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THESIS ABSTRACT 

Background 

A growing challenge in South Africa (SA) healthcare is the frequency of chronic shoulder pain 

and disability among breast cancer survivors (BCS). Compounding this issue is that a 

significant number of BCS in South Africa are low-income individuals, exacerbating the 

economic burden associated with managing chronic pain and disability. These sequelae can last 

for as much as 6 years post-surgery and thereby negatively impact the overall quality of life. 

The current standard treatment in SA for acute and chronic pain include opioids and opioid 

derivatives. Several risk factors have been highlighted to increase susceptibility to developing 

the sequelae which include severe acute post-operative pain and genetics. Polymorphisms 

within genes functioning within the opioid signalling and pain pathways have been implicated 

in variability in opioid use and the development of chronic musculoskeletal pain and disability 

conditions. The SA population has a diverse genetic background and an increasing BCS cohort 

that are of mixed ancestry. This thesis therefore sought to identify potential genetic contributors 

to variability in pain response and to understand the development of chronic pain and disability 

in SA BCS of mixed ancestry background. 

The study aimed to (i) assess chronic shoulder pain and disability symptoms using self-

reported outcome measures in a unique SA BCS cohort; (ii) investigate non-genetic and 

genetic risk factors associated with chronic pain and disability; (iii) explore the genetic 

variability in key genes within the opioid signalling and pain pathways and (iv) characterise 

the potential biological and functional networks related to the opioid signalling and pain 

pathways.  
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The objectives included : 

i. Describing the prevalence of chronic pain and disability in BCS using the Shoulder

Pain and Disability Index (SPADI) in the SA cohort of mixed ancestry

ii. Examine the genetic association between eight prioritised single nucleotide

polymorphisms in three candidate genes: (I) ATP-Binding Cassette- Subfamily B,

Member 1 Gene (ABCB1); (rs1045642 G>A; rs1128503 G>A), (II) Opioid

Receptor, Mu 1 Gene (OPRM1); (rs1799971 A>G; rs540825 T>A) and (III)

Catechol-O-Methyl Transferase Gene (COMT); (rs6269 A>G; rs4633 C>T;

rs4818 C>G; rs4680 G>A) and the prevalence of chronic pain and disability.

iii. Evaluate the gene-gene interaction and association between prioritised SNPs for

ABCB1 (rs1045642 G>A; rs1128503 G>A), OPRM1 (rs1799971 A>G; rs540825

T>A) and COMT (rs6269 A>G; rs4633 C>T; rs4818 C>G; rs4680 G>A), and the

prevalence of chronic pain and disability in the SA BCS. 

iv. Conduct bioinformatic analyses to comprehensively examine the functional effects

of the prioritised SNPs, identify associated networks and identify potential

protein network partners relative to the opioid signalling and pain pathway.

Methods 

A cross-sectional retrospective study was followed (Chapter 2), that enrolled two hundred and 

fifty-two SA BCS. This study was a sub-study of a larger project approved by the Human 

Research Ethics Committee of the Faculty of Health Sciences within the University of Cape 

Town (HREC: 312/2012, 125/2017). Qualifying participants were BCS that were diagnosed 

with unilateral breast cancer ( >1yr before study), older than 18yrs, had no history of neck or 

shoulder pathology and self-identified as mixed ancestry. Patient-reported pain, disability, and 

combined symptoms associated with shoulder pathologies were evaluated using the Shoulder 
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Pain and Disability Index (SPADI). Participants scores were calculated and categorized into 

no-low (<30%) and moderate-high (≥30%) groups of pain, disability, and combined (pain and 

disability) symptoms. A convenience sampling analyses was conducted to profile the 

participants (n=13) clinical outcomes (pain, disability, anxiety, depression and affect) over a 

one-year course of BC treatment in the evaluation of their pain management. TaqMan SNP 

genotyping assays were used to genotype (N=252) all participants for candidate genes ABCB1 

(rs1045642 G>A), OPRM1 (rs1799971 A>G), and COMT (rs4680 G>A) . Statistical analysis 

was performed to describe the relationship between a convenient sample’s clinical variables 

and total drug doses. Moreover, analyses were performed to examine differences in outcome 

measure scores between the three time points, T1 (pre-operative), T2 ( 3-month post-operative), 

and T3 (1-year post-operative). Evaluation of the individual genotype, and allele frequencies 

of each SNPs for each gene between groups were also examined. Haplotype frequencies were 

statistically inferred for all SNPs within each gene and evaluated between groups. As a proxy 

for gene-gene interaction, inferred allele–allele combination frequencies were evaluated using 

the individual genotype data for each SNP. Nonparametric and parametric statistical tests were 

employed where appropriate, with statistical significance accepted at p<0.05. Furthermore, 

bioinformatic analyses were also conducted to examine the associated networks between the 

gene set relative to the opioid signalling and pain pathway. 

 

Results 

In the exploratory sample analyses, trends of increasing pain, disability, anxiety, and depression 

over a 1-year course of BC treatment, despite pain management were observed. The analyses 

also highlight patterns of increasing negative affect and decreasing positive affect, consistent 

with reports in the literature. In genetic association study (Chapter 3), the main novel findings 

included: 
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Independently, a significant association was noted for the ABCB1 rs1045642 single-nucleotide 

polymorphism (SNPs), with the A/A genotype and A allele associated with reduced likelihood 

of reporting moderate-high disability [(p=0.028/OR:0.21/95%CI:0.05-0.93) and 

(p=0.015/OR:0.52/95%CI:0.29-0.89)]. The same association was noted in the  combined 

(pain and disability); [(p=0.011/OR:0.25/95%CI:0.07-0.89) and 

(p=0.003/OR:0.48/95%CI:0.28-0.80)] category. The COMT rs4680 A/A genotype and A 

allele was also significantly associated with increased likelihood of reporting moderate-high 

pain [(p=0.024/OR:3.23/95%CI:1.33-7.81) and (p=0.035/OR:1.58/95%CI:1.03-2.43)]. 

Once more the same association was noted in the combined (pain and disability); 

(p=0.015/OR:3.81/95%CI:1.47-9.85) and (p=0.017/OR:1.71/95%/CI:1.07-2.71) category. 

 For the ABCB1 (rs1128503 G>A-rs1045642 G>A) haplotype analysis, the inferred G-A 

(p=0.029, OR: 0.00, 95% CI: 0.00-0.00) haplotype was significantly associated with reduced 

likelihoods of reporting moderate-high disability. In addition, the inferred A-A (p=0.029, 

OR:0.63, 95% CI: 0.37-1.06) haplotype was also significantly associated with reduced 

likelihood of reporting moderate-high combined (pain and disability). The OPRM1 

(rs1799971 A>G – rs540825 T>A) inferred G-T (p=0.019, OR:0.33, 95% CI: 0.14-0.75) 

haplotype was significantly associated with reduced likelihoods of reporting moderate-high 

pain. Inferred haplotype analysis of five COMT haplotypes noted significant associations for 

H2-H5, the most notable associations being for the rs6269 A>G -rs4680 G>A genetic interval. 

This analysis revealed the G-G (p=0.026, OR: 0.67, 95% CI: 0.38-1.18) and A-A (p=0.007, 

OR: 2.09, 95% CI: 0.89-4.88) haplotypes were associated with reduced and increased 

likelihood of reporting moderate-high pain, respectively.  

Gene–gene interaction analyses demonstrated significant associations between the ABCB1 

(rs1045642 G>A) – OPRM1 (rs1799971 A>G – rs540825 T>A) and the ABCB1 (rs1045642 
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G>A) – OPRM1 (rs1799971 A>G). The inferred A-A-T (p=0.029, OR: 0.58, 95% CI: 0.18-

1.45) and A-A (p=0.008, OR: 0.44, 95% CI:0.24-0.80) allele-allele combinations were 

associated with reduced likelihoods of reporting moderated-high combined (pain and 

disability). ABCB1 (rs1045642 G>A) – OPRM1 (rs540825 T>A) combination analyses 

demonstrated that the A-T (p=0.019, OR: 0.62, 95% CI: 0.33-1.16/p=0.014, OR:0.62, 95% 

CI:0.35-1.10) combination was associated with reduced likelihood of reporting moderate-high 

disability/combined (pain and disability) symptoms.  While the alternate G-A (p=0.021, 

OR: 1.57, 95% CI: 0.30-3.10/p=0.030, OR: 1.50, 95% CI: 0.78-2.86) combination was 

associated with increased likelihood of reporting moderate-high disability/combined (pain 

and disability) symptoms. The OPRM1 (rs1799971-rs540825) - COMT (rs4680) 

combination analyses demonstrated that the A-T-A (p=0.008, OR: 1.36, 95% CI: 0.77-2.41) 

and G-T-G (p=0.004, OR: 0.00, 95% CI: 0.00-0.00) were associated with increased, and 

reduced likelihoods of reporting moderate-high pain. Similarly, the OPRM1 (rs1799971 

A>G)-COMT (rs4680 G>A) allele-allele combinations A-A (p=0.004, OR: 1.35, 95% CI: 

0.85-2.15), and G-G (p=0.010, OR: 0.23, 95% CI: 0.05-1.03) combinations were associated 

increased and reduced likelihoods of reporting moderate-high pain and combined (pain and 

disability). The OPRM1 (rs540825 T>A) - COMT (rs4680 G>A) A-A (p=0.012, OR: 1.89, 

95% CI: 0.81-4.38) allele-allele combination was associated increased likelihoods of 

reporting moderate-high  combined (pain and disability). Analyses of the ABCB1 (rs1128503 

- rs1045642) - COMT (rs4680) combination demonstrated that the A-A-G (p=0.006, OR:0.68, 

95% CI: 0.27-1.71) were significantly associated with reduced likelihood of reporting 

combined (pain and disability). For the 2-SNP pairing, the ABCB1-COMT (rs4680 G>A) G-

A allele combinations were associated with increased likelihoods of reporting moderate-high 

pain (p=0.005, OR: 2.08, 95% CI: 1.12-3.84), disability (p=0.018, OR: 1.16, 95% CI: 0.62-

2.15), and combined (p=0.008, OR: 1.94, 95% CI: 1.02-3.69) groups, p<0.05. In addition, 

the alternate combination A-G, were significantly associated with reduced likelihoods of 
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reporting moderate-high disability (p=0.003, OR: 0.38, 95% CI: 0.15-0.98) and combined 

(pain and disability);(p=0.002, OR: 0.53, 95% CI: 0.24-1.20), p<0.05. The three-way gene-

gene interactional analyses (ABCB1 rs1045642- OPRM1 rs1799971- COMT rs4680), 

demonstrated that the G-A-A [in pain (p<0.001) and combined pain and disability (p<0.001)] 

allele-allele combination was associated with increased likelihoods of reporting moderate-high 

scores. While the A-A-G [in disability (p=0.008) and combined pain and disability (p=0.006)] 

and G-G-G [pain (p=0.019) only] allele-allele combinations were associated with reduced 

likelihoods of reporting moderate-high scores. Bioinformatic analyses supported the analyses 

by highlighting the functional and biological gene-associated networks. 

Conclusion 

This thesis concluded with findings that demonstrated the correlation between the frequency 

of chronic shoulder pain and disability in SA BCS, and genetic variations with the ABCB1, 

OPRM1, and COMT genes. The findings highlighted a correlation between the ABCB1 SNP, 

rs1045642 G>A, and the prevalence of disability, indicating movement-related pain. Despite 

the absence of an independent association for the functional variant rs1799971 A>G, and 

rs540825 T>A, for OPRM1, haplotype analyses showed a correlation, supporting the 

relationship of pain treated with opioids being impacted by this gene. In addition to the 

independent association observed for COMT rs4680 G>A, gene interactions were observed 

highlighting the role of collective modulation in pain and disability in the present cohort. 

Additionally, in-silico analyses revealed strong relationships between the genes and important 

pathways and mechanisms, further strengthening and supporting the hypotheses presented in 

the aims of this study. The clinical implications of this study aimed to assist in the 

understanding of the pain mechanisms and opioid pathways towards the development of novel 

and innovative therapeutics for pain, in personalized medicine. 
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1 CHAPTER ONE: LITERATURE REVIEW 

 

1.1 INTRODUCTION AND SCOPE OF THESIS 

An estimated 40% of breast cancer survivors (BCS) develop chronic shoulder pain and 

disability following treatment for breast cancer (BC); 3. This highly complex, multifactorial 

disease afflicts 1 in 8 South African (SA) women. Modern-day medicine has however made 

significant advances, which include a multitude of treatment options that are often prescribed 

in various combinations 4-6. The surgical removal of malignant tissues, and adjuvant therapies 

like chemical and radiation therapy, are among the widely prescribed treatments 4-6. In parallel 

to these varying treatment options, emerging data has shown an increase in survivors reporting 

treatment-related side effects such as tissue scarring, impaired shoulder function and more 

importantly pain 7-13.  

 

Pain is a complex and highly subjective experience that can be classified into acute pain, which 

typically resolves within 3 months, and chronic pain which exceeds these 3 months as reported 

in BCS 9. Chronic pain is multifactorial and can reduce an individual’s quality of life, giving 

rise to an array of other challenges 13-15. It is often accompanied by fluctuations in mood with 

heightened levels of anxiety and, the onset of depression which together create a self-enforcing 

cycle that exacerbates the experience of pain 16-18. There is a vast amount of literature that 

describes several risk factors that can impact susceptibility, including age, surgical parameters, 

prescribed adjuvant therapies as well as prior pain symptoms and treatment thereof 14, 15, 19, 20. 

From a biological and physiological perspective, genetics represents another important risk 

factor 13, 21-27. It is a fundamental aspect that is inherent in each of the above-mentioned factors, 

and without a doubt, is vital for gaining insight into the mechanisms that underlie pain 

pathways. Returning to the topic of chronic pain, ongoing research reports that opioids and 
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opioid derivatives remain the preferred drug of choice for both acute and chronic pain control, 

particularly in low to middle income countries such as SA 28-31. Despite the wide variety of 

opioid options, BCS still experience a heightened sensitivity to stimulus, pain, and movement-

related pain symptoms and therefore, experience poorly managed pain control 32. 

The genetic component has therefore been explored to explain the variability in the individual 

responses to pain management. One such example includes evidence which has shown that the 

genetic profile of an individual can influence drug metabolism and thereby modulate pain 

signal pathways which can create potential acute or continuous pain states in the case of chronic 

pain and inflammation 33. Several genes have been implicated to contribute to the variable 

response to opioids, specifically concerning the different phases in drug pharmacology 34. More 

specifically, genetic association studies have highlighted functional variants within key genes 

and linked them to interindividual variability in pain responses and opioid signalling. 

Clinically, understanding the complexity of genetics associated with opioid signalling and pain 

management has great potential for the tailoring of precise drugs for effective pain management 

35. The results have the potential to reduce the common burden of chronic pain and its impact

on the overall quality of life of a significant proportion of BCS. Therefore, from a treatment 

management perspective, it is important to understand genetic diversity in populations and to 

recognize heterogenous cohorts when designing effective treatment strategies. South Africa has 

a large mixed-ancestry population, and of interest, is the population which are often 

marginalised and residing in economically challenged geographical regions. Identification of 

factors influencing both the clinical and economic aspects associated with chronic pain 

following BCS treatment is therefore pertinent. Bringing about the present thesis with the 

accompanying objectives.  
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This thesis was focused on breast cancer and its survivors, and Chapter 1 includes a focused 

literature review. It provides a brief overview of breast cancer, the current medical 

management, and survivorship with particular attention to chronic pain and disability as latent 

sequelae (Section 1.2). This chapter also reviews the epidemiology, treatment protocols, and 

risk factors associated with chronic pain conditions (Section 1.3). Candidate genes within the 

opioid signalling and pain pathways previously associated with musculoskeletal pain in 

genetically homogeneous populations are described (Sections 1.4 and 1.5). Chapter 2 is the 

methods section in which the SA BCS cohort (Sections 2.2 and 2.3) is presented, and a 

validated tool (Section 2.4) was used to describe the prevalence of musculoskeletal pain and 

disability within the cohort. The sampling and testing methods used to evaluate the candidate 

genes in a genetic association study are also presented (Sections 2.5- 2.7). In addition, initial 

data analyses were also conducted that aimed to describe the clinical profile of SA BCS during 

the first year period of treatment for BC (Section 2.4.1). Chapter 3 forms the results section 

of the thesis where the clinical factors and genetic factors correlated with pain and disability 

symptoms observed within SA BCS are reported and the discussion of the main findings is 

presented in Chapter 4. The preliminary results and accompanying discussion are also 

presented in Sections 3.1 and 4.2, which describe the clinical profile for SA BCS concerning 

the clinical outcomes and opioid prescription within the first year of BC treatment. A summary 

of the novel findings, together with the study limitations and potential future directions are 

presented in Chapter 5. 



