, with increased enolase 1 expression 

being linked to tamoxifen resistance238. However, due to the energetic demands 

associated with metastasis, cancer cells will often increase their metabolic output by 

increasing mitochondrial respiration239. Metabolic plasticity such as this is observed 

during EMT and in CSCs, highlighting the phenotypic link between these two invasive 

populations of cancer cells and the necessity for sufficient energy production to sustain 

cellular movement. 

As I observed CB2 increasing rates of invasion and migration, I speculated that CB2 

could increase energy production to increase motility. Cell migration is an 

energetically demanding process, with cytoskeletal rearrangements requiring high 

ATP levels. Migrating cells translocate mitochondria to the leading edge, providing a 

localised increase in ATP240. Interestingly, glycolytic enzymes associated with the 

cytoskeleton can lead to ATP production at the leading-edge during cell migration, 

similar to the localised mitochondrial ATP production241. Moreover, interaction with 

the cytoskeleton can potentiate the activity of glycolytic enzymes. For instance, PFK-

1 has been shown to preferentially bind to filamentous (F)-actin, stabilising the active 

conformation of PFK-1 and decreasing its allosteric inhibition by ATP, citrate or 

lactate, leading to increased rates of glycolysis241.   
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Furthermore, invasive cancer cells often develop metabolic plasticity, allowing greater 

ATP generation to aid migration, adaptation to nutrient deprivation and subsequent 

switching to aerobic glycolysis to support proliferation in a new niche242. For example, 

cancer cells that have undergone EMT and invade require high levels of ATP to take 

advantage of available nutrients and for cytoskeletal rearrangements241. Alternatively, 

clustered cancer cells do not necessarily share the same metabolic phenotype during 

collective invasion. Like the mesenchymal invasion of individual cancer cells, the 

leader cell in collective invasion requires high levels of ATP for movement and 

degradation of the ECM, compared to follower cells243. Due to the intertwined nature 

of cellular movement and energy availability in cancer invasion I aimed to determine 

the role of CB2 on metabolism. 

The impact of CB2 on ATP production in our system was initially investigated using 

the Cell Titre Glow (CTG) assay. CTG measures ATP abundance using 

bioluminescence, light generated from the ATP-dependent conversion of luciferin to 

oxyluciferin by the luciferase enzyme244. The amount of ATP in a cell is directly 

proportional to the amount of light generated. Induction of CB2 for 24 hours increased 

ATP accumulation in HCC1954iCB2 and BT474iCB2 cells (Figure 5.1.1), indicating that 

CB2 expressing cells are more metabolically active. 
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Figure 5.1.1: CB2 expression increases ATP accumulation in HCC1954iCB2 and BT474iCB2 

cells. 

Cell Titre Glo assay measuring ATP content in (A) HCC1954iCB2 and (B) BT474iCB2 cells, +/- 

24-hour CB2 induction with 1 μg/ml dox. n=3, unpaired t-test, mean ± SD, ** p < 0.01. 
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5.2 Changes in glycolysis and oxidative phosphorylation after CB2 

expression 

I utilised the Seahorse XF analyser to elucidate which metabolic pathway is 

responsible for increased ATP production after CB2 induction. The Seahorse energetic 

phenotype assay determines metabolic flux through glycolysis and mitochondrial 

respiration under basal and stressed conditions to establish the metabolic potential of 

cells. Using biosensors for H+ ions and oxygen, Seahorse assays can measure the 

extracellular acidification rate (ECAR) and the oxygen consumption rate (OCR), 

respectively. Initially, ECAR and OCR are determined to establish the basal activity 

of the glycolytic and oxidative phosphorylation pathways. Levels of ECAR and OCR 

are then measured under stress conditions by the addition of carbonyl cyanide-p-

trifluoromethoxyphenylhydrazone (FCCP) and oligomycin to estimate the metabolic 

potential of a cell line. 

FCCP is a protonophore that uncouples the inner mitochondria membrane, allowing 

protons to flow into the mitochondrial matrix, reducing the membrane potential. The 

electron transport chain becomes highly active to maintain the electrochemical 

gradient, pumping protons into the intermembrane space. This results in increased 

oxygen consumption via complex IV, which consumes oxygen to make water as it 

pumps protons245. Oligomycin is used to ascertain the maximal rate of glycolysis. 

Oligomycin inhibits ATPsynthase, preventing ATP production through oxidative 

phosphorylation, causing increased flux through glycolysis to meet the cellular energy 

demands246. When FCCP and oligomycin are added together in the stressed condition, 

cells undergo maximal ECAR and OCR, displaying their metabolic potential. Using 

this assay, I sought to determine what effects CB2 had on the rates of ECAR and OCR 

in HCC1954iCB2 and BT474iCB2 cells. 

To achieve the best response in the energetic phenotype assay, cell density and FCCP 

concentration need to be optimised. Firstly, the appropriate seeding density of 
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HCC1954WT and BT474WT cell lines was verified. Densities of 5000, 10,000, 20,000 

and 30,000 cells/well in 96-well plates were plated for both cell lines and basal and 

stressed ECAR and OCR were determined (Figure 5.2.1). The optimal cell density of 

HCC1954WT cell that generated the largest signal window of ECAR and OCR was 

20,000 cells/ml, while for BT474WT 30,000 cells/well was optimal. Next, FCCP 

concentration was optimised for both cell lines to establish the concentration that 

yielded the maximum OCR (Figure 5.2.2). HCC1954 cells displayed the highest levels 

of OCR with 0.5 µM FCCP, and BT474 cells had the maximal OCR with 1 µM FCCP, 

resulting in the largest signal window.  

Before analysis of the metabolic phenotype in HCC1954iCB2 and BT474iCB2 cells, it is 

important to note that dox has been reported to impact cell metabolism247. Dox was 

initially developed as an antibiotic that impedes bacteria growth by inhibiting the 30S 

ribosomal subunit, preventing protein synthesis247. Dox is widely used in in vitro and in 

vivo inducible systems, and its physiological effects have been extensively studied. As 

one of the key processes dox has been shown to affect is metabolism, it is difficult to 

draw concrete conclusions about metabolic changes whilst using a dox-inducible 

system. In addition to the effect of dox inhibiting bacterial ribosomes, dox has been 

shown to have similar effects in eukaryote cells by inhibiting the mitochondrial 70S 

ribosomes. Non-functional 70S ribosomes prevents the translation of mitochondrial 

proteins, including components of the electron transport chain, leading to a decrease 

in mitochondrial function. In a compensatory manner, dox can lead to an increase in 

glycolysis247. However, the extent of these changes can vary depending on the cell line. 

MCF12A and HEK293T cells displayed increased glycolytic flux, measured by lactate 

production, and decreased oxygen consumption due to decreased mitochondrial 

respiration. Yet in the lung squamous cell carcinoma cell line, H157, dox did not 

change the rate of glycolysis, although there was a 70% decrease in oxidative 
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phosphorylation247. Therefore, it is likely that dox affects cellular metabolism, although 

this effect is inconsistent across cell lines. 

Therefore, to allow the study of metabolism using the dox inducible system without 

confounding the metabolic data, I tested the effect of dox in HCC1954WT and BT474WT 

cells. Interestingly, in HCC1954WT and BT474WT cells the addition of 1 µg/ml dox for 

24 hours led to a significant decrease in ECAR and OCR (Figure 5.2.3). These results 

were contrary to previously reported effects of dox on metabolism247, with differences 

potentially caused by the variation of genetic background between cell lines.. Whilst I 

did observe a decrease in OCR, as previously shown, the concomitant reduction in 

ECAR suggests that there is not a compensatory increase in glycolysis.  

After establishing the optimal cell density, FCCP concentration and effect of dox on 

wild-type cells, I examined how CB2 expression changes the rate of glycolysis and 

oxidative phosphorylation. HCC1954iCB2 cells had significant upregulation of 

glycolysis and oxidative phosphorylation, measured by ECAR and OCR, respectively 

(Figure 5.2.4 A). Likewise, CB2 expression in BT474iCB2 cells led to significantly higher 

rates of both glycolysis and oxidative phosphorylation (Figure 5.2.4 B); however, there 

were high levels of variation in ECAR and OCR in the BT474iCB2 cell line. Moreover, 

both HCC1954iCB2 and BT474iCB2 cells displayed higher metabolic potential when 

expressing CB2, indicated by the steeper slope between basal and stressed conditions.  

Therefore, this further suggests that CB2 expression influences a change to a more 

energetic metabolic phenotype, with increased metabolic potential. Interestingly CB2 

led to an increase in glycolysis and oxidative phosphorylation, demonstrating a 

possible increase in metabolic plasticity. While increased glycolysis is associated with 

proliferating cancer cells, increased oxidative phosphorylation is often seen in CSCs248. 

The ability of CSCs to regulate their metabolic flux enables a high-energy, invasive 

phenotype and a quiescent, low growth phenotype, depending on environmental 

cues249. CB2 expression may cause an increase in glycolysis in some cells in a 
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population, whilst others become stem-like and increase ATP generation through 

oxidative phosphorylation. 

Bioinformatic analysis of TCGA datasets was used to corroborate the possible increase 

in glycolysis observed in HCC1954iCB2 and BT474iCB2 cell lines using patient data. To 

understand how CB2 could lead to increased glycolysis, the change in expression of 30 

glycolytic enzymes was examined using the TCGA datasets. There was no significant 

difference in the expression of most enzymes, regardless of CNR2 level (Figure 5.2.5 

A). However, HER2+ patients with high CNR2 expression had significant 

upregulation of HK3, HKDC1, and LDHB mRNA, compared to HER2+ patients 

with low CNR2 expression, with the expression of these glycolytic enzymes positively 

correlating with CNR2 expression (Figure 5.2.5 B). 

The HK3 gene encodes hexokinase 3 (HK3), an enzyme responsible for the 

phosphorylation of glucose to glucose-6-phosphate (G6P)250. This is the crucial first 

step of glucose metabolism, preventing glucose from leaving the cell and committing 

it to glycolysis. The reaction catalysed by HK3, and its isoforms HK1 and HK2, is a 

rate-limiting step of glycolysis and is inhibited in a negative feedback loop by G6P. 

Interestingly, HK3 has also been associated with ROS reduction and mitochondria 

biogenesis250, suggesting CB2 could increase both glycolysis and oxidative 

phosphorylation through HK3 expression. Hexokinase domain containing 1 

(HKDC1) is a newly discovered hexokinase isoform, typically expressed during 

pregnancy251, with high homology to HK1. HKDC1 catalyses the same reaction as 

HK3 and is overexpressed in lung cancer252, where it is associated with increased 

tumourgenicity253. Alternatively, LDHB encodes for a subunit of lactate 

dehydrogenase, the other subunit encoded by LDHA. Lactate dehydrogenase catalyses 

the reversible conversion of lactate and pyruvate and the co-enzyme NAD between its 

oxidised (NAD+) and reduced (NADH) forms. LDHB overexpression is implicated in 

numerous cancer types, enabling the use of lactate in metabolism, contributing to 
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increased proliferation and the regulation of autophagy254. Serum levels of LDHB are 

a commonly used biomarker for many cancers, including breast cancer, as high serum 

LDHB is associated with decreased survival255. Expression of these three enzymes was 

further examined in HCC1954iCB2 cells; CB2 induction led to a significant increase in 

the mRNA expression of HK3 and HKDC1 mRNA and an increase in LDHB mRNA, 

although this did not reach significance (Figure 5.2.6). Together, these data indicate 

that the CB2 expression is driving increased flux glycolysis through the expression of 

HK3, HKDC1 and potentially LDHB. Increased levels of HK3 could also lead to 

increase mitochondria biogenesis and reduced levels of ROS. 

Analysis of the above mentioned TCGA datasets also allowed investigation into the 

observed increase of oxidative phosphorylation. Examination revealed a significant 

increase in the mRNA of two genes associated with mitochondrial biogenesis, PPARG 

and DNM1P46, in patients with high CNR2 expression, and positive correlations 

between PPARG and DNM1P46 expression and CNR2 expression (Figure 5.2.7)256,257. 

PPARG encodes for the nuclear receptor, Peroxisome proliferator-activated receptor 

gamma (PPARγ), which can form heteromers with the retinoid X receptors (RXR) to 

regulate gene transcription258. Activation of PPARγ can lead to increased 

mitochondrial turnover and reduction of ROS257. Interestingly PPARγ is part of then 

ECS and has been shown to interact with AEA259, an endocannabinoid, and two of the 

most abundant phytocannabinoids, THC258and CBD260. DNM1P46, dynamin 1 

pseudogene 46, is a GTPase associated with the mitochondrial membrane, and has 

been implicated in regulating fission during mitochondria biogenesis256. Expression of 

DNM1P46 has also been shown to be controlled by retinoid signalling, through the 

receptor RXRA261.  

The increase in PPARG and DNM1P46 expression with high CB2 in the patient data 

suggests that CB2 may lead to increased mitochondrial content, and hence the increase 

in oxidative phosphorylation. This was explored in HCC1954iCB2 cells using the 
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fluorescent mitochondrial stain MitoTracker™ Red CMXRos (Figure 5.2.8). CB2 

expression in HCC1954iCB2 cells led to a significant increase in mitochondrial content, 

suggesting that the increased OCR detected by the Seahorse assay is due to increased 

mitochondria biogenesis, possibly through the action of PPARγ and DNM1P46. 
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Figure 5.2.1: HCC1954 and BT474 cell number titration for the Seahorse Energetic 

Phenotype Assay. 

(A) HCC1954 and (B) BT474 wild type cells at 5000, 10,000, 20,000, and 30,000 cells/well 

measuring extracellular acidification rate (ECAR) as a measure of glycolysis rate and 

oxygen consumption rate (OCR) at basal (prior to Oligomycin and FCCP addition) and 

maximal (after Oligomycin and FCCP addition) metabolic states (n=3, unpaired t-test, 

mean ± SD).  
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Figure 5.2.2: FCCP titration in the Seahorse Energetic Phenotype Assay in HCC1954 and 

BT474 cells. 

The oxygen consumption rate (OCR) of (A) HCC1954 and (B) BT474 wild type cells at 

increasing concentrations of FCCP, measured in the Seahorse energetic phenotype assay 

(n=3). 
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Figure 5.2.3: Doxycycline impacts on OCR and ECAR in HCC1954WT and BT474WT cells. 

The extracellular acidification rate (ECAR) and oxygen consumption rate (OCR) measured 

by the Seahorse energetic phenotype assay in (A) HCC1954 and (B) BT474 wild type (WT) 

cells after 24 hours +/- 1 µg/ml doxycycline (n=3, unpaired t-test of data at all time points, 

mean ± SD) * p < 0.05, ** p < 0.01, *** p < 0.001. 
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Figure 5.2.4: Seahorse analysis of CB2 expression on glycolysis and oxidative 

phosphorylation in HCC1954iCB2 and BT474iCB2 cells. 

(A) Extracellular acidification rate (ECAR) as a measure of glycolysis and oxygen 

consumption rate (OCR) as a measure of oxidative phosphorylation rate in (A) HCC1954iCB2 

and (B) BT474iCB” cells at basal (prior to oligomycin and FCCP addition) and maximal (after 

oligomycin and FCCP addition) metabolic states (n=3, unpaired t-test of data at all time 

points, mean ± SD). **** p < 0.0001. 
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Figure 5.2.5: Expression changes of glycolytic enzymes. 

(A) Heatmap of glycolytic enzyme gene expression from HER2+ patients in the Breast 

Cancer Invasive data set (TCGA, PanCancer Atlas), comparing patients in the lower and 

upper quartiles of CNR2 expression. (B) Breast Cancer Invasive TCGA HER2+ patient data 

of the correlation of mRNA expression between HK3, HKDC1 or LDHB and CNR2. TCGA 

data generated using RNA-seq by Expectation Maximisation (RSEM). (* indicates 

significance of p < 0.01). 
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Figure 5.2.6: Changes in glycolytic enzyme expression after CB2 induction in 

HCC1954iCB2 cells. 

RT-qPCR analysis of HK3, HKDC1 and LDHB mRNA in HCC1954iCB2 cells +/- 24-hour 

induction of CB2 expression (n=3, unpaired t-test, mean ± SD). Relative mRNA expression 

normalised to ACTB (β-actin) mRNA expression. * p < 0.05, ** p < 0.01 
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Figure 5.2.7: High CB2-expressing HER2+ breast cancer patients have increased 

expression of genes related to mitochondrial biogenesis. 

(A) TCGA mRNA expression of PPARG and DNM1P46 from HER2+ patients in the Breast 

Cancer Invasive TCGA dataset between the upper and lower quartiles of CNR2 expression 

(unpaired t-test).  (B) Breast Cancer Invasive TCGA HER2+ patient data of the correlation 

of mRNA expression between PPARG or DNM1P46 and CNR2. TCGA data generated using 

RNA-seq by Expectation Maximisation (RSEM). ** p < 0.01, **** p < 0.0001. 
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Figure 5.2.8: CB2-meditated increase in mitochondrial content in HCC1954iCB2 cells. 

(A) Fluorescent staining of mitochondria using MitoTracker (red) and CB2 

immunofluorescence (green) in HCC1954iCB2 cells +/- 24-hour CB2 induction 

(representative images of n=3 biological replicates). (B) Corrected total cell fluorescence 

(CTCF) of mitochondrial staining in HCC1954iCB2 cells +/- CB2 induction from (A), with 

distribution of CTCF indicated by violin plot thickness. Mean CTCF and upper and lower 

quartiles indicated by dashed and dotted lines, respectively (n=3 biological replicates, 

unpaired t-test). *** p < 0.001. Scale bar 40 µm. 
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5.3 Metabolite changes with CB2 expression: Fluxomic analysis 

To further investigate the role of CB2 on metabolic reprogramming, I performed 

fluxomic analysis using radiolabelled 13C glucose and 13C glutamine in HCC1954iCB2 

cells. I used mass spectrometry to analyse changes in 29 common metabolites (Figure 

5.3.1). Confirming the increase in ECAR, I observed that most glucose-derived carbon 

generates lactate (Appendix figure 7). As a result of increased glycolysis, I observed a 

decrease in the level of the TCA intermediate citrate (Figure 5.3.2 A), indicating 

decreased carbon from glucose entering the TCA and being converted to citrate. This 

could lead to decreased de novo synthesis of fatty acids, leading to a reliance on uptake 

of fatty acids and susceptibility to ROS lipid damage. This is supported by the increase 

in glutathione synthesis through glutamine metabolism, as I saw increased glutamine 

carbon-derived glutathione (Figure 5.3.2 B). Furthermore, glutathione is used as a 

substrate for glutathione peroxidase (GPx) enzymes that are important in reducing 

ROS (Figure 5.3.3). Interestingly, supporting this is the finding that in TCGA, there is 

a significant increase in GPX3 expression in high CNR2 HER2+ patients and GPX3 

expression positively correlates with CNR2 expression (Figure 5.3.2 C), which is 

associated with the formation of cancer stem cells262.  
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Figure 5.3.1: Changes in metabolites after CB2 induction. 

Heatmaps of metabolite changes using (A) 13C glucose and (B) 13C glutamine detected by 

mass spectrometry, isolated from HCC1954iCB2 cells +/- 24-hour CB2 induction with 1 

μg/ml dox. Data from five technical replicates of one biological replicate. 
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Figure 5.3.2: CB2 expression causes increased flux through reductive metabolite 

pathways. 

Changes in (A) glucose-derived citrate and (B) glutamine-derived glutathione 

concentration in HCC1954iCB2 cells +/- 24-hour CB2 induction expression (n=5 technical 

replicates, unpaired t-test, mean ± SD). (C) Comparison of GPX3 mRNA expression 

between the upper and lower quartiles of CNR2 expressing HER2+ patients in the Breast 

Cancer Invasive TCGA dataset (unpaired t-test, mean ± SD). and the correlation of mRNA 

expression between GPX3 and CNR2. TCGA data generated using RNA-seq by Expectation 

Maximisation (RSEM). * p < 0.05, ** p < 0.01 
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Figure 5.3.3: Theoretical proposed mechanism of the effect of CB2 cancer cell 

metabolism  

CB2 leads to the metabolic rewiring of HER2+ cancers cells, possibly in part via this 

proposed mechanism. CB2 expression leads to increased rates of glycolysis, via increased 

HK3 and HKDC1 expression, which leads to increased levels of lactate, via LDH. The lack 

of pyruvate to provide acetyl-CoA to enter the tricarboxylic acid cycle (TCA), potentially 

leading to decreased levels of citrate. The TCA can continue to fuel the increased levels of 

oxidative phosphorylation in the absence of pyruvate derived acetyl-CoA via the entry of 

glutamine into the TCA via α-ketoglutarate. However, due to increased levels of 

glutathione, excess glutamine is likely being shunted into glutathione antioxidant 

purposes. Therefore, it is possible CB2 expressing cells are producing acetyl-CoA via fatty 

acid oxidation, leading to increased reactive oxygen species (ROS) and the need for 

glutathione-mediated ROS reduction. More research is required to validate this model 

and test speculations. 
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5.4 Summary of Results 

• CB2 expression increases metabolic output through increased rates of 

glycolysis and oxidative phosphorylation. 

• Increased expression of glycolytic enzymes, LDHB, HK3 and HKDC1 

correlates with CB2 expression in HER2+ breast cancer patients and 

increased HK3 and HKDC1 mRNA expression was observed after CB2 

induction in HCC1954iCB2 cells. 

• CB2 expression increases mitochondrial content in HCC1954iCB2 cells and is 

associated with PPARG and DNM1P46 expression in HER2+ patients and 

HCC1954iCB2 cells, which are both genes involved in mitochondrial 

biogenesis. 

• Metabolic rearrangement upon CB2 expression results in decreased citrate 

and increased glutathione production. 
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Chapter 6  CB2 expression induces stem 
like phenotype 
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6.1 CB2-driven stemness 

CSC typically compose around 0.1-1% of cancer cells in primary breast tumours263. 

These cells are highly tumourigenic, treatment resistant and can divide asymmetrically 

to repopulate tumours, leading to relapse264. Resistance of CSCs to chemotherapy and 

radiotherapy results from their lower turnover rate, expression of detoxifying enzymes 

such as the aldehyde dehydrogenase (ALDH) family and GPx265, expression of ATP-

binding cassette (ABC) transporter family members and high rates of DNA damage 

repair266. Therefore, CSCs have become a pivotal target in preventing tumour 

recurrence. Hence, identifying a CB2+ population of CSCs in HER2+ breast cancer 

could allow for specific cannabinoid-based therapy and represents a novel way of 

targeting breast CSCs. 