4 

1.2 OVERVIEW OF BREAST CANCER SURVIVORS (BCS) 

1.2.1 Epidemiology of Breast Cancer 

Worldwide, breast cancer (BC) is the most prevalent form of cancer observed in women, and 

in 2020 was reported globally to be diagnosed in 2.3 million women, and the cause of death in 

685 000 individuals (World Health Organisation (WHO), [Breast cancer (who. int), 

(https://www.who.int/news-room/fact-sheets/detail/breast-cancer)]. Accounting for 24.5% of 

all cancers worldwide, followed by colorectal at 9.4%, lung at 8.4%, and cervical cancer at 

6.5% in the GLOBOCAN (Global Cancer Incidence, Mortality and Prevalence) 2020 reports 

(www.uicc.org). In South Africa (SA), BC (23.22%) is the most prevalent of all cancers among 

women, followed by cervical cancer (15.85%), as recorded by the National Cancer Registry 

(NCR) in the latest statistics update for 2019 (NICD The National Institute For Communicable 

Diseases). The global WHO age-standardized BC incidence and mortality rates in females for 

2020 were reported to be 52.6% and 16%. In SA, according to GLOBOCAN 2020 reports, BC 

had an incidence and mortality rate of 14.3%, and 8.2 %, respectively. 

The classification of breast cancers which are complex diseases,  has demonstrated notable 

success in new innovative approaches, with the most contemporary methods as seen in Figure 

1.1, being the traditional histopathological, and molecular classifications 36. Histological 

classification examines the point of origin of the tumour, anatomically. Tumours arising from 

connective tissues are characterised as sarcomas (~ 1% of BC); 36, 37. On the other hand, 

tumours originating from epithelial-based cells are categorized as carcinomas, further divided 

into in situ and invasive carcinomas ( >80% of BC); 36, 38. 

https://www.who.int/news-room/fact-sheets/detail/breast-cancer
https://www.who.int/news-room/fact-sheets/detail/breast-cancer
http://www.uicc.org/
https://www.nicd.ac.za/
https://www.nicd.ac.za/
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Figure 1.1: Modern-day classification of breast cancer. Shown here are the A) 

Histological approach that screens tissue samples for identification, and B) Molecular 

approach used to screen complex breast cancer diseases, obtained from Zubair et al. 

(2020)36. Abbreviations: ER+/-, oestrogen receptor; PR+/-, progesterone receptor; 

HER2+, human epidermal growth factor 2; TNBC, triple negative breast cancer. 
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Molecular classification has been advancing over time which uses the screening of biological 

and genetic markers, assisting in the understanding of the severe heterogeneity observed in 

many BC cases 36. There are three distinctive biological markers/receptors currently being 

screened for, these are oestrogen, progesterone, and human epidermal growth factor receptor-

2 (HER2); 39 , resulting in the identification of the five subtypes, it) luminal A, ii) luminal B, 

iii) HER2-positive luminal B, iv) non-luminal HER2-positive, and v) triple-negative subtype 

39. 

 

Breast Cancer Risk Factors  

According to the Cancer Association of South Africa (CANSA), one in seven women is at risk 

of developing BC, which is a multifactorial disease. (www.cansa.org.za). The literature 

describes several un-modifiable and modifiable risk factors that contribute to BC susceptibility 

in women 40, 41. Gender, age, reproductive/hormonal status, and genetics are factors that cannot 

be modified (Figure 1.2). Factors that can be modified to reduce the risk of developing BC are 

lifestyle behaviours, exposures to environmental carcinogens, and an extent socioeconomic 

status (Figure 1.2). 

 

 

http://www.cansa.org.za/
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Figure 1.2: Risk factors for breast cancer. Many risk factors for BC are either non-

modifiable and cannot be changed intrinsically like gender, age, reproductive status, and 

genetics. Modifiable risk (starred) factors like lifestyle, environmental exposures and 

socioeconomic status can be changed to an extent and reduce the potential risk of 

developing breast cancer. 

 

GENDER AND AGE 

One of the most unique characteristics of BC is that it is predominantly observed in women, 

and rarely observed in men accounting for <1% of all cancer cases reported for men 41, 42. BC 

in men is mostly observed in older individuals who have hormonal imbalances, familial history 

and/or have been exposed to external influences 41, 43-45. BC incidence has also been found to 

be highly correlated with increasing age crowning at menopausal age and subsequently 

plateaus 41, 44, 46. In the last NCR report for SA, the BC incidence rate increased significantly 

with increasing age groups and with a slight variation within the different SA ethnicities 

(www.cansa.org.za); (Figure 1.3). SA is a multicultural nation that is home to four different 

ethnic groups: black, coloured/mixed ancestry, white, and Indian/Asian (South Africa: 

population, by ethnic groups 2022 | Statista). 

http://www.cansa.org.za/
https://www.statista.com/statistics/1116076/total-population-of-south-africa-by-population-group/#statisticContainer
https://www.statista.com/statistics/1116076/total-population-of-south-africa-by-population-group/#statisticContainer
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Figure 1.3: South African breast cancer incidence rate in 2019. Shown here are the 

stratified BC incidence rates by age groups in South African females, per 100,000 for the 

year 2019, a modified version of the NRC statistics report for 2019 at 

https://www.nicd.ac.za/centres/national-cancer-registry/. 

 

In particular, the SA population self-identifying as “coloured”, also known as mixed ancestry, 

is a unique ethnic population known for its complex and diverse genetic ancestry. The genetic 

profile of the mixed ancestry South African population is the admixture of some or several of 

the populations immigrated in and out of the European, Asian, and African continents, 

including the indigenous Southern African populations 47. Analyses of admixed populations 

are a powerful and useful method to identify potential genetic factors that otherwise may elude 

conventional methods in homogenous populations for multifactorial diseases 47, 48. However, 

studies reporting genetic variability for mixed ancestry cohorts are limited, most notably in 

BCS in Sub-Saharan Africa 49. 

 

https://www.nicd.ac.za/centres/national-cancer-registry/
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REPRODUCTIVE AND HORMONAL 

BC is a hormonally driven illness, and therefore several reproductive and hormonal factors 

have been implicated to contribute to its risk and susceptibility 50. The following crucial 

reproductive phases are reported to have an impact on the risk of developing BC: 

i. Age at the time of menarche/menstruation 

ii. Parity/pregnancies  

iii. Breastfeeding and breast health 

iv. Menopause  

v. Hormonal therapy 

 

There are reports that a 1-year delay for menarche can reduce BC risk by 5%, whereas early 

menarche (< 12 years of age) can double the risk 40, 41, 44, 51-53. There are, however, studies 

which have not noted such observations 54, 55. Parity is also significantly associated with BC 

risk, particularly the age at first and last pregnancy as well as the number of successful 

pregnancies 56-59. One case-control analysis reported that women who had their first pregnancy 

at  >30 yrs. old were six times more likely to develop BC 53. The study highlighted the 

complexities of multiple BC risk factors, in particular the role of socioeconomic status and 

cultural differences influencing behaviours such as family planning and the pursuit of higher 

education. Reports have consistently shown a link between BC risk and first pregnancy after > 

30 years of age, which makes 30 years of age the benchmark for assessing BC risk 41, 53, 58-64.  

 

BC risk may also further be impacted by the health conditions and complications associated 

with pregnancies including breast-feeding health and habits 62, 65-70. Breast-feeding for periods 

exceeding twelve months can reduce BC risk 71. An analysis showed that breastfeeding could 
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reduce risk by 10%, as undifferentiated breast tissues in non-breastfeeding women tend to be 

highly sensitive to cancer-causing agents 71, 72. In addition, it has been theorised that parity 

coupled with specific breastfeeding patterns may influence the degree of risk for hormone 

receptor-negative breast cancer 69, 73. In SA women, exclusive breastfeeding is reportedly as 

low as 32%, and the risk for BC is reduced by only 4.3% for every 12 months of breastfeeding 

74. In addition, it is noteworthy that SA black mothers are more likely to breastfeed compared 

to white mothers, a trend that could potentially explain the disparities in the incidence rates 

observed between the two groups75. Data for BC risk concerning breastfeeding and receptor 

status in Sub-Saharan Africa is, however, mixed, and very limited 6, 76. In this instance, 

breastfeeding can be classified as a modifiable factor and may benefit preventative protocols 

in addition to providing other health benefits to both the mother and infant 77. Breast health is 

a also risk factor, and individuals presenting with malformations, or benign disorders are at a 

greater lifetime risk 78, 79. Benign disorders have been associated with oestrogen receptor (ER) 

positive and negative BC cases 41, 80. Still, some reports have yielded conflicting results. For 

instance, one study (n=1520) reported that postmenopausal women with a history of benign 

disorders had a reduced risk for BC 81, 82. 

 

The delay in the menopause phase of life has also been consistently associated with BC risk 40, 

83, 84. It is reported that younger women (<44 yrs.) have a 34% reduction in BC risk, compared 

to older women (>54 yrs.); 85. Moreover,  a 1-year delay in the development of menopause (> 

50 years of age), could increase BC risk by 3% 44, 51, 52. The use of hormone therapy (HT) or 

hormone replacement therapy (HRT), for which there are different categories of use, has also 

been implicated in the risk of developing BC 86-89. Several different categories of hormone 

therapy could be considered throughout a woman’s lifetime depending on the individual’s 

health needs and circumstances. 
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These are as summarised in Table 1.1 and include: 

i. Cancer hormone therapy 

ii. Contraceptives 

iii. Corticosteroids 

iv. Hormone replacement therapy 

v. Endometriosis hormone 

vi. Fertility therapy 

vii. Gender-affirming hormone therapy 

viii. Thyroid hormone replacement therapy 
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Table 1.1: Different types of hormone replacement therapies. 

Category Primary indication Participants’ Country of Origin 
Studies reporting 

associations  for BC risk 

Cancer hormone 

therapy 
Used to treat types of cancers   

Contraceptives 
Used to manage menstruation and associated 

issues such as irregular or heavy bleeding 

Europe 

 North America 

 

Collaborative Group on 

Hormonal Factors in Breast 

(1996)90 

Denmark 

 
Morch et al. (2017)91 

Southeast Asia Nindrea et al. (2017)92 

Corticosteroids 
Management of the symptoms of autoimmune 

disorders and inflammatory conditions 
  

Hormone replacement 

therapy 

Used to treat perimenopausal and menopausal 

women 

United States 

Canada 

Western Europe 

Ross et al. (2000)93 

United Kingdom 
Beral and Million Women 

Study (2003)86 

Endometriosis 

hormone 

Management of endometriosis and associated 

issues 

Korea, China, Sweden, Finland, 

America, United Kingdom, 

Denmark, Germany, Australia, 

Puerto Rico 

Ye et al. (2022)94
 

Fertility therapy 

Used to induce ovulation and to facilitate 

conception in women who have difficulty 

conceiving 

  

Gender-affirming 

hormone therapy 

Used to facilitate the transitioning from male 

hormonal signatures to female signatures 
  

Thyroid hormone 

replacement therapy 

Used to treat an underactive or overactive 

thyroid, restoring normal function 
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Both negative and neutral findings concerning contraceptive use and BC risk have been noted 

in the literature 95, 96. Women who use current oral contraceptives, primarily oestrogen and 

progesterone-based, may be at a 20% greater risk, which could increase with continued usage 

88, 91, 97-99. In addition, early contraceptive use (< 20 years), combined with genetic factors or 

receptor status, may further exacerbate the risk for BC 97, 98. Similarly, the use of HRT for 

menopausal symptoms is associated with an increased risk of BC, which is increased with 

longer usage, particularly with combined oestrogen-progesterone HRTs 93, 98, 100, 101. HRT in 

menopausal women is used to treat hot flashes, night sweats, mood changes and other 

symptoms, and is associated with a 1.6 relative risk for BC 44, 86. Furthermore, clinical reports 

revealed that the discontinuation of contraceptive use for 5-10 years, could reduce the risk years 

41, 102. 

 

GENETICS 

An individual’s genetic makeup contributes strongly to the risk of developing BC, as reported 

in studies investigating familial history 103, 104. Numerous reports have consistently linked an 

increased BC risk when a first-degree relative (i.e., mother, sister, daughter) has been 

previously diagnosed 103, 104. A positive familial history of BC has been reported in nearly 20% 

of BC cases, and where having >2 relatives diagnosed before the age of 50 years can increase 

the risk 11 fold 41, 103, 105. 

 

Hereditary BC is a term used to describe individuals who may have, i) a positive familial 

history of BC, ii) present with early onset disease or iii) triple-negative BC (TNBC) all of which 

could be attributed to genetic mutations in vital genes that regulate DNA repair and cell growth. 

Genetic mutations are pivotal in disease development and progression, accounting for 10% of 

all BC cases 105-108. High-risk genes like breast cancer gene 1 (BRCA1), breast cancer gene 2 
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(BRCA2), and tumour protein p53 (TP53), contribute to nearly 20% of hereditary BC cases 105, 

109. Carriers of BRCA1 (60%)  and BRCA2 (45%) have a lifetime risk for developing BC, with 

a 70% probability of developing BC before the age of 80 years 110. In addition, carriers may 

also be at an increased risk of developing other cancer types like ovarian and colon cancer 105-

108, 111, 112. The exact mechanisms of these genes are still being explored and recent research 

has shown that they play a vital role in various processes 113. 

 

Several comorbid conditions can influence risk for developing BC like previous cancers, 

autoimmune diseases, diabetes or hypertension, that are intertwined with other factors such as 

genetics and/or lifestyle patterns 94, 114-117. A diagnosis of a comorbidity such as diabetes 

mellitus type II, can increase risk by 27%, and when corrected for body mass index (BMI) can 

be reduced to 16% 118. A review screening fifty-three studies (n=38 000 women), found 10%-

20% of BC women have diabetes 119, 120. In SA, reports have found that more than 40% of 

women had comorbidities before a BC diagnosis 121-124. Furthermore, reports highlighting that 

chronic metabolic conditions like obesity or diabetes are associated with risk for developing 

BC, hypothesize that awareness of lifestyle changes may potentially counter the risk 125. 

 

LIFESTYLE FACTORS 

The modifiable risk factors such as lifestyle, environmental exposures and socioeconomic 

status have all been implicated in the risk of developing BC 41. BMI and obesity are lifestyle 

factors that are associated with BC risk 80, 126-129. Although the association was noted as weak, 

a meta-analysis of twelve cohorts (n=22,728,674) reported a 2% increase in BC risk, for every 

5kg/m2 unit increase in BMI (Figure 1.4); 130. Interestingly, the analysis also reported that a 

higher BMI was associated with a reduced risk in premenopausal women 130. 
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Figure 1.4: The relationship between body mass index and risk for breast cancer. A dose-

response meta-analysis for 12 cohorts depicting the linear and nonlinear relationship 

between body mass index (BMI) and relative risk (RR) for developing breast cancer 

obtained from Liu et al. (2018)130. 
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Many other reports that have examined BMI,  have reported similar associations 46, 131-133. 

Along with dietary intake, physical activity as well as substance misuse, reporting associations 

between these lifestyle habits and risk for developing BC 134-143. Smokers, including passive 

smokers with an early start, who smoked before their first full-term pregnancy or have a history 

of smoking, have a 10%-15% increased risk for BC 144-146. For alcohol use, several reports 

showed that moderate-high alcohol consumption is associated with a 30%-50% increased risk 

147-152. In SA, the burden of obesity is increasing, with data showing a significant increase 

among adolescent females between 1998 and 2016 153. In addition, reports also found that 

specific dietary intake within SA women, compounded by factors such as hormone status, can 

influence the risk of developing BC 143, 154, 155. It has been shown that BC risk is reduced 

following weight loss, particularly sustained weight loss in postmenopausal women, also 

highlighting the role of physical activity 156.  

 

Physical activity can reduce BC risk by 25%-30%, and the risk may differ based on factors like 

activity type, duration, BMI, ethnicity and more 157. It is hypothesised that physical activity 

acts as a protective measure against BC development through hormonal mechanisms 158, 159 160. 