Stemness of cancer cells can be functionally determined in vitro with the mammosphere 

formation assay. Proliferative cancer cells cannot survive anchorage-independent 

growth and die via the programmed cell death pathway, anoikis, which regulated 

through integrin-mediated signalling pathways, activating apoptosis after integrin 

disengagement from ECM267. Upon detachment from ECM, anchorage dependent 

cells undergo this form of cell death, preventing the dissemination of detached cells. 

However, CSCs cells have the ability to survive anoikis and grow in suspension. When 

breast cancer cells are plated into an ultra-low attachment plate, CSCs will survive to 

form mammospheres. The mammosphere formation efficiency (MFE) is a quantitative 

readout of the stemness of a population of cells. Using this assay, the effect of CB2 on 

regulating stemness can be determined. Firstly, HCC1954iCB2 cells were titrated to 

obtain the optimal cell number per well for mammosphere formation and 

quantification. HCC1954iCB2 cells were plated at 500-5000 cells/well in a 24-well ultra-

low attachment plate, +/- 1 µg/ml dox (Appendix figure 8). After 7 days of culture, 

mammospheres were imaged and quantified. The cell density of 1000 cells/ml was 

chosen for further experiments as there was the greatest difference in MFE between 
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+/- CB2 induction, less cell clumping and easier quantification than higher cell 

concentrations. HCC1954iCB2 cells were then plated at 1000 cells/well, +/- 1 µg/ml 

dox and cultured for 7 days, with 100 nM JWH133 or DMSO vehicle control added 

every other day (Figure 6.1.1). CB2 expression significantly increased the MFE, which 

was abrogated with JWH133, suggesting that CB2 regulates stemness in HER2+ breast 

cancer. To understand the mechanism conferring CB2-mediated stemness, I sought to 

identify stem cell markers that could regulate this process.  
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Figure 6.1.1: Mammosphere formation efficiency is increased by CB2 expression and 

inhibited by JWH133. 

(A) Light micrographs of mammosphere formation of HCC1954iCB2 cells in ultra-low 

attachment plates +/- 7 days CB2 induction and after the addition of 100 nM JWH133 or 

vehicle (DMSO). White arrows indicating mammospheres (representative images of n=3 

biological replicates). (B) Quantification of mammosphere formation efficiency from (A) 

(n=3, ordinary one-way ANOVA, mean ± SD). Scale bar 500 μm. * p < 0.05, ** p < 0.01 
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6.2 CB2 modulates expression of stem cell markers 

The Yamanaka factors are a set of well-established transcription factors highly 

expressed in embryonic stem cells. When expressed experimentally in vitro, these lead 

to the formation of induced pluripotent stem cells268. Pluripotency factors such as these 

are upregulated in CSCs269. Their expression in cancer has been associated with cancer 

stem cells in breast, bladder, liver and prostate cancer270 and increased rates of 

chemoresistance and tumour recurrence in liver cancer269. Therefore, I investigated 

whether CB2 expression was linked to these factors in HER2+ patients. TCGA analysis 

of POU5F1 (OCT4), KLF4, SOX2 and MYC revealed that only POU5F1 was slightly 

elevated in high CNR2 patients, with no statistical difference between high and low 

CNR2 expression for SOX2, KLF4 and MYC, nor was there any correlation with CNR2 

expression (Figure 6.2.1). 

As POU5F1 was upregulated in patient data and had a slight positive correlation with 

CNR2 expression, I further explored the expression of OCT4 in HCC1954iCB2 and 

BT474iCB2 cells. Changes in protein levels were assessed, with no differences being 

observed, regardless of CB2 expression (Appendix figure 9). Therefore, it was apparent 

that CB2 was likely not conferring stemness via the expression of Yamanaka factors 

and likely relying on other pluripotency markers for the maintenance of stemness. 

Consequently, I utilised TCGA dataset to interrogate the expression of other stem cell 

markers that correlate with CNR2 expression in HER2+ breast cancer patients (Figure 

6.2.2). High CNR2-expressing HER2+ patients had significantly higher expression of 

CD44 and ALDH1A1, both well-established CSC markers in breast cancer271,272. Their 

expression in HCC1954iCB2 cells was corroborated by qPCR analysis. Induction of CB2 

for 24 hours led to a significant increase in both CD44 and ALDH1A1 gene expression 

(Figure 6.2.2 C, F).  
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CD44 is a cell surface glycoprotein that binds hyaluronic acid and is involved in cell 

adhesion273. CD44 expression is frequently observed in breast CSCs and is associated 

with increased metastasis rates and decreased survival274. ALDH1A1 expression is also 

associated with poor patient outcomes275, invasion and metastasis to the lymph 

nodes276. ALDH1A1 is responsible for converting aldehydes to carboxylic acids and 

reducing reactive oxygen species, vital steps in cellular detoxification277. These are 

critical protective actions in normal cells, and in cancer cells, it can reduce the 

effectiveness of cytotoxic drugs and result in the increased treatment resistance seen 

within CSC populations278. Further, ALDH1A1 oxidises retinal to retinoic acid (RA), 

which, once in the nucleus, binds to retinoid receptors, RXR and RARα, along with 

PPARs to regulate a variety of transcription events279.  
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Figure 6.2.1: Expression changes in Yamanaka factors in HER2+ breast cancer patients 

with high and low CB2 expression. 

(A) Comparison of Yamanaka factor, POUF5F1 (OCT4), SOX2, KLF4 and MYC, mRNA 

expression in high (upper quartile) and low (lower quartile) CNR2 expressing HER2+ breast 

cancer patients from the Breast Cancer Invasive TCGA dataset (unpaired t-test). (B) Breast 

Cancer Invasive TCGA HER2+ patient data of the correlation of mRNA expression between 

POUF5F1, SOX2, KLF4 or MYC and CNR2. TCGA data generated using RNA-seq by 

Expectation Maximisation (RSEM). ** p < 0.01 
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Figure 6.2.2: CB2-driven increase in expression of cancer stem cell markers. 

(A) Comparison of CD44 mRNA expression between the upper and lower quartiles of CNR2 

expressing HER2+ patients in the Breast Cancer Invasive TCGA dataset (unpaired t-test). 

(B) Breast Cancer Invasive TCGA HER2+ patient data of the correlation of mRNA 

expression between CD44 and CNR2 (CB2). (C) CD44 mRNA expression in HCC1954iCB2 cells 

by RT-qPCR +/- 24-hour CB2 induction (n=3, unpaired t-test, mean ± SD). (D) Comparison 

of ALDH1A1 mRNA expression between the upper and lower quartiles of CNR2 expressing 

HER2+ patients in the Breast Cancer Invasive TCGA dataset (unpaired t-test). (E) Breast 

Cancer Invasive TCGA HER2+ patient data of the correlation of mRNA expression between 

ALDH1A1 and CNR2. (F) CD44 mRNA expression in HCC1954iCB2 cells by RT-qPCR +/- 24-

hour CB2 induction with 1 μg/ml dox (n=3, unpaired t-test, mean ± SD). TCGA data 

generated using RNA-seq by Expectation Maximisation (RSEM). * p < 0.05, ** p < 0.01, 

**** p < 0.0001. 
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6.3 ALDH1A1 is linked to pluripotency, ROS homeostasis and 

invasion  

Due to the role of ALDH1A1 in RA-mediated transcription regulation and ROS 

homeostasis, protein expression of ALDH1A1 was initially validated by western 

blotting in HCC1954iCB2 cells. CB2 induction resulted in increased ALDH1A1 

expression, compared to HCC1954iCB2
 cells lacking CB2 expression.  Further validation 

was carried out with ALDH1A1 immunofluorescence in HCC1954iCB2 cells +/- CB2 

induction, revealing significantly increased ALDH1A1 staining in the presence of CB2 

(Figure 6.3.1).  

Interestingly, RA signalling has been shown to elevate glycolysis280 and oxidative 

phosphorylation281. Indeed, PPARγ, the gene product of PPARG, is increased in high 

CB2 HER2+ patients and associates with RARs to regulate transcription. This also 

suggests that ALDH1A1 RA signalling could lead to mitochondrial biogenesis through 

the action of PPARγ, highlighting the connections between these CB2-regulated 

pathways. In addition, RA signalling regulates the expression of PYK2, a protein 

associated with increased invasion in HER2+ breast cancer, which is increased in 

HER2+ breast cancer patients with high CB2 expression and had a strong positive 

correlation with CNR2 mRNA expression (Figure 6.3.2 A, B). PYK2 has also been 

reported to be involved in chemotherapy resistance and the formation of breast CSCs 

in HER2+ patients and correlates with CD44 expression282. To determine if PYK2 

regulates invasion, CB2 expressing HCC1954iCB2 spheroids were treated with the PYK2 

inhibitor, Defactinib, significantly reducing CB2-driven invasion (Figure 6.3.2 C, D). 

In addition, recent evidence has implicated RA signalling in regulating the expression 

and activity of AKT283,284. AKT is a vital signalling node in the CB2 pathway and is 

implicated in many tumourigenic processes, including cell proliferation, survival, 

invasion, and in the formation of breast CSCs285. To determine if CB2 expression in 

HER2+ breast cancer leads to AKT expression, AKT protein levels were assessed by 
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western blot. After 24 hours of CB2
 expression the levels of both phospho-AKT and 

total AKT increased, potentially mediated through increased RA signalling (Figure 

6.3.3 A). To evaluate the role of the increased AKT expression on invasion in our 

model, HCC1954iCB2 spheroids were treated with an AKT1/2 inhibitor, significantly 

reducing CB2-driven invasion into the surrounding 3D matrix (Figure 6.3.3 B, C).  

Taken together, these data suggest that CB2 expression can lead to increased invasive 

potential by controlling the expression of ALDH1A1. RA signalling can control the 

expression of pro-invasive and pluripotency genes, and the detoxification action of 

ALDH1A1 increases treatment resistance and decreases ROS-mediated cell death 

potentially leading to an increase in highly metastatic, stem-like population of cancer 

cells. 
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Figure 6.3.1: ALDH1A1 protein expression increases with CB2 induction. 

(A) Western blot analysis of ALDH1A1 protein expression +/- 24-hour CB2 induction from 

HCC1954iCB2 whole cell lysates (representative image of n=3). (B) ALDH1A1 and CB2 

immunofluorescence of HCC1954iCB2 cells +/- 24-hour CB2 induction with 1 μg/ml dox. (C) 

Corrected total cell fluorescence quantification of ALDH1A1 immunofluorescence from 

(B) with distribution of CTCF indicated by violin plot thickness. Mean CTCF and upper and 

lower quartiles indicated by dashed and dotted lines, respectively (n=3, unpaired t-test). 

**** p < 0.0001. Scale bar 50 µm.  
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Figure 6.3.2: PYK2 expression increases in high CB2 expressing patients and contributes 

of CB2-driven invasion. 

(A) Comparison of PYK2 mRNA expression between the upper and lower quartiles of CNR2 

expressing HER2+ patients in the Breast Cancer Invasive TCGA dataset (unpaired t-test, 

mean ± SD). (B) Breast Cancer Invasive TCGA HER2+ patient data of the correlation of 

mRNA expression between PYK2 and CNR2. TCGA data generated using RNA-seq by 

Expectation Maximisation (RSEM). (C) Light micrographs of HCC1954iCB2 spheroids 

embedded in a collagen-Matrigel matrix. Spheroids +/- CB2 induction and +/- 100 nM PYK2 

inhibitor Defactinib or vehicle (DMSO). (D) Quantification of (C) with each colour 

representing biological repeats, translucent points representing a single spheroid and 

each larger solid point the mean invasion of each repeat, horizontal line represents 

median % invasion (n=3, ordinary one-way ANOVA). Scale bar 200 μm * p < 0.05, **** p 

< 0.0001. 
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Figure 6.3.3: CB2 increases expression and activation of AKT, leading to increased 3D 

invasion. 