Moreover, active women have lower BMI, and delayed and irregular menarche, reducing the 

risk for BC, compared to their inactive counterparts 161-163. Sleep patterns have also been 

implicated in BC risk, where a lack of sleep (<7 hours/day with difficulty for > 4 nights/week) 

was associated with BC risk, particularly in multiparous and postmenopausal women 164-166. In 

a multi-ethnic cohort (N= 74,481),  reports found short (<6hrs) and long (>9hrs)  sleepers with 

a high BMI  to be at 35% and 50% increased risk for BC 167. 
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ENVIRONMENTAL EXPOSURE 

There are debates about external environmental factors contributing to BC risk which revolves 

around substances like chlorinated hydrocarbon pesticides, solvents, and polychlorinated 

biphenyls. Earlier reports suggested that exposure to these substances may influence risk for 

BC 168. Subsequently, BC risk has been linked to exposure to organochlorine-based pesticides, 

particularly pesticides containing dichlorodiphenyltrichloroethane (DDT) and 

Dichlorodiphenyldichloroethylene (DDE), however conclusive evidence regarding their risk 

remains uncertain 169-173. A well-known environmental risk is exposure to ionizing radiation 

with high doses found to increase BC development 174-177. Women frequently exposed for 

medical purposes, such as tuberculosis screening or prior carcinomas, are 2-3 times more likely 

to develop BC 41, 178-180. The potential mechanisms of radiation-induced BC include gene 

mutations, disruption of gene expression, or the induction of oncogenic viruses 181. 

 

SOCIOECONOMIC STATUS 

It is reported that women who live in high socioeconomic status (SES) communities or, who 

are of the higher socioeconomic status class, are at an increased risk for BC 182, 183. The research 

found women of higher SES are likely to experience early menarche, low parity, and often are 

late of age for their first birth, causing distinct reproductive patterns that influence risk 183-186. 

In Sub-Saharan Africa, medical resources are scarce and trained professionals which is a 

significant challenge that is further compounded by the high number of women in need of care 

6. In addition, a lower SES is often associated with limited access to healthcare resources, 

including early detection and treatment, as well as other factors such as poor nutrition and 

living conditions that can contribute to an increased risk of BC 6, 187.  
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Figure 1.5: Modifiable and unmodifiable life factors associated with the risk of developing 

breast cancer in women. 

 

In summary, an individual's gender, age, reproductive history, and genetic background can 

significantly increase their risk for BC, a risk that can be further influenced by lifestyle choices 

and external exposures (Figure 1.5). Therefore, gaining a thorough understanding of these 

factors is essential for effective BC management and treatment.  
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1.2.2 Current Medical Management of Breast Cancer  

Management of BC has been successful largely due to the combined efforts of early screening, 

and the multidisciplinary approach of various treatments including newer surgical techniques 

and radiation therapies 188, 189. Present-day treatments employed can be surgical and non-

surgical adjuvant, depending on the stage and severity of the diagnosis.  

 

There are two main forms of surgical approaches used to treat breast cancer patients that are 

guided by the stage, tumour type, and to an extent, the patient preference. These are a 

mastectomy (MTX), and a wide local excision (WLE), also referred to as breast-conserving 

therapy (BCT); 5, 190, 191. A MTX can be total/simple which is the complete removal of breast 

tissues only 192. However, a modified radical mastectomy has also been described, which 

involves the removal of breast tissues including the nipple, skin, axillary nodes, and in some 

cases a portion of the pectoralis major tissue 192. A WLE which may also be described as a 

partial mastectomy, involves the removal of the tumour including a margin of healthy tissue, 

which is to ensure a complete removal 193. Shown in Figure 1.6 are the surgical comparisons 

noted between an MTX and WLE.  
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Figure 1.6: An illustration of the anatomy and different incision types for breast cancer 

surgery. The illustration shows the different surgical incisions applied for a i) Wide Local 

Excision (WLE), ii) total mastectomy (MTX) and iii) modified radical MTX, obtained 

and modified from Mastectomy | Baylor Medicine (bcm.edu).  

 

Early studies theorized that selecting an MTX was associated with larger tumour sizes, 

metastatic lymph nodes and clinical stage 5, 194. A retrospective study found 62.4% of BC 

patients had an MTX compared to 37.6% having a WLE, as a result of the advanced tumour 

stage at diagnosis 5. However, the MTX vs WLE rates vary significantly due to disparities in 

population sampling and other factors such as age groups and as a result, any conclusions 

drawn from these studies remain inconclusive 195-197. Additionally, MTX patients are 

counselled about the options of reconstructive surgery that can be immediate or delayed 

pending the success of the MTX, and the inclination of the patient and clinician  198, 199. The 

choice for reconstructive surgery, however, remains variable as a systematic review screening 

twenty-eight studies revealed a significant disparity (4.9%-81.2%) in reconstruction surgery 

rates 200. 

 

https://www.bcm.edu/healthcare/specialties/oncology/cancer-types/breast-cancer/breast-cancer-surgery/mastectomy
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In SA (Soweto), total MTX was shown to be the most preferred surgical choice for patients in 

stages I, II, and advanced diseased states as opposed to a WLE 201, 202. Given SA’s low-middle 

income status, several concerns were described that patients need to consider 201. Patients base 

their selection on the possibility of absolute and relative contraindications, socioeconomic 

difficulties, and more importantly, the need to keep therapy as simple and feasible as possible 

201. Whereas,  the WLE treatment is commonly prescribed in combination with adjuvant 

therapies, and would therefore require additional consultations 192. An outcome that will impact 

their employment and income, and this may also cause financial difficulties arising from the 

price of getting to these visits 192.  

 

Non-surgical and Adjuvant Breast Cancer Treatments  

There are a few non-surgical and adjuvant modalities that are employed to treat BC, that are 

non-invasive and improve survival rates, these are: 

i. Ablation technology 

ii. Radiation therapy 

iii. Chemotherapy  

iv. Immunotherapy 

v. Hormone therapy 
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Advancements in cancer science have expanded treatment options, such as the non-invasive 

ablation techniques radiofrequency ablation (RFA), high-intensity focused ultrasound (HIFU), 

and cryoablation 203-205. RFA is effective in treating various cancers, particularly when surgery 

isn't suitable, and uses an image-guided method of applying heat to kill solid tumours 205-215. 

HIFU uses ultrasound to target deep-seated tumours, causing thermal necrosis 216, 217. Whereas 

cryoablation uses cold temperatures to destroy cancer cells and stimulate an anti-tumour 

immune response, often used for BC patients who are ineligible for surgery 218-223. 

 

Adjuvant therapies are additional non-surgical treatment options that are often prescribed in 

combination with surgery to treat cancer, including ionizing radiation therapy (RT), cytotoxic 

chemotherapy (CT) as well and endocrine therapy (Hormonal therapy, HT); 224. Adjuvant RT 

is a well-known method that employs the use of subatomic particles (X-rays), like photons, 

electrons, carbon ions or neutrons to initiate apoptosis by creating mitotic destruction through 

cell division interferences 225, 226. The therapy may be administered internally, known as 

brachytherapy, or externally (external beam), known as teletherapy 226. The most used method 

is external beam radiation therapy of which there are several different technological approaches 

227. Amongst these, the more common approaches are three-dimensional conformal radiation 

therapy, intensity-modulated radiation therapy, volumetric modulated arc radiation therapy and 

even image-guided radiation therapy 227. The basic mechanism of radiation therapy uses high-

energy X-ray machines known as linear accelerators to direct the radiation energy at the tumour 

site 228. 

 

The use of adjuvant RT is reportedly essential and highly effective in managing BC in curative 

and palliative cases, with RT treatment shown to have a 40% curative rate for >50% of BC 

cases treated  226, 229-233. The treatment is guided by the clinician and BC diagnoses, is 
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fractionated over a period (typically 3-4 weeks) and is often prescribed in combination with 

BC surgery and/or other adjuvants 4, 234, 235. Furthermore, the combination of adjuvant RT and 

surgical is associated with the prevention of local recurrence and improved survival, which is 

comparable to radical mastectomy in early-stage breast cancer patients 236-239.  

 

Chemotherapy is the most common form of systemic cancer treatment, that treats BC through 

the blood circulation of cytotoxic chemical drugs 240, 241. The most common route of 

administration is the intravenous route (IV) as it has a 100% absorption rate, however, it can 

also be administered orally (PO), intramuscularly (IM), subcutaneously (SC) and intrathecally 

(IT); 242. In addition, chemotherapy is proven to be an effective neoadjuvant treatment and a 

core approach in metastatic BC cases 242-247. Clinical trials and large cohort studies have shown 

that CT can reduce mortality risk between 7% and 33% depending on the cancer characteristics 

248, 249. Chemotherapy drug types are classified based on the mechanism of action (MoA), for 

which there a several classes 242, 250-257. 

 

A promising advancement in oncology is the development of immunotherapy (IT). This 

significant addition uses the body's immune system to target and destroy cancer cells and 

prevent further invasion 258. There are different forms of IT, though the most effective forms 

involve the use of monoclonal antibodies (mAb) and immune checkpoint inhibitors (ICI), 

shown to be most suitable in HER2+ and TNBC cases, respectively 258-260. Studies have 

demonstrated that mAbs and ICIs, combined with adjuvant chemotherapy, improve clinical 

outcomes in both advanced and early-stage breast cancer 259, 260. Immunotherapy is still 

regarded to be in its infancy and to date, only a select few drugs have been FDA-approved, 

these include:  
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i. Rastuzumab (Herceptin); Approval Date: 25 September 1998; Indications: HER2-

positive breast cancer, both in metastatic and adjuvant settings. 

ii. Atezolizumab (Tecentriq); Approval Date: 8th March 2019; Indications: First-line 

treatment for PD-L1 positive, locally advanced or metastatic TNBC, in combination 

with nab-paclitaxel (Abraxane). 

iii. Pembrolizumab (Keytruda); Approval Date: 13 November 2020; Indications: TNBC, 

in combination with chemotherapy for patients with PD-L1 expressing tumours, and as 

monotherapy for previously treated PD-L1 positive TNBC.  

 

Despite the promising clinical outcomes associated with immunotherapy, the success rates 

remain relatively low, mainly because ongoing clinical trials and explorations is still underway 

to fully understand the potential of IT 259, 261, 262. Additionally, in some cases effective outcomes 

are not observed as some patients do not respond to therapy and others that may respond, can 

relapse due to resistance 259. Of note, are epigenetic drugs (epidrugs) which holds the potential 

to enhance immunotherapy and chemotherapy, however, this line of therapy remains in early 

clinical trials and exploration 263. 

 

Between 70% to 80% of premenopausal BC, cases are reported as hormone receptor-positive 

(HR+), and as a result, adjuvant hormone therapy (HT) is considered a mandatory approach 

264, 265. HT has been employed as a palliative course of treatment in metastatic cases, and 

curative in nonmetastatic cases as it modulates tumour growth, making significant 

contributions to the survival rates 264-267. Presently, three types of HT are prescribed based on 

clinical parameters such as risk of recurrence, tumour characteristics, the hormone receptors 

oestrogen and progesterone, and menopausal status 264, 267. Furthermore, HT types are 
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categorised by the mechanism of action, which may inhibit i) ovarium function, ii) oestrogen 

production or iii) oestrogen effects 264, 266, 267. 

 

Inhibition of ovarian function may be done through RT, surgical removal of ovaries or chemical 

stimulation 265, 268. The inhibition of oestrogen production can be done through the use of 

aromatase inhibitors (AI)  which prevent the aromatase enzymatic conversion of androgen to 

oestrogen 268, 269. AIs currently used can be steroidal inhibitors (type I) which are irreversible, 

or non-steroidal inhibitors (type II)  that act as reversible competitive inhibitors of aromatase 

activity 269. Whereas the inhibition of oestrogen effects relies on the use of selective oestrogen 

receptor modulators (SERMs) and selective oestrogen receptor degraders (SERDs); 268, 270-272. 

The SERMs’ (Figure 1.7) compete with oestrogen for oestrogen receptor binding, whereas 

SERDs produce an unstable protein complex, prompting the degradation of the receptor 

through proteosomes 271, 273. There are several successful SERMs, and SERDs currently being 

employed, the most widespread being tamoxifen (SERMs), and fulvestrant (SERDs); 271. 
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Figure 1.7: Mechanism of action for aromatase inhibitors. Selective oestrogen receptor 

modulators (SERMs) and selective oestrogen receptor degraders (SERDs) are endocrine 

therapies used in the treatment of hormone receptor-positive BC, obtained from 

Hernando et al. (2021)271. 

 

The continuous advances in medicine and BC treatment have significantly improved survival 

rates, with a BC diagnosis now often regarded as a chronic condition rather than a life-

threatening disease 11. Additionally, due to the availability of various BC treatment options, the 

number of survivors is increasing 274. Two key components are crucial for ensuring survival, i) 

early detection and diagnosis, and ii) the implementation of the most effective treatment plan 

11. Reports indicate that a delay of more than three months in detection can reduce the 5-year 

survival rate by 12%, potentially leading to poor clinical outcomes and prognosis 275-277. In this 

review, the study focus is on the essential aspects of survivorship and quality of life. 

 

1.2.3 Survivorship Defined 

Coined in the late 1980s, the term survivorship was used to describe the “time of life” in which 

an individual goes through a transition period following successful cancer treatment, from 
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acute cancer survival into an extended period of survival 278. Accordingly, the National Cancer 

Institute (NCI), describes “survivorship” as the life quality following a cancer diagnosis, and 

the impact it has on various (physical, mental, emotional, social, and financial) components of 

life (https://www.cancer.gov/publications/dictionaries/cancer-terms/def/survivorship). The 

term is applied to include both individuals who are living with cancer, presenting with any type 

of cancer (early stages to advanced cases), and those who are free of cancer (post-treatment); 

(https://cancercontrol.cancer.gov/ocs/definitions).  

 

In recent decades (2010-2017), the global rates of BC survivors at 1, 3, 5 and 10 years, have 

noted a significant increase in comparison to earlier years (1960-1969); 279. Evaluation of these 

rates has been shown to vary considerably between high (>80%), middle (~60%), and low-

income (<40%)  countries 279, 280. Also, the evaluation of 10-year survival rates has noted 

distinct disparities amongst the specific age groups; 46-50yrs (70%), <30yrs (60%), and >75yrs 

(59%); 279, 281. For SA, following the most recent CONCORD surveillance reports, women 

diagnosed with BC between 2000 and 2014, noted an age-standardised 5-year net survival rate 

ranging between 40% and 53%  282, 283.  

 

Despite the increasing survival rates and numerous benefits associated with various treatment 

approaches, BC survivors are known to experience long-term adverse effects that can 

significantly impact their quality of life (QoL); 284. It is reported that as many as 90% of 

survivors endure long-term sequelae, due to the treatments they undergo for BC 18. These 

findings have given rise to an emerging global field within cancer care and management, 

aiming to address the side effects on physical, mental, social, emotional, and overall health 285. 

Therefore, it comes as no surprise that research efforts are now increasingly focused on 

survivorship and life after cancer. 

https://www.cancer.gov/publications/dictionaries/cancer-terms/def/survivorship
https://cancercontrol.cancer.gov/ocs/definitions
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1.2.4 Quality of Life (QOL) and Latent Effects of Medical Management 

Survivorship studies report that survivors experience treatment-related sequelae that have a 

major impact on the quality of life (QoL); 286, 287. Several psychological and physiological 

effects have been associated with surgery, chemotherapy, radiation, and others (Figure 1.8). 

 

 

Figure 1.8: The most prevalent physical and psychological sequelae associated with breast 

cancer treatment in survivors.  

 

 

Psychological Side Effects 

Despite the advances made in treatment, women are not only faced with accepting their 

diagnosis, but also understanding the complexity of prognosis, reoccurrence, and side effects, 

all of which can lead to mental distress 288. Recent data report that anxiety is the most frequently 
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observed psychological symptom experienced in BC 288-292. According to systematic analysis, 

the prevalence of anxiety symptoms ranges from 18% to 33.3% in BC patients 291-293. The 

immense anxiety and paralysis brought on by fear and the uncertainty of a future, are noted to 

have a considerable impact on the overall QOL 288, 290, 294. In addition, BC patients may also 

experience depressive states distinguished by low moods (sadness), sleeping problems, and a 

loss of energy and enjoyment in life, all having a significant impact on QOL 290, 295. Earlier 

studies reported that depending on the screening and study design, the prevalence of depression 

among BC patients ranged from 10% to 30% 290. However, according to a recent systematic 

analysis incorporating seventeen studies, depression symptoms are estimated to range from 

9.4% to 66.1% in BC patients and were hypothesized to increase one year after diagnosis 293. 