(A) Western blot analysis of phospho-AKT (Ser 473) and total-AKT protein using 

HCC1954iCB2 whole cell lysates +/- 24-hour CB2 induction. αTubulin was used as a loading 

control (representative image of n=3 biological replicates). (B) Light micrographs of 

HCC1954iCB2 spheroids in collagen-Matrigel matrix, +/- CB2 induction +/- 100 nM AKT1/2 

inhibitor or vehicle (DMSO). (C) Quantification of AKT1/2 inhibitor treated spheroid 

invasion from (B), with each colour representing biological repeats, translucent points 

representing a single spheroid and each larger solid point the mean invasion of each 

repeat, horizontal line represents median % invasion (n=3, ordinary one-way ANOVA). 

Scale bar 200 μm. **** p < 0.0001. 
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6.4 CB2 expression leads to the activation of the Wnt/β-catenin 

pathway 

As ALDH1A1 expression is linked to the outcome of HER2+ breast cancer, its 

association with cancer stem cells, invasion via PYK2 and potentially metabolism 

through PPARγ, I aimed to elucidate how ALDH1A1 expression is regulated by CB2. 

ALDH1A1 expression can be controlled by the Wnt/β-catenin pathway, a signalling 

pathway that is often highly active in CSCs286. Therefore, to initially investigate 

whether CB2 was increasing the activity of the Wnt/β-catenin pathway expression of 

Wnt ligands was examined in the HER+ breast cancer TCGA dataset (Figure 6.4.1). 

High CNR2-expressing patients have increased levels of various Wnt ligands, with the 

largest increase seen in WNT10A. Further analysis additionally revealed a positive 

correlation between WNT10A and CNR2 mRNA expression (Figure 6.4.2 A, B). 

Expression of the Wnt ligands was verified by qPCR in HCC1954iCB2 cells and revealed 

a significant increase in mRNA expression of WNT10A after CB2 induction (Figure 

6.4.2 C). 

As Wnt signalling leads to the activation of β-catenin, I investigated if CB2 expression 

activated β-catenin in HCC1954iCB2 cells. In the absence of Wnt ligands, β-catenin is 

sequestered in the cytoplasm by a protein complex of glycogen synthase kinase 3 

(GSK3), Axin, Adenomatous polyposis coli (APC) and casein kinase 1 (CK1). In its 

inactive state, β-catenin is phosphorylated and degraded through the proteasome. 

When Frizzled receptors are activated through Wnt ligand binding and associations 

with accessory protein LRP5/6, β-catenin separates from the inhibitory protein 

complex, activates and translocates to the nucleus, regulating the transcription of Wnt 

target genes through binding to TCF and LEF transcription factors287. 

Immunofluorescence of β-catenin revealed a significant increase in nuclear β-catenin 

after CB2 induction, indicating β-catenin activity (Figure 6.4.3).  
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Subsequently, I verified if β-catenin was actively regulating gene transcription through 

the TOPFlash assay288. TOPFlash is a plasmid expressing firefly luciferase under the 

regulation of a TCF promoter. Following Wnt signalling, nuclear β-catenin regulates 

transcription through the activity of the TCF transcription factor (Figure 6.4.4). CB2 

expressing HCC1954iCB2 cells had significantly more luciferase activity compared to 

HCC1954iCB2 cells that lacked CB2, indicating CB2 induces β-catenin regulated gene 

transcription.  

Together, these data suggest that CB2 generates a cancer stem cell phenotype through 

CD44 and ALDH1A1 expression. ALDH1A1 could also contribute to the invasive 

potential of CB2 expressing HER2+ cancer cells through driving the expression of 

PYK2. Moreover, the activation of the Wnt pathway is common in cancer stem cells 

and potentially controls the expression of ALDH1A1 and CD44, with CD44 acting as 

a positive regulator of Wnt/β-catenin signalling286,289 (Figure 6.4.5). The resulting 

phenotype after CB2 expression is a highly motile cancer stem cell that is at increased 

risk of forming metastases. 
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Figure 6.4.1: Wnt ligand expression changes in high and low CB2 expression HER2+ 

patients. 

Expression of Wnt ligand mRNA from the Breast Cancer Invasive TCGA dataset between 

the upper and lower quartiles of CNR2 expressing HER2+ breast cancer patients. TCGA 

data generated using RNA-seq by Expectation Maximisation (RSEM). (* indicates 

significance of p < 0.01). 
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Figure 6.4.2: CB2 expression leads to increased levels of WNT10A mRNA expression. 

(A) Comparison of WNT10A mRNA expression between the upper and lower quartiles of 

CNR2 expressing HER2+ patients in the Breast Cancer Invasive TCGA dataset (unpaired t-

test) (B) Breast Cancer Invasive TCGA HER2+ patient data of the correlation of mRNA 

expression between WNT10A and CNR2. TCGA data generated using RNA-seq by 

Expectation Maximisation (RSEM). (C) RT-qPCR analysis of WNT10A mRNA expression in 

HCC1954iCB2 cells. Relative mRNA expression normalised to ACTB (β-actin) mRNA 

expression. +/- 24-hour CB2 induction (n=3, unpaired t-test, mean ± SD).  ** p < 0.01, **** 

p < 0.0001. 
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Figure 6.4.3: Activation of β-catenin upon CB2 expression. 

(A) Subcellular localisation of β-catenin (red) by immunofluorescence +/- 24-hour CB2 

induction in HCC1954iCB2 cells. White arrows indicating nuclear β-catenin staining 

(representative images of n=3). (B) Quantification of β-catenin nuclear localisation in 

HCC1954iCB2 cells from (A) (n=3 biological replicates, unpaired t-test, mean ± SD). Scale bar 

40 μm * p < 0.05. 
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Figure 6.4.4: Activation of the Wnt/β-catenin pathway leads to TCF-mediated gene 

expression. 

Analysis of TCF-mediated transcription in HCC1954iCB2 cells transfected with the TOPFlash 

reporter. Firefly luciferase activity normalised to Renilla luciferase. * p < 0.05. 
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Figure 6.4.5: Proposed mechanism of CB2-mediated autocrine Wnt/β-catenin pathway 

activation and induction of highly motile stem-like phenotype. 

CB2 expression in HER2+ breast cancer cells leads to increased WNT10A expression and β-

catenin activation, potentially via autocrine stimulation of frizzled receptors. β-catenin 

translocates to the nucleus where it mediates TCF/LEF controlled transcription of 

ALDH1A1, CD44 and PYK2 resulting increased migration, invasion and stemness. 
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6.5 Summary of Results 

• CB2 expression increased the mammosphere formation efficiency of 

HCC1954iCB2 in low attachment culture. 

• There were no changes in the expression of Yamanaka factors, regardless of 

CB2 expression, however, CB2 expression positively correlated with the breast 

cancer stem cell markers ALDH1A1 and CD44 in HER2+ breast cancer 

patients and HCC1954iCB2 cells. 

• PYK2, a target of RA signalling, is correlated with CB2 expression in HER2+ 

breast cancer patients, and inhibition of PYK2 inhibits 3D invasion of 

HCC1954iCB2 spheroids. 

• CB2 expression leads to increased AKT expression and activation, with AKT 

inhibition preventing invasion in 3D culture of HCC1954iCB2 spheroids. 

• CB2 expression increased WNT10A production, leading to activation and 

nuclear localisation of β-catenin and subsequent β-catenin-TCF mediated 

gene expression. 
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Chapter 7  CB2 expression and immune 
evasion 
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7.1 CB2 mediates immune evasion through PDL1 expression 

The majority of CB2 expression is localised to the tissues of the immune system, with 

high CB2 expression present in the tonsils, spleen and on leukocytes144. The major role 

of CB2 in these tissues is mediating the immune response and the resolution of 

inflammation. This was illustrated in CB2-knockout mouse models, where bacterial 

infection leads to increased leukocyte recruitment and pro-inflammatory cytokine 

production, indicating CB2 expression is important in mediating anti-inflammatory 

effects144. Therefore, I hypothesised whether CB2 expression in cancer could reduce 

immune activity and increase immune evasion.  

Metastasising cancer cells must avoid detection and destruction by the immune system 

to establish secondary tumour sites. To achieve this, cancer cells often upregulate 

immune checkpoint proteins that regulate immune cell function, such as programmed 

death-ligand 1 (PDL1) and cytotoxic T-lymphocyte-associated protein 4 (CTLA4). 

Engagement of PDL1 or CTLA4 with their receptors on immune cells promotes 

immune cell anergy and apoptosis, thereby preventing cancer cell killing. Expression 

of PDL1 and CTLA4 is linked with invasive breast cancer and worse patient prognosis, 

with HER2+ breast cancer highly associated with PDL1 expression290–292. Therefore, I 

aimed to determine whether CB2 confers a selective advantage to invading cancer cells 

through the expression of immune checkpoint proteins, focusing on PDL1. Analysis 

of TCGA dataset revealed high CNR2 expressing HER2+ breast cancer patients have 

significantly increased expression for CD274 (the gene encoding PDL1), with its 

expression positively correlating with the expression of CNR2 in HER2+ breast cancer 

patients (Figure 7.1.1 A, B). As PDL1 expression is highly prognostic for patient 

survival and the use of anti-PDL1 antibodies has high therapeutic potential293, I 

investigated PDL1 expression in HCC1954iCB2 cells. Recapitulating TCGA data 

suggesting CD274 mRNA expression correlates with high CB2 expression, I determined 

the levels of CD274 in HCC1954iCB2 cells by qPCR, with induction of CB2 leading to 
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around a 50% increase in CD274 mRNA expression (Figure 7.1.1 C). Additionally, 

PDL1 protein expression in HCC1954iCB2 was assessed by both western blot and flow 

cytometry and was increased after 24 hours of CB2 expression (Figure 7.1.1 D, E).  
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Figure 7.1.1: HER2+ breast cancer patients display a positive correlation between CB2 

and PDL1 expression. 

(A) Analysis of CD274 mRNA expression in high (upper quartile) and low (lower quartile) 

CNR2 expressing HER2+ breast cancer patients from the Breast Cancer Invasive TCGA 

dataset (unpaired t-test). (B) Breast Cancer Invasive TCGA HER2+ patient data of the 

correlation of mRNA expression between CD274 (PDL1) and CNR2. TCGA data generated 

using RNA-seq by Expectation Maximisation (RSEM). (C) CD274 mRNA expression in 

HCC1954iCB2 cells by RT-qPCR +/- 24-hour CB2 induction (n=3, unpaired t-test, mean ± SD). 

(D) Western blot analysis of PDL1 expression in HCC1954iCB2 whole cell lysates, +/- 24-hour 

CB2 induction, αTubulin as a loading control (representative image of n=3). (E) Flow 

cytometry analysis of surface expression of PDL1 in HCC1954iCB2 cells with (red) and 

without (blue) 24 hours CB2 induction (representative of n=3 biological replicates). 

Relative mRNA expression normalised to ACTB (β-actin) mRNA expression.  ** p < 0.01, 

*** p < 0.001.  
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7.2 CB2 leads to immune evasion via PDL1 expression in an AKT-

dependent manner. 

Increased PDL1 expression would facilitate invasive CB2-expressing HER2+ CSCs 

evading the immune system, enabling metastasis. Interestingly, as CB2 is linked to 

lymph node metastases in HER2+ patients (Figure 4.1.1 B), it is unsurprising that CB2 

expression could lead to immune evasion, enabling lymph node colonisation. 