 

Above all, the effects of BC treatments primarily impact a patient’s body image and can have 

dire consequences on the sexual/physical functioning or how they engage socially. A systematic 

analysis has shown that sexual dysfunction is frequently observed in midlife BCS 296. One 

study reported that 65% of BCS were sexually active, of which 52% reported physiological 

problems and a follow-up analysis reported that 26% and 19% of BCS still experience this side 

effect at five and ten years after, respectively 297. Additionally, another co-related psychological 

effect of anxiety and depression, is insomnia,  afflicting 40% of survivors 298. Insomnia, the 

difficulty of falling or remaining asleep, is the most common sleep problem, and its prevalence 

in the BCS is more than double that of the general population 298, 299. Consequently, these 

psychological effects can negatively impact social interactions and relationships, productivity 

at work,  influence pain perception related to cancer, and thereby reduce QOL  298, 300, 301. 
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Physical Side Effects 

As much as 90% of women experience physical side effects to the shoulder 302, which include:  

i. Fibrosis 

ii. Lymphoedema, 

iii. Axillary web syndrome,  

iv. Limited mobility  

v. Pain phenotypes 

 

FIBROSIS 

Radiation therapy-induced (RT-induced) fibrosis of the tissue is permanent and therefore has 

been noted to be associated with an incidence ranging from 10% to 23% 303-305. Fibrosis is a 

term used to describe the hardening and scarring of tissues, mainly due to excessive production 

of collagen and other extracellular matrix (ECM) proteins 306. Several mechanisms have been 

proposed to underlie the development of fibrosis. These include chronic inflammation, 

oxidative stress, fibroblast and myofibroblast activation, excessive ECM deposition, 

dysregulated immune response, tissue remodelling imbalances, and aberrant signalling 

pathways 306, 307. In addition, RT-induced fibrosis can lead to severe structural and functional 

alterations of the connective tissues that may spread to adjacent areas as well as the area 

affected 305. These fibrotic features are also often associated with limb morbidity and pain, with 

the latter affecting roughly 40% to 45% of patients 305. 
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LYMPHOEDEMA 

A recent study within Sub-Saharan Africa reported a 14% incidence of BC-related 

lymphoedema (BCRL); 308. Although BCRL is most frequently noted in the arm (>90%), it can 

also affect the breast and trunk (<30%); 309. Lymphoedema is the build-up of protein-rich fluids 

within the interstitial spaces boosting the volume of the limb, which indicates damage to 

healthy vasculature 310, 311. An imbalance between lymphatic flow and the body's ability to 

circulate it properly is the main factor contributing to the growing limb volume as seen in 

Figure 1.9 312. Surgery for BC frequently involves the excision of lymphatic nodes, which can 

lead to disruption of the lymphatic system, and cause a blockage thus resulting in limb swelling 

312-314. Lymphedema with its accompanying symptoms, swelling, tightness, stiffness, fatigue, 

weakness, numbness, pain and entire loss of mobility of the affected limbs, are shown to 

negatively impact the BCS’s QoL 315. 

 

 

Figure 1.9: An example of breast cancer-related lymphoedema. Lymphedema occurs 

when the volume of the affected arm left (L) increases substantially compared to the 

unaffected arm right (R), leading to restricted mobility, and often causing pain. Adapted 

from He et al. (2020)311. 
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AXILLARY WEB SYNDROME 

The axillary web syndrome (AWS) is also a common complication of breast cancer treatment 

with >90% of BCS presenting with the side effect 18, 316-319. The occurrence is characterised by 

the visible formation of distinct cords that are weblike as seen in Figure 1.10 320. It is 

hypothesised that during breast cancer surgery, lymphatic fluids may coagulate in the presence 

of increased plasma thrombokinase levels 316, 320, 321. AWS is described as causing painful, 

reduced and restrictive limb functionality 320. 

 

 

Figure 1.10: Axillary Web Syndrome in Breast Cancer Survivors. Depicted here are 

multiple cords in the mid-axilla (underarm) of a BCS  obtained from Koehler et al. 

(2019)317. 

The evaluation of each of the discussed side effects, fibrosis, lymphedema, and AWS, is linked 

to shoulder pain and disability which leads to the side effects that are the focus of this 

investigation. 
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1.3 CHRONIC SHOULDER PAIN AND DYSFUNCTION 

Shoulder pain and dysfunction remain the most prevalent side effect observed in BCS and are 

complementary symptoms to fibrosis, lymphedema, and AWS. Shoulder morbidity and 

persisting arm pain a long-term symptoms observed in >40% BCS 322, 323. It is reported that 

BCS experience a limited range of motion (ROM) in the shoulder and diminished reaching 

abilities 9, 324-326. Kinematic investigation of shoulder movements in BCS has highlighted 

maladaptive movements and scapula dysfunction like that of other shoulder conditions such as 

impingement syndrome 326. In addition, these maladaptive patterns are reported to be bilateral 

because of compensation on the unaffected side of unilateral BC cases 9. There are distinct pain 

categories with each presenting in different forms, and in BCS many of these forms have been 

reported including chronic pain, allodynia, paraesthesia, and phantom sensations 7, 327. 

 

1.3.1 Epidemiology of Pain 

The term pain is defined as “An unpleasant sensory and emotional experience associated with 

actual or potential tissue damage or described in terms of such damage” by the International 

Association for the Study of Pain (IASP); 328. Chronic pain is described as pain that persists for 

a period beyond the recovery window of 3 months 329, 330. 

 

Global prevalence for chronic shoulder pain is reported to be between <1% - 55%, and 10%- 

50%% for the general population, and BCS, respectively 331, 332. SA statistics report a 

prevalence of 18.3% within the general population and women report pain 20% more 

frequently than their male counterparts 333. To the best of this author's knowledge, this report 

presented the most current statistics. In Sub-Saharan African women, 43% of BCS report 

shoulder pain, in addition to stiffness (36%) and swelling (23%); 334. It is reported that the 
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burden of shoulder pain, particularly in disadvantaged communities, is the third most prevalent 

musculoskeletal condition affecting individuals and negatively impacting QOL 331, 335, 336. 

Additionally, chronic pain in the shoulder pain is regarded as the most prevalent anatomical 

site,  followed by the back and stomach/abdomen 333. 

 

The evaluation of chronic shoulder pain and dysfunction in the primary care setting requires 

an extensive knowledge of the anatomical site and employs different approaches which include 

the use of physical examination, medical history diagnostic assessments and imaging 337. 

Clinically referred to as the glenohumeral joint, the shoulder is a ball-socket joint consisting of 

the joints, sternoclavicular, coracoclavicular, and acromioclavicular, as well as the 

scapulothoracic interface and subacromial space 338, 339. The scapula and humerus attach to the 

clavicle and are supported through the aforementioned joints along with other anatomical 

structures like muscles, tendons, and ligaments that enable the joint to achieve a wide ROM 

338, 339. The shoulder relies on four key muscles namely, supraspinatus, infraspinatus, teres 

minor and major, which enable the wide range of motions, medial rotation and adduction, 

abduction, and lateral rotation, known as the rotator cuff muscle group (Figure 1.11); 338, 340, 

341.  
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Figure 1.11: The anatomy of the shoulder joint. Depicting the complex joints and the 

rotator cuff muscle group (supraspinatus, infraspinatus, teres major and teres minor ) in 

anterior and posterior view obtained from Boykin et al. (2010)342.  

Physical assessments involve the systematic inspection of the shoulder through palpation, 

range of motion, and limb strength and provocative tests, 337, 343. Briefly, the inspection involves 

determining the stability of the shoulder joints and examining the main movements provided 

by the rotator cuff muscle group, including flexion, abduction, adduction, lateral and medial 

rotation, as well as extension 343-345. To date, there are more than 180 types of physical 

examination tests used to evaluate shoulder pain and dysfunction 346. A few of the factors which 

have broadly been implicated in the development and prevalence of shoulder conditions 

include age, occupation and recreational activities, familial conditions, comorbidities’  

autoimmune conditions and previous injuries 343, 345, 347-349. 
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Given the complex and subjective nature of pain, diagnostic tests or patient-reported outcome 

measures (PROMs) are used to evaluate shoulder conditions  350. PROMs are often used in 

research and healthcare settings because they provide a consistent testing method for evaluating 

states of pain and dysfunction 351. These PROMs can be unidimensional or multidimensions, 

with the former measuring 1-item measurement, which is simple, fast, and easily 

understandable, and the latter measuring more than 1-item and requiring some time 351, 352. In 

addition, using PROMs allows for a better understanding between patient and doctor, which is 

key in electing the best treatment plan 353, 354. 

 

Several different validated PROMs are available, and the selection of the appropriate PROMs 

is based on the requirements and expected outcomes evaluated. Examples of validated PROMS 

include the University Of California - Los Angeles Shoulder Scale (UCLA), the Simple 

Shoulder Test (SST), and the Shoulder Pain and Disability Index (SPADI); 355. Imaging has 

also been used to identify and diagnose shoulder pathology, with ultrasound/ultrasonography 

(US) and magnetic resonance imaging (MRI) being the gold standard in diagnostic imaging 337, 

356, 357. It is reported that US and MRI are very useful imaging tools for the detection of rotator 

cuff tears and shoulder pain 358, 359. A systematic analysis however found conflicting and low-

grade evidence, motivating further investigations to fully comprehend the association between 

diagnostic imaging and shoulder pathologies 360.  

 

1.3.2 Types of Pain  

As a musculoskeletal condition, chronic shoulder pain and the associated disability in BCS can 

be divided into three types of pain, namely nociceptive, neuropathic, or pain stemming from 

central sensitization 332, 361-363. As described previously, pain is defined as an “unpleasant 
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sensory and emotional experience associated with actual or potential damage”, as in the case 

of nociceptive pain, which is described to be the result of an “active neural pathway caused by 

actual tissue damage or potentially tissue-damaging stimuli” 364. The nociceptive pain pathway, 

which includes anatomical structures such as skin, viscera, and musculoskeletal tissues, is a 

complex interactive relay of neurotransmission between the peripheral (PNS) and central 

(CNS) nervous systems 365. 

 

Forming part of the ascending pain pathway (Figure 1.12), noxious stimuli are detected by 

specialised sensory receptors known as nociceptors; generating signals through unmyelinated 

C fibres and small Aδ fibres and transmitting them towards the dorsal root ganglion (DRG); 

366, 367. Additionally, numerous tissues have nociceptors, which are activated by biological, 

electrical, thermal, mechanical, and chemical stimuli 368. These include the epidermis, 

periosteum, joint capsule, ligaments, muscles, cornea of the eye, dental pulp and others 368. 

Peripherally, activated nociceptive signals are transmitted via projection neurons found in the 

lamina I and V of the dorsal horn in the spinal cord, crossing the midline, and ascending via 

supraspinal tracts towards the CNS 367. Depending on the tract (for example the spinothalamic 

tract), these signals can reach different brain processing centres like the anterior cingulate 

cortex and prefrontal cortex where pain is perceived 368, 369. Nociceptive pain can be somatic 

or visceral with the former being localized, dull or intense, superficial or deep, constant and 

movement-related 370. The latter, however, can be persistent, cramping, agonizing, referred, 

frequently deep, but poorly localized and typically accompanied by emesis 370, 371. In BCS, 

nociceptive pain is thought to be caused by the activations of nociceptors in response to painful 

stimuli during breast cancer therapy, such as surgery, which is frequently accompanied by post-

surgical movement-related or mechanical stimuli 372-374.  
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Figure 1.12: The pain pathway following noxious stimuli and nociceptive sensory 

detection. Adapted from Sun et al. (2020)367. 

 

Neuropathic pain (NP) is described as “pain initiated or caused by a primary lesion or 

dysfunction or transitory perturbation in the peripheral (PNS) or central nervous system (CNS); 

375, 376. It is often observed in clinical settings and characterised by symptoms of ongoing pain 

in sensory-impaired parts or states of hypersensitivity, like hyperalgesia, referred pain or 

recurrent stimulation, which may negatively impact QoL 376-379. The mechanisms of 

neuropathic and nociceptive pain are however not mutually exclusive as studies indicate that 

pain-generating-lesions must include the activation of the nociceptive pathways 380. The exact 

mechanism of neuropathic pain is highly complex and varies greatly. A proposed cause for 

neuropathic pain such as peripheral sensitization involves the repeated activation of peripheral 

nerves in response to noxious stimuli causing the activation of an inflammatory response 369. 

The release of inflammatory chemicals like substance P, calcitonin-gene-related peptides and 
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others can result in the sensitization of nociceptors and reduction in the firing thresholds 369, 

381-384. 

 

Neuropathic pain symptoms, in contrast to nociceptive pain, are varied and may present as 

peripheral or central neuropathy like post-herpetic neuralgia, and post-stroke pain 60, 371, 385, 386. 

It could be inflammatory as seen in cases of arthropathies, or musculoskeletal, like back pain 

371, 387, 388. It may also present as mechanical or compressive pain as described in cases of 

ilioinguinal neuralgia observing the compression of nerves 389. Common descriptors used in 

cases presenting with neuropathic pain are pain that is burning, shooting, stabbing, numbing or 

tingling 371. In the present population, studies looking at the effects of chemotherapy have found 

that neuropathic pain can be brought on by cancer-related symptoms or cancer therapy itself 

363, 390. 

 

Central sensitisation (CS) pain, also referred to as nociplastic pain, is another classification 

described in BCS and is far more complex as it engages both nociceptive and neuropathic 

mechanisms 391-393. Following the most updated definition provided by the IASP, central 

sensitization is the “increased responsiveness of nociceptive neurons in the CNS to their normal 

or subthreshold afferent input”. One key feature known about the nervous system is its 

plasticity and both systems, PNS and CNS can rapidly adapt to sensory changes 394. It is 

theorised that the mechanism underlying CS is through the activation of the PNS and the 

sensitization of the nociceptive pathway, which can lead to long-term potentiation, ascending 

the spinal cord and may initiate maladaptive plasticity within the CNS giving rise to increased 

pain perception 394. Ongoing research surrounding CS has been aimed at understanding the 

dynamic of CS in chronic pain conditions as both may present as hypersensitivity to stimuli 

with potential interaction as described in states of allodynia and hyperalgesia 394, 395. Several 
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conditions reporting chronic pain have been regarded to fall under the spectrum of central 

sensitisation like fibromyalgia (FM), temporomandibular disorder (TMD) and irritable bowel 

syndrome (IBS); 396-400. Therefore, understanding and precisely characterizing pain, as well as 

understanding its presentation in a clinical setting, can provide healthcare practitioners with 

vital insights into developing the most successful treatment regimens. 

 

1.3.3 Current Pain Management Protocols 

In the acute hospital setting, post-breast cancer surgery pain is usually managed with the use 

of opioid drugs 401. The “gold standard” for relieving pain and the current most effective natural 

opiate available is morphine which is clinically used for the management of severe pain 402. In 

the immediate postoperative period, it is the most effective and acceptable analgesic for the 

majority of patients since morphine acts directly on pain-modulating receptors known as opioid 

receptors found in the nervous systems 403, 404. Opiates are however known for their negative 

side effects such as respiratory depression and addiction which is why lesser synthetic 

derivatives are developed and these can include tramadol and panadeine 405. 

 

Tramadol is a centrally-acting analgesic with a binding affinity to the mu-opiate receptor 406. It 

is a synthetic structurally related to codeine and morphine placing it in the same class of opiate 

drugs and equally prescribed for post-operative pain 407. Panadeine on the other hand is a 

combination of codeine and paracetamol also known as acetaminophen. The combination is 

either 8mg codeine to 500mg paracetamol or 30mg codeine to 500mg paracetamol the latter 

described as Panadeine forte can be used for moderate pain 408, 409. The specifics of their 

mechanisms and interactions within pain pathways are very complex and varied 410, 411. 

Although both drugs follow distinct metabolic pathways, they both exert their effects on the 
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pain inhibition pathway, primarily through the central nervous system due to the presence of 

opioid components 412. 

 

Regardless of the options available, tramadol appears to be the preferred opioid of choice for 

the treatment of various pain conditions including post-surgery pain 413-418. The drug is also 

reported to be effective in the management of post-operative anxiety, depression, and 

movement-evoked pain associated with a caesarean 419, 420. Ongoing clinical studies also 

indicate that tramadol in combination with paracetamol is a more effective analgesic treatment 

option for chronic pain, particularly in musculoskeletal conditions 421-423. The literature, 

however, has acknowledged inconclusive reviews regarding the benefit of tramadol in 

multimodal treatment settings and that risks are notwithstanding 422, 424. However, it is 

important to note that risk factors associated with the development of chronic shoulder pain 

and disability can influence the success of the current pain management protocol 425. It is, 

therefore, of utmost importance to examine the most prominent risk factors and their influence 

on pain management protocols. 