Therefore, I aimed to investigate whether PDL1 expression was present on 

HCC1954iCB2 spheroids during invasion. Immunofluorescent staining of HCC1954iCB2 

revealed greater PDL1 staining on the invasive protrusions of CB2-expressing 

spheroids, indicating CB2-driven PDL1 expression may enhance immune evasion in 

HER2+ breast cancer patients, however, this should be examined experimentally 

(Figure 7.2.1). 

Importantly, PDL1 expression can be controlled though the AKT signalling pathway, 

and therefore possibly through ALDH1A1 activity leading to increased AKT 

expression283,284. I sought to determine whether CB2 expression impacted the 

expression of PDL1 in HCC1954iCB2 cells via AKT. In addition to abrogating invasive 

potential of HCC1954iCB2 spheroids, AKT inhibition also slightly decreased PDL1 

staining, indicating CB2 increases PDL1 expression, at least in part, through increased 

AKT expression and activity (Figure 7.2.1). Moreover, upon quantification, there was 

no difference in the total amount of PDL1 fluorescence between spheroids, regardless 

of CB2 expression or AKT inhibition. However, quantification of the invasive 

protrusions revealed significantly higher PDL1 staining in CB2-expressing spheres, 

which was reduced after AKT1/2 inhibition (Figure 7.2.2). Therefore, it appears that 

CB2 expression is driving invasion and the expression of PDL1 in an AKT-dependent 

manner, possibly initiated via Wnt pathway, ALDH1A1 activity and retinoid 

signalling (Figure 7.2.3). Thus, expression of CB2 could cause increased success of 

metastases and increased PDL1 expression may represent a mechanism of immune 
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evasion that could explain how CB2 is linked to lymph node metastasis, increased 

relapse rates and decreased overall survival of HER2+ patients.  
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Figure 7.2.1: HCC1954iCB2 spheroids increase PDL1 expression after CB2 expression, 

which is reduced by AKT inhibition. 

Immunofluorescence of PDL1 (red) and CB2 (green) in HCC1954iCB2 spheroids embedded 

in a collagen-Matrigel matrix, after 3 days +/- CB2 induction and +/- 100 nM AKT1/2 

inhibitor or vehicle (DMSO) (representative images of n=3). Scale bar 200 μm.  
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Figure 7.2.2: Increased PDL1 expression is localised to the invasive protrusions of CB2 

expressing spheroids. 

Quantification of PDL1 immunofluorescence from Figure 7.2.1 in whole spheroids or 

invasive protrusions only, after 3 days +/- CB2 induction and +/- 100 nM AKT1/2 inhibitor 

or vehicle (DMSO) (n=3 biological replicates, ordinary one-way ANOVA). * p < 0.05, ** p < 

0.01.  
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Figure 7.2.3: Proposed mechanism of CB2-mediated tumourigenic signalling in HER2+ 

breast cancer. 

CB2 expression in HER2+ breast cancer leads to activation of the Wnt/β-catenin pathway 

and ALDH1A1 expression. ALDH1A1 catalyses the oxidation of retinal to retinoic acid (RA). 

Once in the nucleus RA can mediate signalling via the retinoic acid receptors to mediate 

the expression of PYK2 and AKT. PYK2 and AKT activity results increased invasive potential 

and AKT signalling contributes to increased PDL1 expression leading to immune evasion. 
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7.3 Summary of Results 
 

• CB2 expression increases PDL1 expression in HER2+ patients and in vitro at 

the mRNA and protein level in HCC1954iCB2 cells. 

• In HCC1954iCB2 spheroids, CB2 expression increases PDL1 expression, which 

is localised to the invading protrusions. 

• AKT inhibition of CB2 expressing spheroids leads to reduced PDL1 

expression on invasive protrusions. 
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Chapter 8 Discussion and conclusions 
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8.1 Introduction 
 

The development of personalised medicine has provided many cancer patients with 

increasingly effective and tolerable therapies294. HER2+ breast cancer patients in 

particular have benefitted significantly from precision medicine. However, in many 

cases, resistance to targeted therapy leads to recurrence; thus, the identification of new 

targets and the development of new treatments is required.  Cannabinoid signalling 

has become a target of increasing interest, as it is involved in many processes 

commonly exploited by cancer cells. In particular, CB2 activity has diverse 

physiological roles that can be repurposed to benefit cancer growth, such as controlling 

the release of growth factors and cytokines to regulate development, wound repair and 

immune function295. As over 75% of HER2+ breast cancer patients display high CB2 

expression, and high levels of CB2 are associated with decreased survival172, CB2 poses 

an attractive therapeutic target.  For CB2 targeting cannabinoid therapies to be 

efficacious in this context, understanding how CB2 influences HER2+ breast cancer 

biology and progression is vital. To this end, I developed a CB2 inducible system to 

interrogate the mechanism of CB2-related tumourigenesis in HER2+ breast cancer and 

the potential of cannabinoid-based therapies as anti-breast cancer drugs. Herein, I 

describe a mechanism of CB2-driven migration and invasion of HER2+ breast CSC 

with altered metabolism and increased potential for immune evasion. In this 

discussion, I will evaluate the CB2 expression system and contextualise the findings of 

this thesis. 

 

8.2 General limitations  
 

Whilst the data presented in this thesis describe novel aspects of the role of CB2 

function in HER2+ breast cancer, there are certain limitations to be acknowledged, 



167 

 

with further research required to answer remaining research questions. Firstly, 

experimental data was obtained exclusively in in vitro models, and therefore 

conclusions drawn from this thesis should be further validated with the use of animal 

models and patient samples. 

Furthermore, the dox-inducible system of CB2 expression, whilst a useful tool, has 

some limitations. For example, some CB2 mRNA expression was observed without 

dox treatment, indicating some leakiness of the pINDUCER20 vector. Additionally, 

further validation of CB2 function could have been performed using CB2 knockdown 

experiments, potentially rescuing the protumourigenic phenotype observed after CB2 

expression in a similar manner to cannabinoid treatment. The mechanism of CB2 

promoting invasion, metabolic rearrangement and stemness, whilst observed in the 

HER2+ subtype, may be common across different breast cancer subtypes. As such, it 

would have been prudent to examine similar changes upon CB2 expression in HER2- 

breast cancer cell lines, such as MCF7, MDAMB231 or T47D. 

Due to the importance of the CSC phenotype in metastasis and patient mortality, 

further confirmation of CSC markers, both on HCC1954iCB2 cells, in vivo models and 

in patient samples would highlight the clinical relevance of CB2+ breast CSCs. 

Methods for further analysis of the CSC phenotype are discussed later (Section 8.8 

Future perspectives). 

In addition to the limitations of the data, there remains many questions regarding the 

specific mechanism of CB2 function in HER2+ breast cancer, with specific discussion 

of prospective experiments discussed in 8.8 Future perspectives. The mechanisms by 

which CB2 leads to metabolic rewiring of HER2+ cancer cells are still no be 

determined. Whilst this thesis provides an indication that increased rates of glycolysis 

and oxidative phosphorylation could be influenced through ALDH1A1 function and 

RA signalling, this needs to be specifically examined. Furthermore, whist increased 

PDL1 expression was observed, whether its expression in this context would lead to 
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immune evasion is still unexplored. Finally, the presence and relevance of a population 

of CB2+ CSC within HER2+ breast cancer patients is currently unknown.   

 

8.3 CB2 inducible expression system 
 

8.3.1 Validation of CB2 expression 

 

In this thesis, most in vitro experimentation used the dox-inducible expression system 

for CB2 in HER2+ breast cancer cell lines. This system enabled the investigation of the 

protumoural role of CB2 in the context of HER2+ breast cancer and the applicability 

of cannabinoids as anti-cancer therapy. Whilst the inducible system showed robust 

CB2 expression, and subsequent cannabinoid treatment led to changes in gene 

expression, metabolic rewiring and metastatic potential in HCC1954, SKBR3 and 

BT474 cell lines, there are some limitations to be considered, as this is an in vitro model  

of a complex and heterogenous disease.  

 

8.3.2 Clinical relevance 
 

The relevance of CB2 expression levels in the dox-inducible in vitro system is difficult 

to compare to CB2 expression levels in patient tumour tissue. However, the observed 

changes in our in vitro model have been cross-referenced via comparison to HER2+ 

breast cancer patients in TCGA datasets. Therefore, inducible CB2 expression in 

HER2+ cell lines has similar consequences to CB2 expression in patient cancers, 

supporting its clinical relevance. However, further validation of the CB2-mediated 

metabolic rearrangement, stemlike phenotype and immune evasion in in vivo systems, 

such as tumourgenicity studies in immunodeficient and immunocompetent mouse 

models is warranted.  
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8.3.3 Heterogeneity of CB2 expression 
 

Before FACS, each cell line displayed considerable heterogeneity in CB2 expression 

after induction with dox, possibly resulting from cells that incorporated different levels 

of CNR2 into their genome during transfection. Alternatively, it is possible some cells 

were transduced with pINDUCER20 plasmid that did not contain the CNR2 gene. In 

Figure 3.2.1, the brsG1 digestion of the HA-CNR2-pINDUCER20 plasmid, there is a 

presence of a fourth band at approximately 500 bp, indicating the presence of 

pINDUCER20 plasmid with four bsrG1 restriction sites that has not incorporated HA-

CNR2. Therefore, it is possible the presence of this pINDUCER20 plasmid could affect 

the transduction efficiency of HA-CNR2-pINDUCER20 plasmid, leading to 

heterogeneity of CB2 expression. 

Although the CB2 inducible expression system described here has certain limitations, 

it provides a valuable tool to study the effects of CB2 expression in HER2+ breast 

cancer and the anti-tumourigenic effects of targeting CB2 with cannabinoids. 

 

8.3.4 JWH133 synthetic cannabinoid 
 

The synthetic cannabinoid JWH133 was used to study CB2 activation in most 

experiments due to its pharmacodynamic properties. JWH133 is a CB2-specific 

cannabinoid, displaying 200-fold selectivity for CB2 over CB1
296. Whilst other 

cannabinoids can also show high affinity to CB2, such as β-caryophyllene297 and AM-

1241298, JWH133 is highly potent, with a Ki value of 3.4 nM295.  

Moreover, JWH133 has low off-target effects at experimental concentrations, allowing 

for specific interrogation of CB2 function295. Additionally, JWH133 has been 

demonstrated to have CB2-specific anti-tumourigenic properties in a variety of cancer 

models, with JWH133 inhibiting growth of breast cancer cells in vitro and in 

vivo183,295,299. As such, JWH133 was the primary cannabinoid used to investigate CB2 
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function. However, due to the relatively short half-life of JWH133, multiple treatments 

were required during longer culture periods. 

 

8.4 Protumourigenic effects of CB2 expression 
 

Synthetic and phytocannabinoids have been used extensively in vivo and in vitro to 

interrogate the function of CB2 in cancer. Treatment with cannabinoid agonists of CB2 

has revealed their pro-apoptotic, anti-proliferative and anti-invasive function124,168,208. 

However, the mechanisms by which CB2 elicits its protumourigenic function are still 

being elucidated. Whilst increased CB2 expression relates to decreased survival in 

HER2+ breast cancer, high CB2 expression in HER2- cancer leads to improved patient 

prognosis (Figure 4.1.1 A). This dichotomy possibly indicates that the formation of 

HER2-CB2 heteromers is more pathological than CB2 expression alone. In addition, 

high CB2 expression in HER2- cancer could indicate increased immune infiltration, a 

marker of better prognosis, as transcriptomic analysis of bulk tumour tissue cannot 

determine cell of origin.  