 

1.3.4 Risk Factors Associated with Chronic Shoulder Pain and Disability in BCS 

The aetiology of chronic shoulder pain and disability in BCS is influenced by both intrinsic 

and extrinsic factors 19. Following the systematic and meta-analysis of numerous studies, risk 

factors associated with chronic shoulder pain and disability in BCS, are summarised in Table 

1.2 19, 426. The most consistently associated risk factors include age, BMI, comorbidities, 

lifestyle (for example smoking and alcohol use), lymphedema, breast cancer surgery, axillary 

surgery, adjuvant therapies, acute pre-operative pain, acute post-operative pain, post-surgical 

complications, reconstructive surgery, education as well as genetics 19, 426-430. 
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The foremost predictors include auxiliary lymph node dissections (ALND), radiotherapy, pre-

operative, and acute postoperative pain where 21%, 7%, 6% and 3% more patients develop 

persistent pain respectively 20. It has also been highlighted that younger patients experiencing 

pre- and post-operative pain and subjected to a different combination of breast cancer 

treatments, have varied potential risks for developing chronic pain. A “significant predictive 

relationship” exists between the pain intensity of the acute post-operative period and the 

development of chronic long-term pain 431. Inadequate pain control during this period is known 

to increase morbidity and thereby mortality 431, 432. Therefore it seems critical that pain 

regulation during the acute post-operative period is a crucial component for long-term health 

432. Additionally, the psychological state of individuals is also known to play a role with studies 

reporting increasing levels of anxiety, depression, and negative affect (positive affect 

decreasing) especially in musculoskeletal pain conditions 433-437. Particularly noteworthy across 

different time points, including the pre-operative period, at 3, 6 and 12 months, and continuing 

up to 24 months 433, 435, 436. In BCS, however, the precise mechanism, or predictors of 

developing chronic pain post-operatively remains unclear. While it is evident that risk factors 

such as age and treatment type may contribute to the development of chronic shoulder pain and 

disability, evidence suggests that examining the genetic contribution has the potential to 

identify the key factors influencing pain responses 438-440. Moreover, it can shed light on the 

mechanisms underlying inadequate pain management 438-440. By focusing on the genetic 

component, a deeper understanding of pain pathways can be gained, enabling the tailoring of 

more effective pain management protocols.  
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Table 1.2: Summarized grading of gecommendation assessment, development and evaluations, evidence profile for predictors of persistent 

pain after breast cancer surgery, reproduced from 20. 

Predictor (Patients/median follow-up) Quality assessment Relative effect (95% CI) Anticipated absolute effect 

 
Publication Bias (p values for 

Begg test /Egger test)  
Overall   Baseline risk b Risk Difference (95% CI) 

Age (10-year decrement)  

11 030/ 12 months 
Undetected (p=0.8/p=0.8) High OR 1.36 (1.24-1.48)  30% for age 70yrc 

7% more patients with 10 yr. decrement of age persistent 

pain  

Radiotherapy (yes v no) 

9468/ 23.5 months 
Undetected (p=0.6/p= 0.2) High OR 1.35 (1.16-1.57)  30% 7% more patients with radiotherapy have persistent pain 

Axillary lymph node dissection (yes v no) 7699/12 month Undetected (p>0.9/p=0.5) High OR 2.41 (1.73-3.35)  30% 21% more patients with ALND have persistent pain 

Acute postoperative pain: 10cm pain scale indicated by 

lower values. 

1387/17.5 months  

Uncertain only 5 studies  High OR 1.16 (1.03-1.3)  
30% for 1cm on a 10 cm 

scalec 

3% more patients with per 1cm increment of acute pain on 

a 10cm pain scale having persistent pain  

Preoperative pain (yes v no) d 

2504/7.5 months 
Uncertain only 8 studies  Moderate OR 1.29 (1.01-1.64)  30% 

6% more patients with preoperative pain have persistent 

pain  

BMI (5point increment) 

3178/12months 
Uncertain only 8 studies High OR 1.11 (0.99-1.24)  30% for BMI 25kg/m2.c 

2% more patients with per 5-point increment of BMI having 

persistent pain  

Breast Surgery: (BCS v Mastectomy/modified radical 

mastectomy)  

8566/17.5 months  

Undetected (p=0.2 /p=0.8) High OR 1.08 (0.90-1.30)  30% 2% more patients with BCS have persistent pain 

Chemotherapy (yes v no) 

8481/12months 
Undetected(p=0.6/p>0.9) High OR 1.12 (0.98-1.29)  30% 2% more patients with chemotherapy have persistent pain 

Endocrine therapy (yes v no) 

8312/27month 
Undetected (p=0.3/p=0.2) High OR 1.07 (0.94-1.22)  30% 

1% more patients with endocrine therapy have persistent 

pain 

Note: BCS=Breast-Conserving surgery; BMI= Body Mass Index; CI= Confidence Interval; GRADE= Grading of Recommendations Assessment, 

Development and Evaluations; OR= Odds ratio; a. other assessments included risk for Bias, Inconsistency, Indirectness, and imprecision for which all 

showed no risk; b. Baseline risk based on a subpopulation of patients undergoing sentinel lymph node biopsy with lowest absolute risk for persistent pain in 

the study with the largest sample size amongst studies at low risk of bias; c. Reference groups for age, BMI and acute postoperative pain were obtained from 

the largest study; d. Serious Imprecision-Quality was rated down based on imprecision; the risk difference included a predefined threshold of 10% for 

modifiable factors. 



44 

 

1.3.5 Genetic Risk Factors in Analgesic Response  

Present-day research is showing strong evidence for the role of genetics as a risk and 

contributory factor to interindividual variability to analgesic response, and in the development 

of chronic pain and disability in BCS. Analgesics can be administered in various ways 

including oral, sublingual, buccal, intranasal, rectal, intravenous, and subcutaneous for 

example. Additionally, the route of administration and the formulation of the analgesic are both 

determined and dependent on its pharmacokinetic (PK) and pharmacodynamics (PD) 

properties 441. Therefore, to understand the mechanism of opioid metabolism and pain 

management in a clinical setting, it is imperative to examine the PK, PD, and 

pharmacogenetics/pharmacogenomics (PG) of these drugs (Figure 1.13).  

 

A considerable amount of literature has examined the PK and PD of pharmaceuticals, but its 

usefulness is restricted to understanding drug-dose to dose-effects 442-444. The investigation of 

PG, on the other hand, provides for the investigation of the genetic component that influences 

the PK and PD capability of prescribed medications. As a result, this holistic approach serves 

as a bridge that connects an individual's biology to the functionality of pharmacological therapy 

and response. 
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Figure 1.13: A schematic illustrating the pharmacokinetics (PK), pharmacodynamics 

(PD) and pharmacogenetic (PG) components that contribute to effective pain therapy. 

PK: studies describe how the body alters drugs, for example, the bioavailability of active 

and inactive metabolites and elimination thereof, whereas PD describes how the drug 

affects the body (e.g. pain relief vs minimal effect to no effect at all); 445, 446. PG: describes 

how an individual’s genes/genome influence the body’s ability to modify, and the effects 

of those drugs 447. 

 

Genetic association studies have identified several loci in which polymorphic changes can 

influence the PD and PK of analgesic drugs 448. Polymorphisms that cause a significant change 

to the amino acid or structure of a protein are considered potential biomarkers/identifiers for 

the risk of reduced capacity for opioid metabolism. Amongst the most widely studied genes are 

CYP2D6, UGT2B7, ABCB1, OPRM1, SCN9A  and COMT 401, 449-452. Genetic variations like 

single nucleotide polymorphisms (SNPs) in these genes have been implicated and associated 

with inter-individual pain variability in various opioid drug metabolism and pain signalling 

studies with contrasting results across ethnically different cohorts 453.  
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1.4 OPIOID SIGNALLING PATHWAY GENES 

Opioids remain the most widely used drug of choice for chronic pain and as a result, directly 

implicate the opioid receptor-dependent signalling and associated modulatory pathways to pain 

relief (Figure 1.14). 

 

 

Figure 1.14: Metabolic pathway for opioid metabolism, distribution, and signalling. A 

simplified way to describe opioid metabolism can be seen above. Opioids are metabolised 

primarily in the liver and the metabolites (e.g. M3G and O-desmethyl-tramadol M1) are 

transported via blood to the brain for opioid receptor uptake. The starred genes are 

crucial for the conversion, delivery and acceptance of opioids which results in an anti-

nociception effect. Opioid drugs like morphine, tramadol and Panadeine may be 

converted via different enzymes but are all agonists for the µ-opioid receptor placing these 

three drugs in one category of pain signalling. Abbreviations: ABCB1 , ATP Binding 

Cassette Subfamily B Member 1; ABCC2 , ATP Binding Cassette Subfamily C Member 

2; ABCC3 , ATP Binding Cassette Subfamily C Member 3; CNR1 , Cannabinoid Receptor 

1; COMT , Catechol-O-Methyltransferase; CYP2B6 , Cytochrome P450 2B6; CYP2D6 , 

Cytochrome P450 2D6; CYP2D7 , Cytochrome P450 2D7; CYP3A4 , Cytochrome P450 

3A4; ESR1 , Estrogen Receptor Alpha; M3G , Morphine-3-Glucuronide; M6G , 



47 

 

Morphine-6-Glucuronide; OGFR , Opioid Growth Factor Receptor; OPRD1 , Opioid 

Receptor Delta 1; OPRL1 , Opioid Receptor-Like 1; OPRM1 , Opioid Receptor Mu 1; 

OPRK1 , Opioid Receptor Kappa 1; SLCO1B1 , Solute Carrier Organic Anion 

Transporter Family Member 1; UGT1A1 , UDP Glucuronosyltransferase 1A1; UGT2B7 , 

UDP Glucuronosyltransferase 2B7. 

 

The most basic pathway described for opioids details the metabolism of opioids, seen in Figure 

1.14, in the liver implicating the CYP2D6 and UGT2B7 genes 446. Opioids such as morphine, 

and tramadol primarily undergo extensive metabolism in the liver, however, metabolism may 

also occur in the blood-brain barrier (BBB) transport system or specific brain regions 446, 454. 

The resulting opioid metabolites are transported via carrier and membrane proteins that 

facilitate the efflux and uptake of drug metabolites which include the Adenosine Triphosphate 

(ATP)-Binding Cassette (ABC) and the Solute carrier organic anion transporter (SLC) 

superfamilies 455. The most prominent members responsible for opioid distribution noted in the 

literature include ABCB1, ABCC2, ABCC3 and SLCO1B1 455.  

 

The ABCB1 gene is an ATP-efflux transporter with broad specificity and is extremely relevant 

as it actively drives drugs out of the CNS and has been identified as an important component 

of the BBB 456, 457. Solute carrier organic anion transporter family member 1 (SLCO1B1) is a 

multi-specific transporter for Na+-independent uptake of bile acids and other organic anions 

458. Although evidence is weak for this gene, the family has been reported to be involved in the 

transportation of Morphine-6-Glucuronide metabolite across the BBB 459. Moving forward in 

this pathway and transitioning to the inhibition of pain signals, involves the activation of G-

coupled opioid receptors in the CNS, initiating the descending pain inhibitory pathway 460, 461.  
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There are five groups of opioid receptors, namely the mu receptor (MOR), kappa receptor 

(KOR), delta receptor (DOR), nociception receptor (NOR) and zeta receptor (ZOR);462. Except 

for ZOR, each opioid receptor is involved in the inhibition of ascending pain signals upon 

binding to an opioid agonist 462. To date, evidence is strong and consistent in supporting the 

mu-receptor as the main opioid receptor for analgesic response, as the majority of opioids 

utilized in clinical settings act upon it 460, 461. Furthermore, in this complex pain inhibitory 

pathway, the activation of opioid receptors is not an isolated process; it involves interactions 

with other biological systems, like the dopaminergic system 463, 464. Through the engagement 

of other systems, genes like the cannabinoid receptor 1 (CNR1) and the Catechol-O-methyl 

transferase gene (COMT), can modulate pain perception. CNR1 is co-localised with OPRM1 

and mediates binding sensitivity, whereas COMT is responsible for the bioavailability of 

catecholamines like dopamine 463, 465. 

 

It has been shown that opioid binding activates a cascade of reactions that leads to the activation 

of the dopamine pathway seen in Figure 1.15, and pain relief which is linked to the reward and 

addition processes in the brain 466, 467. This mechanism can have a feedback loop effect in which 

using opioids more frequently results in higher sensations of reward and ceasing use causes 

severe withdrawal, promoting continuous opioid use 466, 467. Dopamine levels are controlled by 

COMT activity, and it is evident how this activity influences pain perception by controlling 

reward responses that are triggered by opioid-induced dopamine activation. 
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Figure 1.15: A snapshot visualization of the interacting biological systems implicated in the pain pathway. Briefly, the illustration shows the 

A) effects of opioid (morphine) binding at the synaptic left to OPRM1 receptors and setting off a cascade of events that includes the release 

of GABA and inhibition of Dopamine, B) the life cycle of activation of dopamine including enzymatic catalysis by COMT and MOA enzymes, 

and C) anatomical location of downstream effects. The illustration was obtained from the KEGG Pathway Database (KEGG PATHWAY 

Database, accessed on 25 October 2023).  

A B 

C 

https://www.kegg.jp/kegg/pathway.html
https://www.kegg.jp/kegg/pathway.html
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Three genes are functioning in the opioid signalling pathways which have consistently been 

implicated in chronic pain conditions and the primary focus of this thesis 464, 468-471. These are: 

• ABCB1: for the distribution and transportation of opioids to key brain regions,  

• OPRM1: for receptor signalling at synapses, and  

• COMT: for the indirect modulation of the inhibitory pathway.  
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1.4.1 The ATP-Binding Cassette- Subfamily B, Member 1 Gene (ABCB1) 

The adenosine triphosphates (ATP)-binding cassette (ABC) family are known efflux 

transporters with broad substrate specificity that operate in an ATP-dependent manner 472, 473. 

There are 48 putative ABC transporters identified in the human genome that are subdivided 

into seven classes (A-G) based on genomic organisation 474, 475. ABC transporters are 

ubiquitous integral membrane proteins that have a basic structure of four core domains and are 

driven by ATP hydrolysis to translocate substrates in and out of cells 476. The ABCB1 gene is 

one of the many abundant ABC-subfamily B genes, a family of highly conserved membrane 

transporters that are crucial and actively participate in numerous physiological and cellular 

processes 477, 478. It was the first transporter identified for ABC transporters, and since has 

become the most frequently investigated and well-described gene for this superfamily 479-481.  

 

The ABCB1 gene has been implicated in a variety of conditions due to its ubiquitous nature in 

therapeutic function and is associated with cancer 482-484, renal 485 autoimmune 486, mood 487, 

neurodegenerative 488, 489 studies and more 478. The gene is highly polymorphic with more than 

fifty clinically relevant polymorphisms that have been associated with various outcomes like 

opioid addiction, drug resistance to chemotherapy as well as pain perception 469, 471, 475, 490-496. 

Early expression studies in healthy volunteers found in exon 26, the rs1045642 G>A 

polymorphism was associated with differential expression of the P-gp protein in vivo 497. It was 

reported that A/A genotype carriers exhibited lower P-gp levels compared to the A/G and G/G 

carriers. Several other polymorphisms have also been identified with high allele frequencies 

(>10%), particularly at exon/position 12/1236,  and intron/position 6/-139,  17/+137, with the 

former corresponding to rs1128503 (G> 1236); 497. Summarised in   
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Table 1.3 are three of the most widely studied ABCB1 SNPs, which have been associated with 

altered protein activity and have been implicated in pain and opioid-related studies 498, 499.  

 

Table 1.3: Single Nucleotide Polymorphisms (SNPs) in ABCB1 associated with pain 

studies - Comprehensive summary of genetic variations with their respective rsIDs, 

genomic positions, and minor allele frequency. 

Polymorphism 
Alleles (5’-

3’) 
MAF 

Genomic 

Position 

Amino acid 

change 
Exon/Intron 

rs1128503 G>A A=0.4161 1236 Gly > Gly Exon 12 

rs2032582 G>T/A A=0.2586 2677 Ala > Ser/Thr Exon 21 

rs1045642 G>A A=0.3952 3435 Ile > Ile Exon 26 

MAF: Minor Allele Frequency as the 1000Genomes Project; Abbreviations: Ala, Alanine; Ser, 

Serine; Thr, Threonine; Gly, Glycine; Ile, Isoleucine 

 

Characterisation of the rs1128503 and rs104562 SNPS found each SNP were located at a 

wobble position, specifically in the cytoplasmic loop flanking the first ATP-binding domain, 

and at the secondary intracellular ATP-binding domains, respectively 474, 500, 501. Whereas the 

rs2032528 SNP is located in the cytoplasmic loop between transmembrane domains (TMD) 10 

and 11 501. Populations studies have reported that minor allele frequencies for rs1128503 and 

rs1045642 were  <30% in African or African American groups, 502, 503. Whereas the major 

alleles in populations such as Asia, Malaysia, Japan, and Europe all reported frequencies of 

>60% 502, 503. On the other hand, minor allele frequencies for the rs2032528 polymorphism 

were <10% in all populations for the A allele and ranged between 5% and 60% for the T allele 

502. It is hypothesised that these three polymorphisms are co-inherited and linkage 

disequilibrium (LD) analysis in varying populations found a strong linkage between rs1128503 

C>T, rs2032582 G>T, and rs1045642 C>T.  
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Pairwise LD analyses between the SNPs rs1128503 and rs2032528 noted moderate to strong 

D’ values of 0.6, 0.8 and 0.9 in populations of Polish (n=95), Caucasian with Chinese (n=107), 

and Jewish (n=98) groups 490, 504, 505. Evaluation of the SNP pair, rs2032528-rs1045642 noted 

low to moderate D’ values like 0.3, 0.6, 0.8 in the Polish, Caucasian-Chinese mix, and Chinese 

(n=292) and Jewish groups 487, 490, 504, 505. Moreover, evaluation of the rs1128503-rs1045642 

SNP pair noted D’ values that were weak to moderate, ranging from 0.4 to 0.8 for all the 

populations noted above 490, 504, 505. In contrast, one study conducted in the USA (n=698) 

reported no linkage between the rs1128503 and rs1045642 SNP pair 506. In addition, evaluation 

of all three SNPs in a Bangladeshi (n=180) cohort, noted very weak LD patterns (D’<0.5); 507. 

Still, the three SNPs, have consistently been examined in haplotype form, for instance, one 

study reported that the ABCB1 (rs1128503 G>A- rs2032582 G>A- rs1045642 G>A) A-A-A 

haplotype was associated with greater opioid requirements in a Jewish cohort  (n = 98); 490. 

Whereas an Australian cohort (n=120) reported that wild-type haplotype carriers, G-G-G, 

required more opioids 508. 

 

Many studies have placed focus on the rs1045642 loci due to the functional impairment 

associated with it. Reports have indicated that (rs2032582 C>T- rs1045642 C>T) C/T genotype 

carriers were associated with increased opioid addiction 509, while others did not 510, 511. In 

cancer pain-related studies, reports have shown that rs1045642 T/T genotype carriers required 

more opioids for pain relief 512. While examining the effects of fentanyl, another study reported 

that the rs1045642 SNP had no impact, and instead noted that rs1128503 T/T genotype carriers 

required fewer opioids 513. Furthermore, postoperative studies have also shown that rs1045642 

T/T genotype/allele carriers required fewer postoperative opioids and reported lower pain 

scores than the wild-type genotypes 469, 494, 496, 514-517. However, inconsistencies amongst other 

post-operative studies have been reported 22, 518.  
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The ABCB1 gene, also known as the multidrug resistance gene (MDR1), is located on 

chromosome 7q21.12 [NCBI, Genome browser, November 2021, Primary Assembly 

(GRCh38.p13)]; 499, 504, 519. It consists of 28 exons spanning 120 kilobases and has two 

promoters, P1 and P2 499, 520. Translation of ABCB1 begins in exon two, producing a protein-

coding sequence made up of 27 exons, with the first 14 exons coding for the first half of the 

transmembrane domain and the remaining 13 exons for the second half. ABCB1 transcription 

is regulated by various elements, including a GC-rich region, an initiator element (Inr), and 

other transcription regulatory elements 520, 521. ABCB1  transcribes into a 4872bp messenger 

RNA (mRNA) that includes the 5’untranslated region and translates into 1280 amino acids, the 

P-glycoprotein 478.  

 

The P-glycoprotein (P-gp) protein consists of two homologous halves containing six 

transmembrane segments [transmembrane domains (TMD)] and one intracellular segment 

[nucleotide binding domains (NBD)] and each with an N- and C- termini that are located inside 

the cell. Three glycosylation sites can be found in the first loop connecting TMD segments one 

and two. The NBDs are ATP-utilizing regions that facilitate the opening and closing of the 

channel, and recent studies found two major substrate binding sites in TMD 5-6 and TMD 11-

12 and reported the two NBDs interact via a flexible linker region 499, 522, 523. The basic 

mechanisms of ATP-dependent transportation of substrates across the membrane involve the 

hydrolysis of ATP to ADP and free phosphate ions, activating the transportation of substrates 

across membranes. Additionally, P-gp is subject to post-translational modifications that are 

crucial for its stability, function, degradation, and activity. These modifications include 

glycosylation, phosphorylation, and ubiquitination 524. Glycosylation occurs at the N-linked 

glycosylation regions, N91, N94, and N99, in the first extracellular loop of P-gp 523. Studies 

revealed changes or mutations of these sites influence protein stability  525. P-gp has multiple 
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phosphorylation sites, and particularly in the flexible linker region connecting the two TMD 

halves, eight consensus sites allow for phosphorylation by the enzyme’s protein kinase A and/or 

C 526, 527. Ubiquitination which aids stability, function and localisation, is important in protein 

degradation and can affect drug resistance in cancer treatment 528. There is also a connection 

between glycosylation and ubiquitination, where inhibiting glycosylation can increase P-gp 

degradation through ubiquitination 528.  

 

P-gp is a 170 kilodalton (kDa) single polypeptide chain that has been identified in a variety of 

epithelial tissues like liver tissue, kidneys, intestinal tissue, pancreas, adrenal glands, capillary 

endothelium of the blood-testis and blood-brain barrier, choroid plexus, placental trophoblast, 

and many others 474, 523, 529-533. The physiological role described for P-gp is in maintaining 

cellular homeostasis, protecting against cell toxicity and the transport of various hormones, 

cytokines, and lipids 534, 535. In the adrenal cortex and medulla, P-gp's play a role in either i) 

facilitating the transport of steroids or ii) serving as a protective mechanism in response to 

elevated steroid levels 500. The protein interacts with three different types of substances, 

inducers, inhibitors, and substrates. Substrates are compounds that are transported across the 

membrane via P-gp activity, whereas inducers and inhibitors will promote or block P-gp 

transportation 536, 537. Some of the substrates transported by P-gp include corticosteroids, 

cortisol, corticosterone, and aldosterone 478, 534, 538, 539. In cancer research, the co-administration 

of inhibitors is suggested to potentially enhance the bioavailability of chemotherapy agents 

within cancer cells by inhibiting P-gp activity 540. Although there are several other membrane 

transporters, P-gp remains one of the most significant transporters to protect the brain against 

harmful drugs/toxins 530. In the context of this thesis, the function of P-gp in the BBB is 

especially important concerning the distribution of xenobiotics.  
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1.4.2 The Opioid Receptor, Mu 1 Gene (OPRM1) 

The Mu-Opioid receptor is a member of the opioid receptors, a group of seven transmembrane 

spanning (7TM) Guanine protein-coupled receptors (GPCRs); 541. This prominent superfamily 

of rhodopsin-like GPCRs is regarded as the most significant contributor in regulating 

neurotransmission, and hormonal action at the CNS level, as well as sensory perception and 

primary targets for opioid signalling 460, 462, 541, 542. Since the discovery of these receptors in the 

1970s, five types have been identified and summarised in Table 1.4,  namely mu receptor 

(MOR), kappa receptor (KOR), delta receptor (DOR), nociception receptor (NOR) and zeta 

receptor (ZOR); 462, 541, 543. In addition, sequence homology is highly conserved with MOR, 

KOR, DOR, and NOR being 60% identical to each other, mainly in the regions transcribing the 

7TM and intracellular loops 461. Although most of the receptors have roles in analgesia, it is the 

MOR receptor that is described as the primary target for exogenous opioids in the management 

of moderate to severe pain 544. 
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Table 1.4: Anatomical location and physiological roles of G protein-coupled receptors in 

the human body adapted from 462.

GCPR Gene Organ system Physiological action 

δ-receptor (DOR-delta) OPRD1 Brain, CNS Analgesia, Constipation 

κ-receptor (KOR-

kappa) 
OPRK1 CNS, PNS 

Analgesia, Diuresis, 

Dysphoria 

µ-receptor (MOR-mu) OPRM1 
Brain, CNS, GIT, 

PNS, Spinal Cord 

Analgesia, Constipation,  

Dependence, Euphoria, 

Miosis, Respiratory 

depression, vasodilation 

nociception receptor 

(NOR) 
OPRL1 * CNS 

Analgesia, Hyperalgesia 

(concentration-dependent) 

zeta receptor (ZOR) OGFR* 

Brain, Heart, 

Kidney, Liver, 

muscle, pancreas 

Regulator of cell development 

*Opioid like receptors that are similar in structure; Abbreviations: DOR, delta-opioid receptor; 

OPRD1, Opioid Delta Receptor 1; CNS, Central Nervous System; KOR, Kappa opioid 

receptor; - Opioid Kappa Receptor 1 (OPRK1) - Central Nervous System (CNS), PNS, 

Peripheral Nervous System; MOR, mu-opioid receptor; OPRM1, Opioid Mu Receptor 1; GIT, 

Gastrointestinal Tract; NOR, nociception receptor; OPRL1, Opioid Receptor-Like 1; ZOR, zeta 

receptor; OGFR, Opioid Growth Factor Receptor 

 

Molecular research identifying polymorphisms describes a mutation resulting in the loss of an 

N-linked glycosylation site of the receptor, specifically the functional substitution at position 

118, which codes a missense change of (A>G) Asparagine (Asn) to Aspartic acid (Asp) in the 

main transcript MOR-1 545-547. Another functional variant rs540825, is reported to be 

responsible for the missense change of (A>T) Glutamine (Gln) to Histidine (His) that leads to 

changes in the C-terminus of the splice variant MOR-1X, potentially causing structural and 

functional protein modifications 548-551. Pharmacological studies suggest that multiple µ-opioid 

receptor subtypes could explain the wide variety of sensitivity towards µ-opioids and their side 

effects as incomplete cross tolerance among µ-opioid receptors occurs and cannot be resigned 
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to just s single µ-opioid receptor 541, 551. Additionally, it has been reported that the different 

isoforms of MOR-1 are altered by exogenous opioids, and MOR-1X specifically are found to 

facilitate “unique signal transduction with distinct functional consequences” when induced by 

morphine 552, 553. Summarised in  Table 1.5 are two functional OPRM1 SNPs,  which have been 

associated with structural protein changes and have been implicated in pain and opioid-related 

studies 541, 552, 553 

 

Table 1.5: Single Nucleotide Polymorphisms (SNPs) in OPRM1 associated with pain 

studies - Comprehensive summary of genetic variations with their respective rsids, 

genomic positions, and minor allele frequency.

Polymorphism 

Rs ID 
Alleles (5’-3’) MAF 

Genomic 

Position 

Amino acid 

change 
Exon/Intron 

rs1799971 A>G G=0.2234 118 Asn>Asp Exon 1 

rs540825 A>T A=0.1178 1839 Gln>His Intron 3 

MAF: Minor Allele Frequency as the 1000Genomes Project; Abbreviations: Asn, Asparagine; 

Asp, Aspartic acid; Gln, Glutamine; His, Histidine 

 

Genetic studies report a considerable amount of association between the OPRM1 rs1799971 

A>G variant and opioid sensitivity, morphine requirements, sufentanil dose, and postsurgical 

pain 470, 510, 554-556. Whereas fewer studies have investigated the rs540825 A>T variant, which 

has been associated with fentanyl-induced emesis, pain, postoperative morphine consumption, 

and positive affect 551, 557, 558. Globally, studies report varying MAF for rs1799971 G, ranging 

from 4% in African Americans to more than 40% in the Asian populations 512, 559. It has been 

noted that European populations report roughly 16% for the minor allele 559. Whereas reports 

from South Africa observed very low frequencies (<0.1%); 560. 
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Focussing on the functional rs1799971 SNP, studies conducted in European and Asian cohorts 

have shown that G/G allele and genotype carriers, report greater pain and require more 

therapeutics for pain relief postoperatively 24, 512, 561-563. In addition, the associations were noted 

to be more prevalent in women than men 562, 564, 565. Association studies have indicated a link 

between rs540825 and fentanyl-induced emesis, and response to antidepressants, however, data 

reports on postoperative pain are limited 551, 557, 566. For example, linear regression analysis of 

seven OPRM1 markers (rs1319339, rs7776341, rs1799971, rs563649, rs442075572, rs540825, 

rs4677830), reported that carriers of the haplotype H2 (TAGCCTG) required more post-

operative analgesia (POA) than the reference haplotype H1, and carriers of the 

H5(CAACTAAG) haplotype required less POA 557. Which is in alignment and supports the 

above-mentioned studies 24, 512, 561-565. However, a meta-analysis found rs1799971 was not 

associated with postoperative pain, mainly due to disparities in sampling, surgical settings and 

other factors 556. For example, a Polish cohort (n=207) evaluating knee arthroplasty could not 

report any associations between rs1799971 and postoperative pain 567. 

 

The MOR receptor is encoded by the Opioid Receptor Mu 1 (OPRM1) gene, found on the long 

arm of chromosome 6 bands q25.2 [NCBI, Genome browser, December 2021, Primary 

Assembly (GRCh38.p13)]; 568. There are inconsistencies regarding the exon count for OPRM1, 

whereby Pasternak and Pan (2013)569 reported 12 exons in comparison to Shabalina et al. 

(2009)547 reporting 18 exons. According to the OMIM database (Updated to 06/04/2021 and 

reporting for the latter study), comparative alignment and characterisation of the gene shows 

the gene consists of 18 exons spanning ~200 kb, which include regulatory elements, promoters, 

and alternative exons,  ( 5’-3’ orientation exons -11, 1, T, 14, 13, 2, 3, R, Y, 16, X, 17, 5, 4, 18, 

6, O/7, and 9); 547. 
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OPRM1 expression is complex and modulated by various factors that include dual promoters,  

epigenetic factors, and alternative splicing 569. The human OPRM1 gene is highly homologous 

and reported to have dual promoters, the absence of a TATA-box, and a complex TF-binding 

site 569, 570. The two promoters described are a distal promoter (E11) located ~30kb upstream 

from exon 1 which is associated with exon 11, and a proximal (E1) promoter found ~1.5kb 

upstream and associated with exon 1 548. Post-transcriptional studies report several positive and 

negative transcription factors (TFs) for the OPRM1 gene, including activator protein1 (AP1) 

and neuro-restrictive silencer element (NRSE); 570-581. OPRM1 expression is also subject to 

DNA methylation and histone modification, two fundamental epigenetic mechanisms 

described in mammalian gene expression 582. DNA methylation involves the addition of a 

methyl group to the C5-position of a cytosine (form a 5-methylcytosine), thereby modulating 

expression through inhibition of TFs 583. 

 

The assignment of methyl groups to the promoter region for OPRM1 has shown to be a 

powerful epigenetic regulator, that correlates to reduced gene expression 582, 584, 585. 

Additionally, there are several Cp-G sites (>20) described in the OPRM1 promoter region 

creating CpG islands that are subject to epigenetic regulations by DNA methylation, and thus 

modulation of expression 585. Different types of histone modifications are also described for 

OPRM1 in literature, including histone acetylation, methylation, phosphorylation, and 

ubiquitination, all known to regulate DNA chromatin structure and transcription 586-591. For 

example, one study found demethylation of the lysine-9 residue at the core histone H3, resulted 

in the repression of gene expression 461, 592, 593. Through alterations in the histone complexes, 

this epigenetic mechanism directly influences gene expression for OPRM1.  
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The concept of one gene encoding one protein has been challenged, as over 95% of the human 

genome undergoes constitutive splicing with alternative splicing having shown associations 

between genes and diseases 594-605. During transcription, precursor mRNA is transcribed, 

removing intronic regions and connecting exons to create mature mRNA, however, alternative 

splicing can lead to the removal or retention of exonic/intronic regions 605-607. Many GPCRs, 

including OPRM1, undergo alternative splicing to maintain protein diversity, with OPRM1's 

alternative splicing being unique compared to OPRK1 and OPRD1 606, 608-610. OPRM1 has three 

distinct protein structures: full-length 7 transmembrane domain (TM) C-terminal variants, 

truncated 6TM variants, and truncated single TM variants, with multiple splicing variants 

within each subtype (Figure 1.16); 569, 605, 611. Furthermore, OPRM1's alternative splicing is 

highly conserved between humans and rodents 605. 