In HER2+ breast cancer, CB2 is thought to mediate some of its protumourigenic effects 

by stabilising HER2 at the membrane, leading to increased HER2 signalling, as 

administration of THC causes disruption of the HER2-CB2 heteromer and HER2 

internalisation and degradation186. However, CB2 exhibits tumourigenic properties in 

other subtypes of breast cancer, such as TNBC, where it leads to increased migration, 

proliferation and decreased apoptosis in the absence of HER2300. Thus, CB2 can 

mediate protumourigenic signalling independent of HER2, which is apparent in non-

breast cancers such as prostate cancer and GBM178,301, illustrating the complexity 

regarding the role of CB2 in cancer. 
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8.4.1 CB2 expression contributes to metastatic potential 
 

Interestingly, patient data indicated that high CB2 expression correlates with worse 

survival in HER2+ patients with lymph node metastases but not in HER2+ patients 

without metastases to the lymph nodes (Figure 4.1.1 B). This implies that CB2 is an 

indicator of poor prognosis in particularly aggressive or advanced cancer. It also 

indicates that CB2 expression may contribute to metastasis and lead to rapid 

deterioration of patient survival. In fact, CB2 expression has been linked to increased 

metastases of colon, lung, pancreatic and breast cancers, amongst others, with 

cannabinoid treatment reducing the metastatic action of CB2
172,204,302,303. Consistent 

with the literature, CB2 expression leads to increased metastatic potential in 

HCC9154iCB2 and BT474iCB2 cells, which was inhibited through activation with 

JWH133 (Figure 4.2.4). Similar in vitro results have also been reported in spheroid 

cultures of other cancers, including gastric cancer, hepatocellular carcinoma and 

NSCLC, in which invasion is inhibited with CB2 agonists, highlighting the 

applicability of cannabinoid-based medicine to prevent metastatic disease in early-

stage cancer patients 304–306.  

Furthermore, CB2 activity has been correlated with the expression of MMP2 and 

MMP9, mediators of tumour invasion via the degradation of the ECM307. Treatment 

with phytocannabinoids has been reported to inhibit MMP function via the activation 

of tissue inhibitors of metalloproteinase 1 (TIMP1) and TIMP4, which bind to and 

inhibit MMP proteolytic activity308. Additionally, analysis of HER2+ patient data 

shows an increase in PYK2 with CB2 expression (Figure 6.3.2 A, B), which has been 

implicated in the invasiveness of HER2+ breast cancer and in the regulation of MMP9 

expression. In the 3D hanging drop spheroid model, CB2 expression increased invasion 

in a PYK2 dependent manner (Figure 6.3.2 C, D), emphasising the role of CB2 in 

contributing to the metastatic potential of HER2+ breast cancer282,309.  
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CB2 expression has also been shown to cause increased expression of IGFR1 and the 

activation of its signalling pathway, resulting in increased metastasis171,310. This is of 

particular interest to HER2+ breast cancer as the compensatory increase in IGFR1 

expression is a common mechanism of resistance to anti-HER2 therapies109. Therefore, 

this suggests that the inhibition of CB2 would not only decrease the risk of metastasis 

but also the risk of acquired resistance to HER2-targeted therapy, highlighting the 

potential use of cannabinoids in combination therapy in HER2+ breast cancer. 

 

 

8.4.2 Epithelial-mesenchymal transition is mediated through CB2 

 

Growing evidence suggests that CB2 expression increases migration and invasion by 

triggering EMT in various cancers310. CB2 expression has been reported to correlate 

with expression of the EMT transcription factor snail, vimentin and N-cadherin 

expression in the MCF7 breast cancer cell line311, although there was no significant 

difference in SNAI1 expression in TCGA data of HER2+ breast cancer patients. 

However, high CB2 expression in HER2+ patients is linked with another EMT-

regulating transcription factor ZEB2 (Figure 4.4.1), which regulates migration and 

invasion in breast cancer and has been shown to be regulated by CB2 in NSCLC312,313. 

Further, synthetic cannabinoid WIN 55,212-2 has been shown to reduce EMT-led 

invasion in gastric and endometrial cancers314, and CB2 knockdown has also been 

reported to disrupt EMT by reducing N-cadherin, vimentin and snail expression in 

breast cancer311.  

There is growing evidence that CB2 expression could be mediating EMT through Wnt 

signalling, which is further support by evidence presented in this thesis. Activation of 

the Wnt pathway is associated with EMT in breast cancer315 with endo, phyto, and 

synthetic cannabinoid treatment preventing Wnt/β-catenin mediated EMT181,316.  
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Moreover, in HCC1954iCB2 cells, CB2 expression increased Wnt/β-catenin activity, 

indicative of the mechanism of CB2-mediated EMT (Figure 6.4.3). 

In BT474iCB2 cells, expression of CB2 led to decreased E-cadherin and increased 

vimentin expression, indicating that CB2 contributes to the transition to a 

mesenchymal phenotype in these cells. In contrast, HCC1954iCB2 cells already 

displayed a mesenchymal phenotype with high vimentin and low E-cadherin prior to 

CB2 expression. HCC1954 cells have PTEN loss317, which has been reported to induce 

EMT228, and therefore CB2 expression is not required for EMT. However, CB2 

expression still contributes to invasion in this cell line. These data indicate that 

although CB2 expression is sufficient to trigger EMT, it is not absolutely required, as 

many different tumourigenic processes regulate EMT. Therefore, CB2 can contribute 

to metastasis through increasing EMT, as well ats promoting the migratory and 

invasive potential of mesenchymal-like cancer cells. This may be driven through the 

expression or activation of PYK2, as PYK2 inhibition in 3D spheroids abrogated 

invasion (Figure 6.3.2 C, D).   

 

8.4.3 CB2 regulation of proliferation and cell survival 
 

Cannabinoid receptor expression contributes to the proliferation and survival of cancer 

cells in many cancer types through the regulation of AKT activity and the BAX/BCL2 

axis124. Neuronal CB2 activation also promoted neuronal survival through the down 

regulation of BAX and upregulation of BCL2318.  

In breast cancer, CB2 expression increases cancer proliferation through AKT 

signalling, and activation with JWH133 and phytocannabinoids leads to AKT 

inhibition through the ER stress pathway, resulting in autophagic cell death208. 

However, the data reported in this thesis highlight some discrepancies in how CB2 

impacts proliferation in different breast cancer subtypes, as seen in proliferation rates 
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of HCC1954iCB2 and BT474iCB2 cells (Figure 4.3.1). CB2 expression in the inducible 

system did not increase proliferation in HCC1954iCB2 or BT474iCB2 cells. HCC1954iCB2 

cells displayed no significant difference in proliferation, indicating CB2 may not 

contribute to increased cell growth in the setting of cancers already displaying high 

rates of proliferation. In HCC1954iCB2 cells, CB2 expression may lead to improved 

survival, possibly via the BAX/BCL2 axis, but not to cell proliferation, resulting in a 

slight, non-significant increase seen in the Incucyte assay (Figure 4.3.1). As the cell 

signalling pathways resulting in cell proliferation by CB2 and HER2 (i.e., AKT and 

MAPK) overlap, the expression of CB2 may not increase the activation of these 

pathways sufficiently to result in increased proliferation. However, I observed a CB2-

dependent increase in AKT expression and phosphorylation in HCC1954iCB2 cells, 

indicating increased activity of this pathway (Figure 6.3.3 A). 

Interestingly in BT474iCB2 cells, CB2 expression led to a decrease in cell proliferation. 

Whilst BT474 cells are HER2+, they also have expression of ER319. ER+ breast cancers 

with high CB2 expression have been shown to have a better prognosis171. Furthermore, 

it has been demonstrated that CB2 expression can interfere with ER signalling and gene 

expression, decreasing protumourigenic ERα expression and increasing anti-

tumourigenic ERβ expression, reducing proliferation134,320. This disruption of 

protumourigenic ER signalling likely contributes to increased survival in CB2 

expressing luminal breast cancer patients and the observed decreased in BT474iCB2
 

proliferation following the induction of CB2. 

Due to these conflicting data on the role of CB2 in proliferation, further research is 

required to elucidate the role of CB2 in different breast cancer subtypes. Understanding 

the context in which CB2 may contribute to improved or diminished patient survival 

is vital in the development of cannabinoid-based therapies. 
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8.4.4 Metabolic rearrangement in CB2 expressing cancer cells 
 

An emerging role of CB2 is in the regulation of cellular metabolism in normal tissue, 

however, the role of CB2 in cancer cell metabolism is still unclear. Here, I describe the 

effects of CB2 in the metabolism of normal cells and the relevance to the novel role of 

CB2 regulating HER2+ cancer cell metabolism identified in this thesis. 

Much of the research into the function of CB2 in metabolism has used the CB2-specific 

phytocannabinoid β-caryophyllene, also found in cinnamon (Cinnamomum species), 

pepper (Piper nigrum) and oregano (Origanum vulgare)297. β-caryophyllene has been 

shown to increase glucose uptake, glycolysis and oxidative phosphorylation pathways 

in C2C12 muscle myotubes321. CB2 activation by β-caryophyllene leads to increased 

glycolytic enzyme activity, mitochondrial activity, and flux through the tricarboxylic 

acid cycle (TCA) and electron transport chain, leading to increased ATP production321. 

Similarly, induction of CB2 in HCC1954iCB2 and BT474iCB2 cells leads to increased 

glycolysis, through upregulating HK3 and HKDC1 glycolytic enzymes, and oxidative 

phosphorylation, through increased mitochondrial content, leading to increased ATP 

production. Interestingly, HK3 expression also appears to regulate the expression of 

genes involved in mitochondrial biogenesis, reinforcing the observed increased 

oxidative phosphorylation250. Furthermore, in pancreatic cancer, CB2 activation 

inhibits energetic metabolism and induces autophagy in an AMPK-dependent manner, 

corroborating the link between cannabinoid signalling and metabolism in cancer, and 

highlighting another potential mechanism of therapeutically targeting cannabinoid 

receptors322. 

CB2 can also reduce oxidative stress by regulating expression of superoxide dismutase, 

catalase and glutathione peroxidase (GPx) enzymes318. This function of CB2 is reflected 

in HER2+ breast cancers, with increased expression of PPARG and GPX3, indicating 

CB2 expressing cells have increased antioxidant properties. Additionally, increased 
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expression of PPARγ, the protein encoded by PPARG, can lead to increased 

mitochondrial biogenesis through the interaction of Peroxisome proliferator-activated 

receptor gamma coactivator 1-alpha (PGC-1α)323. This may explain the observed 

increased mitochondrial content occurring in CB2 HCC1954iCB2 cells. It has also been 

reported that CB2 activation by JWH133 in obese mice can lead to a down regulation 

of PPARγ expression295 and CB2 activation in neurons has been shown to the 

upregulate PPARγ to mitigate oxidative stress318, highlighting the link between CB2, 

PPARγ and antioxidant activity. 