 



62 

 

 

Figure 1.16: Three human MOR splicing variants obtained from Pasternak and Pan 

(2013)569. 
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The 7TM C-terminal variant is the result of the 3` splicing of the OPRM1 gene starting at exon 

three, each presenting with an N-terminus, a 7TM domain, three intracellular and extracellular 

loops, and a part of the intracellular C-terminus 605. Up to twelve full-length variants have been 

isolated from humans, each presenting with different amino acid sequence lengths 569, 605, 612, 

613; (Table 1.6). 

 

Table 1.6: Alternative protein sequences encoded by the different 7tm variants resulting 

from 3’ splicing at exon 3 for OPRM1, adapted from 605. 

Variant Exons Amino acid sequence 

hMOR-1 4 LENLEAETAPLP 

hMOR-1A 3b VRSL 

hMOR-1B1 5a KIDLFQKSSLLNCE 

hMOR-1B2 5ab RERRQKSDW 

hMOR-1B3 5abc GPPAKFVADQLAG 

hMOR-1B4 5abcd S 

hMOR-1B5 5abcde VELNLDCHCENAKPWPLSYNAG 

hMOR-1O O PPLAVSMAQIFTRYS PPTHRE KTCNDYMKR 

hMOR-1X X CLPIPSLSCWALEHGCLVVY 

PGPLQGPLVRYDL 

PAILHSSCLRGNTAPSPSGGAFLLS 

hMOR-1Y Y/5abc IRDPISNLPRVSVF 

hMOR-1i 4 LENLEAETAPLP 

Predicted phosphorylation sites within the amino acid sequences are noted in green italics. 

Predicted phosphorylation codes are underlined and highlighted. Adapted from 605.  
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The 6TM and 1TM variants, on the other hand, are the result of early splicing and each 

generates four different variants 569. Exon 11, which is around 30 kb upstream of exon 1 and 

under the control of its promoter region, is where splicing for the 6TM variants occurs 569. By 

skipping exon 1, splicing generates 6TM variants with varied C-terminal ends 611. While 

alternative splicing at exon 1, bypassing exon 2 results in frameshifts and varied amino acid 

sequence lengths of intracellular tails downstream of the single TM  569, 611. Although these 

variants differ significantly in TM length and therefore functionality,  these variants remain 

pharmacologically important 605, 611. One study showed that 1TM variants have a distinct 

chaperoning role, increasing the expression of 7TM variants in the endoplasmic reticulum 614, 

615. 

 

Relating to the present work, the role of MOR associated with analgesia and pain modulation 

within the PNS and CNS is well described as the receptor is widely expressed throughout  616, 

617. The mu-opioid receptor (MOR-the primary isoform), a 45kDA protein, comprised of 400 

amino acids is a surface receptor localised to the outer and inner membrane of a cell with the 

N- and C- terminal respectively 574, 618. Opioid receptors are synthesised in the dorsal root 

ganglia (DRG), whereby the µ-, δ-, and κ-opioid mRNA and proteins are expressed within cell 

bodies of  DRG neurons that are subsequently distributed peripherally and centrally to nerve 

terminals 616, 619. In the PNS, opioid receptors are present in both neuronal and non-neuronal 

tissues of endocrine, immune, smooth muscles, and ectodermal cells and also in the enteric 

nervous system of the gastrointestinal tract (GIT); 460, 619-628. In the brain, MOR expression 

under normal physiological conditions is primarily confined to the CNS, specifically the 

Hypothalamic Pituitary Adrenal axis (HPA); 461, 570. Moreover, MOR splice variant expression 

profiles are region- and strain-specific, to brain regions such as the prefrontal cortex, thalamus, 

striatum, and others 605, 611, 629, 630. 
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MOR receptors are involved in a variety of physiological processes that include pain 

modulation, motility, mood, diuresis, thermoregulation and stress, as well as the modulating 

role in the respiratory, gastrointestinal and cardiovascular systems 631. In instances of tissue 

damage, the ascending pathway transmits nociception signals, perceiving the sensation as pain. 

G-protein dissociation reduces internal cyclic adenosine monophosphate (cAMP), which, in 

turn, decreases substance P release through voltage-gated Ca2+ channel reduction, contributing 

to analgesia during exogenous opioid use 632. Whereas endogenous opioids, distributed 

throughout the PNS and CNS, play a pivotal role in modulating nociception, mood, and 

cardiovascular functions via MOR activation. 620, 632-635. 

 

Unlike, ABCB1, the MOR- receptor does not transport substrates but binds to a ligand that can 

be endogenous or exogenous that will activate a physiological response through various 

cellular changes 632. Exogenous ligands may be an agonist or antagonist, with the former 

activating a reaction, and the latter having an inhibitory effect 632, 636. There are four groups of 

endogenous ligands (Figure 1.17), also known as endogenous opioids, namely β-endorphins, 

enkephalins, dynorphins, and nociceptin/orphanin FQ  637. Studies report each of these opioids 

is broadly expressed throughout neural circuits, including those relating to pain 637.  
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Figure 1.17: Chemical structure for the endogenous opioids, Dynorphin, Endorphin, 

Enkephalin and Nociceptin. Each opioid-containing the Tyr-Gly-Gly-Phe-Leu or Tyr-

Gly-Gly-Phe-Met sequences at the N-terminus. Adapted from Corder et al. (2018)637. 

Pharmacological research has led to the synthesis of numerous agonists, that induce varying 

efficiencies through variable degrees of hyperpolarisation at the cellular level of MOR 

receptors, including tramadol, methadone, meperidine and fentanyl 632, 638-640. These exogenous 

opioid compounds isolated from the poppy opium plant, have been used for centuries 

particularly in rituals to induce euphoria, before the isolation and identification of endogenous 

opioids 641, 642.  
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Amongst the many opioid compounds isolated from the opium plant is morphine, a compound 

that is heavily relied on for pain relief 569, 628, 643. Furthermore, opioid antagonists are another 

class of compounds that elicit a counter-response to opioid agonists that are essential for 

mitigating opioid-induced side effects, including respiratory depression 644-646. Several 

antagonists, such as naloxone, naltrexone, methylnaltrexone, and others have been developed, 

and while some may have dual action (agonist and antagonist), classifying them as partial or 

mixed antagonists 645, 647, 648. In the context of this study, given its role in opioid signalling, 

OPRM1 is vital and therefore may account for the variability in pain responses observed in 

chronic post-operative pain phenotypes.  
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1.4.3 The Catechol-O-Methyl Transferase Gene (COMT) 

Methyltransferase (MTs) are enzymes that facilitate chemical reactions through methylation 

and are key in several biological processes like modulating gene expression, cell signalling, 

metabolism and others 649-652. As one of the most significant conjugative enzyme groups, MTs 

promote O-methylation through the exchange of the methyl group, S-adenosyl-l-methionine 

(SAM), to a hydroxyl-containing substrate in a Mg2+ rich environment 653-656. The Catechol-O-

methyltransferase (COMT) gene translates to an enzyme that is responsible for the 

bioavailability of catecholamines and is one of the most widely studied O-methyltransferases 

649. 

 

Studies have shown the COMT polymorphisms listed in Table 1.7, are associated with chronic 

and/or persistent pain states 23, 26, 562, 657, 658. The key source of variation in COMT activity, is 

the functional COMT rs4680 G>A polymorphism found on exon four at positions S- COMT108, 

and MB- COMT 158 with a valine (Val) to methionine (Met) substitution 653, 659, 660. This 

substitution is reported to cause a decrease in enzyme thermostability and activity due to the 

lesser hydrophobic Met/Met residues accounting for ~40% activity difference 653, 659, 661-663. 

Three other polymorphisms, COMT rs6269 A>G (intron 2), rs4633 C>T (His>His, exon 3) 

and rs4818 C>G (Leu >Leu, exon 4), have also been investigated in haplotype studies with 

rs4680 G>A, with strong LD (D’> 0.94) reported between the four polymorphisms 21, 664. 
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Table 1.7: Single Nucleotide Polymorphisms (SNPs) in COMT associated with pain studies 

- a comprehensive summary of genetic variations with their respective rsIDs, genomic 

positions, and minor allele frequency. 

Polymorphism 

rs ID 

Alleles (5’-

3’) 
MAF 

Genomic 

Position 

Amino acid 

change 
Exon/Intron 

rs6269 A>G G=0.3568 - - Intron 2 

rs4633 C>T T=0.3716 62 His>His Exon 3 

rs4818 C>G G=0.2969 86 Leu>Leu Exon 4 

rs4680 G>A A=0.3692 158 Val>Met Exon 4 

MAF: Minor Allele Frequency as the 1000Genomes Project; Abbreviations: His, Histidine Leu, 

Leucine; Met, Methionine; Val, Valine 

 

Many studies implicating the functional SNP rs4680 were observed in neurological and 

behavioural cohorts investigating Schizophrenia, Parkinson's, mood and affect 665-668. 

Reporting that the Val/Val genotype was associated with increasing psychotic symptoms and 

poorer response to treatments, independently and in combination with the other SNPs listed. 

In the context of this thesis, pain perception, cancer pain, post-operative pain, and opioid-

related pain studies have also implicated this variant although the data may vary by cohort. 

For example, reports showed the rs4680 A/A genotype and the minor allele haplotype for 

rs6269-rs4633-rs4848-rs4680, were associated with higher pain, delayed recovery, and 

increased postoperative analgesia, respectively 452, 669. Furthermore, the studies had a 

consistent ethnic background with participants primarily being of Caucasian ethnicity 452, 669. 

However, the cohorts differ in surgical settings where one study focused on a postoperative 

adenotonsillectomy, and the other examined the musculoskeletal condition of lower back disc 

herniation. 
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Interestingly, the opposite is reported for this variant in cancer pain. A population study from 

Italy (n=87) and China (n=146) reported that G/G genotype carriers were reporting greater 

perceived pain and required higher doses of opioids compared to the alternative genotypes 471, 

670. The disparity between cohorts highlights the importance of the characterisation of the pain 

pathways activated post-operatively compared to other pain phenotypes.  

 

Focusing on post-operative and musculoskeletal pain cohorts, systematic analysis of the minor 

rs4680 A allele is reportedly associated with pain intensity in fibromyalgia and chronic 

widespread pain 671-673. Reports have also shown that the  rs4680 A/A genotype is associated 

with increasing POA post-3rd-Molar extractions 23. Interestingly, a recent report showed that 

A allele carriers reported greater musculoskeletal pain response to electroacupuncture in BCS 

674. The mechanism proposed in this study suggests that acupuncture may activate the release 

of neurotransmitters that may inhibit pain signals through the dopaminergic and adrenergic 

systems having an impact on endogenous opioids acting on opioid receptors. However, 

negative or the absence of an association for the functional rs4689 SNP in experimental 

studies, has been suggested to be due to a larger genetic interval contributing to the variability 

in pain perception 671. 

 

For rs6269 A>G, it has been reported that G/G genotype was more prevalent in conditioning 

pain modulation (Caucasian n=77) subjects, and protective against disability in lower back 

pain (European n=371); 675, 676. The G/G genotype has also been associated with a reduced 

need for POA (Irish n=100) along with the G/G genotype for rs4818 C>G 23. While the G/A 

genotype has been associated with postoperative pain and disability (Australian n=140); 677. 

Another study reported the rs4633 C>T and rs4680 G>A, T/T and A/A genotypes were 
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associated with less morphine required post-operatively for a hysterectomy (Chinese n=755, 

Malay n=136, Indian n= 82); 678. In the same cohort, the data also showed the rs4818 C>G 

G/G genotype was associated with increasing post-operative morphine and higher 

postoperative pain 678. 

 

Defining one haploblock, these four polymorphisms have been used to characterize three 

major levels of pain sensitivity, low (LPS: GCGG), average (APS: ATCA) and high (HPS: 

ACCG) 679, 680. Reports have shown that the LPS, APS and HPS haplotypes have altered 

secondary mRNA structures, and thereby different folding potential, and enzymatic activity 

659. These three haplotypes reportedly account for 11- to 25-fold differences in COMT activity 

and as a result may surpass the functional significance associated with individual 

polymorphisms. 21, 659, 664. In particular, in chronic pain conditions, differences in pain 

sensitivity have been associated with specific haplotypes of the COMT gene variants 21, 659, 681-

686. For example, in a musculoskeletal pain study, independent associations were observed 

where the rs6269 G, rs4818 G and rs4680 A alleles were protective in a Spanish group 687. In 

addition, the ACCG haplotype bearing the rs6269 A, rs4633 C and the rs4818-rs4680 G alleles 

were associated with more severe pain in FM (Korean n=832, Spanish n=57); 687, 688. Another 

study examining opioid consumption found no significant association for any of the four 

independent SNPs, however, haplotype analysis revealed a signification association for the 

HSP haplotype 689. It was noted that ACCG carriers received and required significantly more 

post-operative fentanyl for a radical gastrectomy (Chinese n=115); 689. The studies described 

have shown reports of associations that are variable in their findings for each of the four SNPs, 

with disparities across the surgical settings and pain types. Additionally, these studies report 

limited to adequate cohort sizes, with very homogenous ethnic ancestries. 
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The COMT gene is located on chromosome 22 coordinated to the long arm q11.21, and is 

comprised of two and four,  non-coding and coding exons, respectively 690. The single gene 

encodes for two isoforms, a water-soluble (S- COMT) and a membrane-bound (MB- COMT) 

form, each transcribed and regulated by two distinct promotors, P1 and P2 respectively 653, 690-

692. Each isoform has its initiation start codon (ATG) within exon 3 and with the promoters P1 

at exon 3, and P2 upstream of exon 1 690. The gene is 27.22kb in length and has several putative 

binding sites for the factors Sp1, AP-2, NF-D and Ets-1 690, 693-697. The isoforms, S-COMT and 

MB-COMT are transcribed to 1.3kb and 1.5kb in mRNA length, respectively 661, 690. Although 

both transcripts are distributed through the body, S-COMT is highly expressed in the liver, 

kidney, heart, lung, intestinal tract, reproductive organs, gland, muscle, adipose tissue, skin and 

red blood cells 653, 661, 698. MB-COMT on the other hand, are shown to be highly expressed in 

the brain and especially in regions relating to the dopaminergic and noradrenergic systems 653.  

 

COMT gene expression, like other genes, is regulated post-translationally, and functional 

studies have reported multiple CpG sites within the COMT promoter region that can 

significantly impact expression 699-701. Once such studies have shown that hypermethylation of 

these sites within MB-COMT, significantly correlated with hyperexpression of COMT, and 

further to this, have been implicated in endometrial cancer, breast cancer and nicotine disorders 

699, 701, 702. Although data is limited, COMT is also subject to phosphorylation proteome 

mapping studies reveal compartment-specific phosphorylation sites within S-COMT, 

particularly in the C-terminal 703, 704. The author indicates that the expression of the soluble 

form may be modulated by the subcellar localization. Murine studies on the other hand, having 

the same phosphorylating site S261 as noted in humans, have reported altered levels of 

phosphorylated COMT in placental and foetal livers 704, 705. The study highlights the effects of 

dysregulated COMT activity on the clearance of catecholamines. 
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The S-COMT isoform, the smallest of the two, encodes for a 221 amino acid protein with a 

24.4kDa molecular mass and is limited to the cytosol and nuclei, sharing 80% sequence 

similarity to that of the rat 661, 706. The MB-COMT encodes the longer sequence with 271 amino 

acids, weighing 30kDA, and is mainly associated with residing in the endoplasmic reticulum 

661, 706. The enzyme is expressed throughout the body in a variety of tissues like the mammillary 

and adrenal glands, in organs like livers, kidneys, and even in dental pulp 654, 698, 707-712. In the 

brain, however, is where COMT expression is mostly studied, particularly in the prefrontal 

cortex 712, 713. Reports indicate that the S-COMT enzyme is predominantly expressed in 

peripheral tissues, while expression of the MB-COMT enzyme predominates in brain tissues 

653, 661, 692, 712. Crystallization examinations report the COMT enzyme consists of eight alpha-

helices and seven beta sheets, creating what is known as the shallow catechol-binding pocket 

bearing the SAM-binding site 653, 714, 715. Although similar in structure, the additional 50 amino 

acids present on the N-terminal allow the MB-COMT isoform to remain embedded through a 

linker sequence, resulting in the exposed C-terminal catalytic domain in the extracellular space 

711, 716. The enzymatic mechanism described for COMT involves the methylation of 

catecholamine substrates through a series of steps; substrates bind to the enzyme's active site 

along with the cofactor SAM, followed by the transfer of a methyl group (SAM -> substrate), 

resulting in a methylated product 649, 717. Subsequently, the product is released, SAM is 

regenerated, and the enzyme is reset for subsequent reactions 649, 717. 