Recent evidence suggests that CB2 also regulates metabolism in dendritic cells (DCs), 

where CB2 activation leads to metabolic rewiring324. CB2 activation with synthetic 

cannabinoid WIN 55,212-2 decreased glycolytic flux and increased mitochondrial 

activity in DCs, with increased expression of genes involved in fatty acid metabolism, 

indicating fatty acid oxidation (FAO) was fuelling the TCA cycle, rather than 

glutamine324. Interestingly, mass spectrophotometry analysis of metabolites in 

HCC1954iCB2 cells revealed increased levels of glutathione (Figure 5.3.2 B), indicating 

that excess glutamine is available for conversion to glutathione, suggesting CB2 

expression in HER2+ breast cancer cells also leads to increased FAO. Increased 

glutathione levels indicate GPx-meditated antioxidant activity, possibly mediated by 

increased GPX3 expression seen in HER2+ breast cancer patients expressing high 

levels of CB2 (Figure 5.3.2 C). Supporting this, I observed decreased levels of glucose-

derived citrate production in CB2 expressing HCC1954iCB2 cells (Figure 5.3.2 A), 

associated with increased fatty acid uptake and oxidation and therefore increased need 

for ROS reduction and antioxidant activity. 

The precise mechanism of how CB2 regulates metabolism is still unclear, however, CB2 

has been linked to mitochondrial function in ageing renal cells of the kidney, through 

β-catenin activity325. Interestingly, in HCC1954iCB2 cells, CB2 expression led to β-

catenin activation, although no mitochondrial dysfunction was observed. However, 
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the above study highlights the interactions of CB2 and Wnt/β-catenin pathways in the 

regulation of cellular metabolism. Interestingly, Wnt signalling is an important 

pathway in breast cancer and is involved in the formation of breast cancer CSCs.  

CB2 expression leads to metabolic rewiring of HCC1954iCB2 cells, leading to a highly 

energetic, plastic and anti-oxidative phenotype, resembling metabolic changes that 

occur in the formation of CSCs 248. The high levels of both glycolysis and oxidative 

phosphorylation could indicate metabolic plasticity in HCC1954iCB2 and BT474iCB2 

cells, suggesting that CB2 confers a stem-like phenotype, as metabolic plasticity is a 

hallmark of cancer stem cells. Furthermore, increased mitochondrial content and 

activity are likely involved in decreased ROS production, which is required to maintain 

stemness232. However, heterogenous CB2 expression levels could lead to different 

metabolic phenotypes, with a population showing high levels of glycolysis and 

another, more stem like population, displaying high levels of oxidative 

phosphorylation. Further investigation is necessary to fully elucidate how CB2 

expression impacts metabolism. 

 

8.5 Cancer stem cells 
 

CSCs constitute a small population of cells in solid tumours, maintaining pluripotency 

and the ability for self-renewal326. Cancer stem cells are thought to arise from 

progenitor cells that turn malignant, known as tumour-initiating cells, or from 

differentiated, non-stem cancer cells that de-differentiate and regain pluripotency327. 

Now, there is increasing evidence of bi-directional conversion of cancer stem cells, 

switching phenotypes from stem to non-stem and non-stem to stem328. Regardless of 

their origin, CSCs can produce heterogeneous daughter cells, contributing to the clonal 

evolution of tumours329.  
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A hallmark of CSCs is the divergence from the Warburg effect seen in proliferating 

cancer cells, increasing metabolic plasticity that can switch from high rates of aerobic 

glycolysis to high levels of oxidative phosphorylation248,330. Metabolic switching can 

facilitate CSCs conversion from a low cell turnover, quiescent state, to a highly 

invasive migratory phenotype330,331. CSCs have widely been reported to have increased 

migration, invasion and angiogenic properties and significantly increased rates of 

metastasis compared to their non-stem counterparts 332. Once at a metastatic site, CSCs 

can switch back to quiescence and low levels of proliferation, contributing to 

chemotherapy resistance and patient relapse331. 

CSCs mediate resistance to conventional chemo and radiotherapies partly due to their 

low levels of proliferation, which renders many chemotherapies less effective266,333. 

Furthermore, CSCs express high levels of ATP binding cassette (ABC) transporters 

that actively transport cytotoxic drugs out of the cell334. Many CSCs also display 

elevated expression of the ALDH family of detoxifying enzymes, such as 

ALDH1A1335, which convert chemotherapeutic drugs such as cyclophosphamide and 

platinum-based therapies to inactive, more excretable forms336. Additionally, 

ALDH1A1 expression can confer radiotherapy resistance through increased levels of 

DNA repair and decreasing ROS-associated oxidative damage in prostate and breast 

cancer337. 

The prominence of CSCs in the progression and mortality of cancer is well recognised, 

although therapeutically targeting CSCs remains a significant challenge338. Here we 

report that CB2 mediates stemness in HER2+ breast cancer, and therapeutic targeting 

of CB2 could lead to well-tolerated anti-CSC therapies. However, although the ECS is 

emerging as a regulator of CSC phenotype, additional research is required to 

understand the mechanism of cannabinoid receptor-mediated stemness. 

 



179 

 

8.5.1 CB2 function contributes to cancer stem cell formation 
 

Whilst evidence on the role of individual cannabinoid receptors (i.e., CB1 or CB2) in 

stem cell function is limited, there is growing evidence that cannabinoid treatment has 

an anti-CSC action328,334. Cannabinoid signalling has been demonstrated in the normal 

maintenance of embryonic stem cells and in regulating the differentiation of 

hematopoietic stem cells339. Moreover, CB2 activity has been shown to have roles in 

the survival, homing and migration of stem cells339.  

In cancer, phytocannabinoids such as CBD lead reduction in CSC number and 

function through triggering ER stress334 and decreasing Wnt pathway activity340. THC 

and CBD have also been shown to reduce treatment therapy resistance mechanisms of 

CSCs via inhibiting the expression of ABC transporters and decreasing ALDH 

activity334,341. In glioblastoma (GBM) CSCs, which show increased levels of CB2, THC 

and JWH133 treatment reduced their proliferation, invasiveness and tumourigenesis 

and promoted cell death342,343. Furthermore, non-lethal concentrations of JWH133 

reduced the formation of GBM neurospheres in in vitro low attachment culture and the 

efficiency of in vivo tumourigenesis in mice342, emphasizing CB2 function in mediating 

cancer stemness. 

Here I describe that CB2 expression leads to an increased ability for mammosphere 

formation, which was inhibited by JWH133, validating a CB2-mediated increase in 

stemness in HER2+ breast cancer (Figure 6.1.1). Whilst CB2 expression did not change 

expression of the Yamanaka pluripotency factors, CB2 expression in HER2+ breast 

cancer correlates with an increase of ALDH1A1 and CD44, two widely recognised 

breast CSC markers. Due to the low percentage of cancer cells that display stem like 

properties within a tumour, the change in CSC marker expression observed in TCGA 

data does not necessarily indicate an increase in the CSC population. Significant 

changes in ALDH1A1 and CD44 expression reported in this thesis, however, suggest 
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that there is a notable increase in the population of CSCs. Further assessment of the 

CB2-dependent increase in CSC numbers in experimental cultures and patients is 

required, discussed later. 

However, high ALDH1A1 and CD44 levels are observed in CTCs isolated from breast 

cancer patients, and their expression correlates with increased rates of lymph node 

metastases344, indicating CB2 expression could contribute to lymph node metastasis 

through the induction of ALDH1A1+/CD44+ CSC phenotype. The identification of 

CB2+ CSC populations in HER2+ breast cancer patient would further reinforce the 

role of CB2 function in the generation of CSCs, further highlighting the potential 

therapeutic benefit of CB2 targeted cannabinoid therapy. 

 

8.5.2 ALDH1A1 activity and Wnt signalling in breast cancer stem cells 
 

In breast cancer, ALDH1A1 expression is associated with poor patient outcomes275. 

ALDH1A1 converts aldehydes to carboxylic acids and reduces reactive oxygen 

species, vital steps in cellular detoxification277. These are critical protective actions in 

normal cells and, in cancer cells, they can reduce the effectiveness of cytotoxic drugs 

and confer the treatment resistance seen within CSC populations, as mentioned 

previously278.  Further, ALDH1A1 oxidises retinal to retinoic acid (RA), which, once 

in the nucleus, binds to retinoic acid receptors, RXR and RARα, along with PPARs to 

regulate a variety of transcription events279. Interestingly, RA signalling has been linked 

to elevated glycolysis280 and oxidative phosphorylation,281. Indeed, PPARγ, which is 

increased in high CB2 HER2+ cancer (Figure 5.2.7) associates with RARs to regulate 

transcription279.  

RA signalling also leads to the increase of PYK2. Thus, CB2 could regulate invasion 

by increasing PYK2 expression via ALDH1A1-mediated RA signalling. Furthermore, 

RA signalling has been shown to regulate the expression and activation of AKT283, 
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which can further promote cancer cell invasion and the maintenance of stemness. 

Supporting this, we observed increased AKT expression and phosphorylation in 

HCC1954iCB2 cells upon CB2 induction and AKT-dependent 3D invasion (Figure 

6.3.3). 

ALDH1A1 has further been implicated in the maintenance of CSCs in oesophageal 

cancer through interactions with β-catenin and activation of the Wnt/β-catenin 

pathway345. ALDH1A1 activity led to increased β-catenin expression and the 

subsequent expression of Wnt target genes283. Interestingly, the expression of 

ALDH1A1 can also be controlled by Wnt signalling, as TCF/LEF transcription 

factors have been shown to interact with the ALDH1A1 promoter346. This could 

represent a positive feedback loop between ALDH1A1 and β-catenin, which could be 

initiated by CB2. Additionally, CB2 has previously been associated with the Wnt 

pathway347, with cannabinoids inhibiting ALDH activity in vivo in rat models, 

suspectedly via Wnt pathway inhibition334.  

Notably, CB2 expression in HER2+ breast cancer leads to increased expression of the 

Wnt ligand WNT10A, potentially leading to the autocrine activation of the Wnt/β-

catenin pathway and ALDH1A1 expression. WNT10A is important in the 

maintenance of stemness in normal mammary stem cells348, in addition to controlling 

the pluripotency of embryonic stem cells in the developing foetus349. Hence, I 

postulated that CB2 controlled stemness and increased metastatic potential via 

WNT10A production, Wnt/β-catenin signalling and subsequent ALDH1A1 

expression, leading to increased PYK2 and AKT in HCC1954iCB2 cells. In support of 

this hypothesis, CB2 induced the translocation of β-catenin to the nucleus in 

HCC1954iCB2 cells, leading to TCF-regulated transcription (Figure 6.4.4) and increased 

ALDH1A1 mRNA and protein expression (Figure 6.2.2 and Figure 6.3.1). Thus, 

ALDH1A1 activity leads to the expression of PYK2350 and AKT283, increasing the 

metastatic potential of HER2+ CB2+ breast cancer cells and contributing to 
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pluripotency maintenance and tumourigenesis. Therefore, CB2 is an attractive target 

for anti-CSC therapies, potentially reducing the population of CSCs, leading to 

decreased rates of tumour metastasis and treatment resistance in HER2+ patients.  

 

8.6 Cancer immunoediting  
 

Immune evasion is essential for successful metastasis and occurs through 

immunoediting of the anticancer response351. In the first stage of immunoediting, 

elimination, the immune system recognises tumour neoantigens and initiates the 

secretion of proinflammatory cytokines and tumour cell killing by innate immune cells 

such as natural killer and dendritic cells352. Elimination is compounded by neoantigen 

presentation in the lymph nodes by antigen-presenting cells such as dendritic cells, 

leading to an adaptive immune response and expansion of tumour-specific T cells, 

contributing to tumour cell killing351,352. During equilibrium, the second stage of 

tumour immunoediting, resistance to anti-tumour immunity develops through the 

production of immunosuppressive cytokines and immune checkpoint proteins, 

recruitment of immunosuppressive immune cells or reduction in the immunogenicity 

of the tumour cells351,352. In the equilibrium stage of immunoediting, whilst the immune 

system cannot eradicate the tumour, it prevents uncontrolled tumour growth. 

However, further selection of immune-resistant clones, exacerbated by the presence of 

CSCs generating new clonal populations, enables tumour cells to escape the immune 

response in the final stage of immune editing351.  

 

8.6.1 Immune suppression in breast cancer 
 

In breast cancer, immune escape can occur through the production of transforming 

growth factor beta (TGFβ), interleukin 10 (IL-10) and indoleamine 2,3-dioxygenase 

(IDO)353, inhibiting immune function and increasing the recruitment of immune 
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suppressive T regulatory cells (Tregs), myeloid-derived suppressor cells (MDSCs) and 

TAMs354. Breast cancer cells further exacerbate immune suppression through the 

upregulation of immune checkpoint molecules such as PDL1 and CTLA4355,356. PDL1 

mediates immune suppression through binding Programmed cell death protein 1 

(PD1) on immune cells, triggering immune cell anergy and apoptosis357. Furthermore, 

engagement of PDL1 to PD1 on naïve T cells promotes differentiation to suppressive 

Treg cells358. PDL1 can also mediate cell growth and survival through reverse 

signalling in tumour cells359. Therefore, due to the importance of immune checkpoints 

in mediating immune escape, immune checkpoint inhibitors and therapeutic 

antibodies have been developed, such as the anti-PD1 mAb Pembrolizumab and the 

anti-PDL1 mAb Avelumab, both indicated in the treatment of HER2+ breast 

cancer360,361. 

 

8.6.2 CB2-mediated immune escape 

 

Here I report that increased PDL1 levels are associated with CB2 expression in HER2+ 

breast cancer and thus implicate CB2 in immune evasion. Increased PDL1 is seen in 

high CB2 expressing HER2+ patients and HCC1954iCB2 cells (Figure 7.1.1). Notably, 

PDL1 is upregulated by the cells in the invasive protrusions of spheroids, suggesting 

that invading cancer cells have an increased likelihood of evading the immune system 

(Figure 7.2.1).  

PDL1 expression can be regulated through the AKT/mTOR pathway362, and we 

observed PDL1 staining on spheroids in an AKT-dependent manner (Figure 7.2.1 and 

Figure 7.2.2). This indicates that CB2 can potentially mediate immune evasion through 

increased ALDH1A1 activity, leading to increased AKT expression and the 

subsequent increase in PDL1 expression. Therefore, activation of CB2 with 

cannabinoids could lead to a reduction in AKT activity and hence reduced PDL1 

expression, and therefore has the potential improve tumour immunogenicity. Indeed, 
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previous research has indicated that in vitro treatment with cannabinoids reduces levels 

of PDL1 expression in pancreatic cancer and glioblastoma cells363, validating the 

therapeutic potential of targeting CB2 in breast cancer to reduce immune suppression. 

Consequently, cannabinoids offer an attractive alternative to regulating anti-tumour 

immunity, in addition to their anti-proliferative, anti-metastatic and anti-stem action. 

 

 

8.7 Conclusions 
 

The HER2+ subtype represents an aggressive form of breast cancer with high rates of 

metastasis and poor prognosis. Whilst HER2-targeted therapies have drastically 

improved patient survival, the development of resistance and tumour recurrence is 

inevitable. CB2 expression has been implicated in proliferation, invasion and 

metastasis of HER2+ breast cancer and represents an attractive therapeutic target. 

Treatment with well-tolerated cannabinoids, either synthetic or those derived from 

Cannabis sativa, have already demonstrated potent anti-tumour activity in both in vitro 

and in vivo preclinical studies. 

In this thesis, I have further elucidated the tumourigenic role of CB2 and implicated its 

expression in metabolic rearrangement, leading to a highly energetic phenotype with 

enhanced antioxidant potential, reminiscent of cancer stem cell metabolism. Further, 

I have identified an ALDH1A1+ CD44+ cancer stem cell population with enhanced 

mammosphere formation efficiency, dependent on CB2 expression. Additionally, I 

have highlighted the role of CB2 in activating the Wnt/β-catenin pathway, potentially 

promoting EMT and ALDH1A1 expression. Consequently, CB2 expression results in 

a highly migratory stem-like phenotype with an increased invasive capacity, dependent 

on PYK2 and AKT activity. 
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Finally, I report that the CB2-dependent increase in AKT expression and activity leads 

to an increase in the expression of the immune checkpoint protein PDL1. Importantly, 

PDL1 expression is localised to the invasive protrusions of 3D spheroids in an AKT-

dependent manner, indicating the relevance of CB2 mediating immune evasion during 

local invasion and metastasis.  

These data suggest that CB2 is a highly valuable prognostic marker in HER2+ breast 

cancer, and therapeutic targeting of CB2 could lead to decreased stemness, metastasis, 

immune evasion and treatment resistance. Therefore, further research and validation 

of the mechanisms of CB2 expression in in vitro and animal models is of high 

importance before the development of safe and efficacious cannabinoid-based 

therapies for combination treatment and the stratification of HER2+ breast cancer 

patients that would benefit from such treatments. 

 

8.8 Future perspectives 
 

Further work in the continuation of this project will be performed to validate the 

proposed mechanism of CB2 mediated metabolic rearrangement and stem-phenotype, 

and further examine the role of CB2 in mediating immune evasion. CB2 function could 

be more extensively examined in the inducible system through CB2 induction with dox 

and subsequent knockdown with shRNA, or even by reducing CB2 expression via the 

removal of dox from culture media. 

TCGA hits such as ZEB2, which were unable to be confirmed in the laboratory should 

be pursued to confirm their relevance in in vitro through RT-qPCR and western 

blotting. Whilst certain EMT markers changed upon CB2 expression, functional 

changes related to the EMT phenotype could be assessed through the identification of 

morphological changes of cells, changes in cytoskeleton arrangement and wound 

scratch assays. Further investigation into the mechanism of CB2-mediated cancer 
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invasion through PYK2 expression and potential regulation of MMP activity could be 

explored through CB2 knockdown experiments, mentioned earlier.  

Additional classification of stemness in HCC1954iCB2, through techniques such as flow 

cytometry to analyse CSC marker expression (such as CD133, ESA and CD24, in 

addition to ALDH1A1 and CD44), would further validate the formation of a CSC 

population after CB2 expression, which could be further verified by 

immunofluorescence of mammosphere sections. Flow cytometry could also identify 

what proportion of CB2 expressing cells transform into CSCs and whether this is 

dependent on amount of CB2 expression. The cancer stem phenotype could further be 

studied in vivo by with tumourgenicity studies in nude mice using HCC1954iCB2 cells 

with and without CB2 expression. The presence of CB2+ CSCs in patient tissue via 

IHC, RNA scope and imaging mass cytometry would confirm the role of CB2 in the 

formation of CSCs. Furthermore, using matched patient tissue of primary tumour and 

lymph node metastasis would help identify at which stage the function of CB2 

contributes to the formation of the highly migratory stem like phenotype. 

While CB2 expression does have an effect on metabolism, further research is required 

to elucidate the full scope of metabolic rewiring. Firstly, more extensive analysis of 

metabolite changes by increasing number of biological replicates, across several cell 

lines would help isolate CB2-specific metabolism changes. 

Additional experimentation in this regard could investigate the FAO pathway and 

reduction in ROS. The antioxidant role of CB2 could be further studied using 

fluorescent oxidative stress indicator CM-H2DCFDA and the examination of GPX3 

expression through ELISA. The relevance of ALDH1A1 activity could be further 

confirmed through the use of ALDEFLUOR™ fluorescent reporter for ALDH 

activity.  
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Investigation into CB2 conferring immune suppression with 3D spheroid T-cell killing 

assays would validate CB2 mediated immune evasion in HER2+ breast cancer and 

highlight the importance of CB2 expression in regards to influencing immunotherapy. 

Moreover, it would solidify the applicability of CB2 as a therapeutic target if activation 

of CB2 with JWH133 in these assays prevented immune evasion, as anticipated. This 

could be further explored in vivo in immune competent mice to examine whether CB2 

expressing HER2+ cells express sufficient levels of PDL1 to establish tumours. 

Finally, examining HER2+ patient tissues with matched lymph node metastases for 

CB2, PDL1, ALDH1A1 and CD44 expression would corroborate the role of CB2 

increasing immune evasion, CSC formation and metastatic potential in relevant 

patient samples, reinforcing the applicability of CB2 as a clinical target.  
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Appendix figure 1: The pcDNA3.1 vector containing the gene for CB2 with a 5’ sequence 

for a 3x hemagglutinin (HA) tag (3xHA tag-CB2R). 
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Appendix figure 2: DNA gels of colony PCR products. 

DNA agarose gels of colony PCR from bacterial colonies 1-6 of the BP reaction (A) and 

colonies A-F (B)of the LR reaction, using CNR2 qPCR primers, with an amplicon of 120 bp. 
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Appendix figure 3: The pDONR plasmid used in Gateway cloning, containing three bsrG1 

restriction sites. 
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Appendix figure 4: The pINDUCER plasmid HA-CNR2 was inserted into during in Gateway 

cloning, containing four bsrG1 restriction sites. 
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Appendix Table 1: Cell line information 

Cell Line Derivation Stage Origin 

Patient 

Molecular 

Subtype 

Mutations 

HCC1954 Breast 
ductal 
carcinoma 

Stage IIa 61-year-
old Asian 
woman 

HER2+ 
ER- 
PR- 

PTEN (loss) 
TP53 (Y163C) 
PIK3CA 
(H1047R) 

BT474 Invasive 
breast 
ductal 
carcinoma 

Stage II 60-year-
old white 
woman 

HER2+ 
ER+ 
PR+ 

TP53 (E285K) 
PIK3CA 
(L111N) 

SKBR3 Pleural 
effusion - 

43-year-
old white 
woman 

HER2+ 
ER- 
PR- 

PTEN (loss) 
TP53 (R175H) 
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Appendix figure 5: CB2 expression following dox treatment not due to genomic DNA 

contamination. 

RT-qPCR analysis of HCC1954iCB2 (A) and BT474iCB2 (B) cells +/- 24-hour CB2 induction with 

1 μg/ml dox, using MMP13 genomic DNA primers. n=1  
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Appendix figure 6: Coalescence of spheroids in the hanging drop model. 

Brightfield images of HCC1954iCB2 spheroids growing into one another, captured at day 3, 

day4 and day 5 of culture. 
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Appendix figure 7: Fluxomic mass spectrometry analysis of HCC1954iCB2 cells with and 

without CB2 expression. 

Total Ion Count (TIC), y-axis, values of targeted metabolites containing 13C-glucose in 

HCC1954iCB2 cells without (A) and with (B) 24-hours of CB2 expression. The x-axis, 

metabolite + n indicates the presence of additional 13C atoms in the metabolite. Note 

Lactate with the highest proportion of 13C atoms of all metabolites. 
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Appendix figure 8: Mammosphere formation assay cell titration. 

Mammosphere forming efficiency in HCC1954iCB2 cells +/- 7-day CB2 induction with 1 

μg/ml dox at different cell concentrations per well. 
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Appendix figure 9: No detectable change in OCT4 expression irrespective of CB2 

expression 

Western blot of using anti-OCT4 antibody in HCC1954WT and HCC1954iCB2 cells with and 

without 24-hour CB2 induction. αTubulin used as loading control. Representative of n=2. 

Experiment performed by QMUL BSc student Hema Mall. 

 