 

The enzyme regulates the bioavailability of the catechols, such as dopamine (DA), epinephrine 

(EP), norepinephrine (NEP), as well as catechol oestrogens (ER); 718. These catecholamines 

are known to act as both neurotransmitters and hormones to maintain the balance within the 

autonomic nervous system (ANS), and physiologically, are responsible for the ”fight or flight” 

response 719. Studies describe varying levels of catecholamines (excess/scarcity), such as in the 
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case of altered COMT activity, which may lead to the over/under-activation of the sympathetic 

nervous system (SNS); 719, 720. Concerning pain, the SNS and pain are understood to interact 

within the neuro-axis and therefore implicate COMT enzymatic activity, particularly since 

altered levels of catecholamines are shown to result in persistent pain conditions 21, 657, 721-723. 

Regarding this thesis, the functioning of COMT in pain modulation is complex but important 

to understanding pain mechanisms and chronicity.  

 

This thesis acknowledges that the three specific genes, ABCB1, OPRM1, and COMT, play 

crucial roles in the opioid signalling pathway and have been individually studied in the context 

of various conditions including pain. However, the literature also emphasizes that complex 

conditions often involve multiple interacting factors. It is therefore important to explore how 

these three genes potentially interact with each other within the framework of opioid signalling 

and their influence on the development of chronic shoulder pain and disability.  
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1.5 GENE-GENE INTERACTION BETWEEN OPIOID SIGNALLING 

PATHWAY GENES 

Considering the complex relationship between genes and pain; the role of multiple gene 

interactions has been advocated for, in the aetiology of chronic pain development 554, 680, 724. 

Many genetic association studies determine and report on independent associations by allele, 

genotype, and haplotype for specific loci within candidate genes. Another evolving research 

approach is the stepwise incorporation of genetic loci within functionally associated genes 

located on different chromosomes and evaluating the effects of the specific loci while 

considering one another 554, 725. With the primary aim of understanding how significant genetic 

markers/SNPs at various loci that function within the same biological pathway, might influence 

a complex phenotype or disease status 680, 726. This research approach has been well used and 

described in various conditions including cardiovascular disease, cancer, neurodegenerative 

disease, as well as pain-related conditions 554, 557, 680, 727-733. Moreover, these studies indicate 

that gene-gene interactions may exercise an increased, decreased or zero effect on the specific 

phenotype of interest.  

 

To the best of the author's knowledge, no studies have yet explored the role of SNPs and the 

gene-gene interactions between  ABCB1, OPRM1 and COMT, in the development of chronic 

shoulder pain following surgery for breast cancer with a mixed ancestry background. In a 2012 

study, the authors investigated the relationship between four ABCB1 markers (rs9282564, 

rs1128503, rs2032582 and rs1045642), the OPRM1 rs1799971 variant, and methadone 

concentration. The study found that among wild-type rs1799971 carriers, those with 

heterozygous and homozygous AGCTT (REV; TCGAA) haplotypes observed lower 

methadone dosage and plasma concentrations than those who had ABCB1 wild-type 

haplotypes. The authors concluded that ABCB1 and OPRM1 variants were associated with 
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lower and higher dose requirements, respectively 734. Whilst in independent genetic 

associations studies, it has been observed that both ABCB1 and OPRM1 have either been 

implicated or not, or in some cases, the results may implicate one of the two. An example of 

this can be seen in the study of opioid requirement in a Chinese population, reporting that 

individuals carrying the OPRM1 rs1799971 G compared to A and ABCB1 rs1045642 C 

compared to T carriers, consumed the most and least number of opioids, respectively 512. 

Whereas another study reported no association was observed between ABCB1 (rs1045642), 

OPRM1 (rs1799971) and COMT (rs4680) variants and postoperative opioid requirements for 

a Caucasian population 518. In addition, in a review conducted by, Choi et al. (2017)735 it was 

reported that from fifty-one studies, the OPRM1 rs1799971 A/A genotype was associated with 

fewer opioid requirements postoperatively, while no association was observed for the ABCB1 

marker.  

 

Gene-gene interactions between COMT and OPRM1 polymorphisms have been explored 

concerning pain sensitivity in preoperative cancer, gynaecological, postoperative orthopaedic, 

and general surgery settings 463, 680, 726, 736. The basis for evaluating these interactions stems 

from studies reporting that COMT rs4680 G>A  modulates OPRM1 expression and receptor 

binding site availability in different brain structures  463, 736. The OPRM1 gene encodes the µ-

opioid receptor 1 (MOR1), the primary action site for opioids and consequently influences both 

endogenous and exogenous analgesic responses 737-739. Several studies have implicated the 

OPRM1 rs1799971 A>G (A118G) polymorphism, the most prevalent polymorphism, in pain 

variability and response to opioids as it is shown to reduce signal transduction and OPRM1 

expression 468, 680, 740-742.  
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Studies exploring the interaction between ABCB1 and COMT, or the ABCB1-OPRM1-COMT 

combination, have not been identified. Given the critical roles these three genes play in this 

pathway independently, and the interactive networking these three have across the pathway; It 

is important to understand the combined or additive effects the genes may have on the 

susceptibility of developing pain phenotypes. As described earlier, the literature reports for 

ABCB1, OPRM1 and COMT are predominantly observed in Caucasian populations, but also in 

highly homogenous cohorts. The cohorts that have been described in this review are also noted 

to be diverse in their surgical settings with few focusing on postoperative pain conditions, and 

BCS data being very limited. 
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1.6 AIMS OF THE STUDY 

Reviewing the literature shows that there has been an increasing focus on exploring chronic 

post-operative pain. Moreover, the emerging research is specifically aimed towards 

understanding how genes at distinct points along the pain-modulating pathway contribute to 

the onset of chronic shoulder pain and disability. Currently, there is a paucity of genetic 

research describing these genes in BCS. Moreover, the mixed ancestry population of the 

Western Cape Region of South Africa remains an understudied population in the context of BC 

pain management. The main aims of this thesis were to evaluate the role of single nucleotide 

polymorphisms (SNPs) in candidate genes forming part of the pain-modulating pathway in a 

BCS cohort with symptoms of chronic pain and disability using the Shoulder Pain and 

Disability Index (SPADI), within a SA population of mixed ancestry. Furthermore, the 

secondary aims included to: 

 

i. Explore an in-silico approach to evaluate the potential functional effects of the 

polymorphisms within the candidate genes on their encoding protein. 

ii. Highlight potential biologically relevant pain-related pathways specific to this BCS 

cohort. 
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1.6.1 The Objectives Included 

i. Describing the prevalence of BCS and frequencies of those reporting symptoms of 

chronic pain and disability using the Shoulder Pain and Disability Index (SPADI) in the 

SA cohort of mixed ancestry.  

ii. To conduct an exploratory analysis, evaluating the clinical profile of a subset of BCS 

during a 1-year treatment period relating to opioid administration and patient-reported 

outcome measures [SPADI, Hospital Anxiety and Depression Scale (HADS) and 

Positive and Negative Affect (PANAS)] 

iii. To conduct a genetic association study evaluating the genotype and allele frequencies 

of eight prioritised SNPs in three candidate genes: (i) ABCB1 (rs1045642 G>A; 

rs1128503 G>A), (ii) OPRM1 (rs1799971 A>G; rs540825 T>A) and (iii) COMT 

(rs6269 A>G; rs4633 C>T; rs4818 C>G; rs4680 G>A).  

iv. Construct haplotypes and allele-allele combinations as a proxy for (i) gene and (ii) 

gene-gene associations respectively, with chronic pain and disability.  

v. Conduct bioinformatic analyses to (i) characterise the potential functional effects of the 

SNPs investigated, (ii) identify the functional associated networks related to the gene 

sets explored and (iii) identify the potential protein network partners underlying the 

pain-related associations identified in this study. 
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2 CHAPTER TWO: MATERIALS AND METHODS  

 

2.1 INTRODUCTION 

This study used clinical data and biological samples collected from a South African (SA) breast 

cancer survivors (BCS) cohort, previously recruited for a parent study (HREC: 312/2012) that 

aimed to examine the latent effects of breast cancer treatment.  

 

2.2 STUDY DESIGN 

A cross-sectional study (Figure 2.1) was conducted in accordance with the ‘Strengthening the 

Reporting of Genetic Association studies’ (STREGA) initiative, 743-745. This initiative is an 

extension of the ‘STrengthening the Reporting of OBservational Studies in Epidemiology’ 

(STROBE) statement seeking to improve the precision of research reporting 746. For the 

exploratory analyses, the focus group were new patients starting treatment or patients before 

commencing treatment for breast cancer. Ethical clearance was provided by the Human 

Research Ethics Committee of the Faculty of Health Sciences within the University of Cape 

Town (HREC REF: 312/2012, 125/2017); (Appendix A: Research Documentation). All 

participants were de-identified and assigned a study number.  



81 

 

 

Figure 2.1: Study design. A cohort of N=252 SA BCS was recruited from the tertiary 

hospital GSH along with all relevant data as well as a blood sample. A) A subset of the 

study underwent an exploratory sample analysis, used to profile the clinical outcomes of 

pain, disability, anxiety, depression and affect during the 1-year course of breast cancer 

treatment. The genetic association study was conducted in two parts utilizing statistical 

and bioinformatic approaches. These were B) An independent study focusing on the 

implications of polymorphisms within the candidate genes and C) A gene-gene interaction 

study focussing on the collective implications of polymorphisms across the candidate 

genes, relating to the prevalence of chronic pain and disability in SA BCS. 
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2.3 PARTICIPANTS  

Two hundred and fifty-two (N=252) women previously diagnosed with breast cancer were 

recruited from the Oncology clinic of a tertiary hospital [Groote Schuur Hospital (GSH)] in the 

Western Cape, South Africa, from August 2013 to June 2019. For the exploratory analysis, a 

convenience sample of thirteen (n=13) women diagnosed with breast cancer and a full data set,  

were recruited from GSH  prospectively from April 2017 to June 2019. Volunteers were 

informed of all the procedures within the study and gave written informed consent after an 

inclusion and exclusion reviewing process. Eligible participants were SA women who self-

identified as “coloured” or “mixed ancestry" (Chapter 1, Section 1.2.1) and were older than 

18 years of age at the time of recruitment. The individuals had to be diagnosed with unilateral 

BC and would have had BC surgery no less than one year before the recruitment process. Non-

eligible individuals were excluded if there was any history of shoulder and neck pathology 

before the BC diagnosis. Individuals with a history of any comorbidities, connective tissue 

disorders or contralateral shoulder conditions were excluded.  

 

2.4 STUDY PROCEDURES 

2.4.1 Demographical and Clinical Data Collection 

Through the reviewing of hospital records, a case report form (CRF) was completed containing 

all relevant demographic and clinical data. The following variables were obtained: participants’ 

age at the time of surgery, side of primary (left vs right), breast cancer pathology (invasive 

ductal carcinoma, lymphovascular invasion, tumour grades), the total number of nodes 

examined and involved, surgery type [mastectomy (MTX) and wide local excision (WLE)], 

lymph node surgery type [axillary lymph node dissection (ALND) and sentinel lymph node 

biopsy (SLNB)], and adjuvant breast cancer therapies, for example, chemotherapy (CT). In 
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addition, the participants also completed a questionnaire that would serve as an outcome 

measure for pain and disability.  

 

For the exploratory analyses, participants were assessed pre-operatively (T1), at three months 

(T2) and one year (T3) after surgery for primary outcome measures, a) pain and disability, b) 

anxiety and depression, and c) positive and negative affect. Participants received self-reported 

questionnaires and were regularly informed about all subsequent follow-up dates. Furthermore, 

medical records were screened for all and any prescriptions of opioid drugs during the 1 year. 

 

2.4.2 Blood Sampling  

Blood samples were drawn by a registered nurse. Using appropriately labelled ethylene 

diamine tetra acetic acid (EDTA); (The Scientific Group Pty LTD, Northriding, Randburg, SA) 

vacutainer tubes, 10ml of venous blood were drawn by venepuncture on the unaffected side. 

The blood was collected at the hospital site and transported in an icebox for storage at -20oC 

before Deoxyribonucleic (DNA) extraction, to the Centre for Health, through Physical 

Activity, Lifestyle and Sports Research (HPALS), Department of Human Biology (HUB), at 

the University of Cape Town (UCT). 

 

2.4.3 Deoxyribonucleic Acid (DNA) Extraction from Whole Bloods 

A modified version of the standard DNA extraction protocol described by Lahiri and 

Nurnberger (1991)747 was employed in this study using whole blood samples 748. Formulations 

for all buffers used in this study are described in detail including the DNA Extraction Reagents 

(Appendix B: Outcome Measures). In brief, the EDTA stored blood was transferred to 15ml 
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polypropylene tubes to which 10ml of TKM1 (10mM Tris-HCl pH 7.6, 10mM KCl, 10mM 

MgCl2 and 2mM EDTA) buffer was added containing 2.5% of Nonidet P-40. After mixing 

thoroughly and incubating for 10 minutes at room temperature, the samples were centrifuged 

at 3000rpm for 10 minutes at room temperature. 5ml of TKM1 (without NP40) buffer was 

added to the recovered pellet, and shaken until the pellet was dissolved, followed by 

centrifugation at 3000rpm for 10 minutes at room temperature. This was done repeatedly until 

the pellet appeared off-white to clear in colour to which 800µl of TKM2 (10mM Tris-HCl pH 

7.6, 10mM KCl, 10mM MgCl2, 0.4M NaCl2 and 2mM EDTA) buffer and 50µl of 10% SDS 

solution was added.  

 

The samples were subjected to a 60-minute incubation period at 55℃ to facilitate the lyses of 

white blood cells. 150µl of 5M NaCLO4 and 500µl molecular grade chloroform (Sigma 

Aldrich, Missouri, United States) were then added to the dissolved pellet and vortexed. 

Samples were transferred to a sterile 1.5ml microfuge tube and centrifuged at 1300rpm at room 

temperature for 5 minutes. Carefully ensuring to prevent mixing of the top and bottom phases, 

the aqueous solution was transferred to a new sterile microfuge tube, to which 1ml of absolute 

ethanol was added. The tubes were inverted and centrifuged at 1300 rpms for 5 to 10 minutes 

at room temperature to pellet the precipitated DNA. The supernatant was decanted, and the 

DNA pellet was left to air dry for no less than 60 minutes and resuspended in 200µl of 1X TE 

(10mM Tris-HCl, 1mM EDTA, pH 8.0) buffer. Following the resuspension, the sample was 

then incubated at 65℃ for 15 minutes in a heating block and once cooled, was stored at 4℃. 
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2.4.4 DNA Quality and Quantity 

The DNA samples were quantified using the Take3 microvolume plates and the BioTek® 

Synergy™ HT multi-mode reader (Agilent Technologies, CA, USA) Using n=50 of the total 

number of samples, 1µ1 of DNA was aliquoted to a sterile Take3 plate and measured for sample 

purity and concentration. DNA purity and concentrations were recorded, reporting a range of 

1.2 to 2.165 (A260/A280 ratio) and 24ng/μl to 389ng/μl, respectively. All de-identified DNA 

samples were stored in polypropylene tubes labelled with the assigned study number for 

genotyping analysis at -20oC.  

 

2.5 OUTCOME MEASURES  

2.5.1 Shoulder Pain and Disability Index (SPADI) 

The SPADI index, a self-reported outcome measure, was used to assess pain and disability 

associated with musculoskeletal pathologies of the shoulder. The index has two domains – 

namely, pain (5 items) and disability (8 items) that describe daily activities (Appendix B: 

Outcome Measures). For each domain, the items are scored on a scale of 0 (no pain/difficulty) 

to 10 (worst pain/difficulty). The total scores for each domain were added and converted to a 

percentage as a representation of patient-reported pain or disability. Furthermore, for each 

domain, the end score (in %) was used to categorize participants into no-low (scores <30%) 

and moderate-high (scores ≥30%) groups. Previous literature has shown that SPADI scores of 

>30% can affect routine activities of day-to-day living in affected individuals 749, 750. Consistent 

with cases presenting with moderate-high pain scores on the visual analogue scale, those 

scoring >30-50% on SPADI reported major setbacks in their ability to conduct daily life 

activities due to impaired mobility and pain 749. This study, therefore, used these parameters 

with a margin of 30%, to categorize participants into groups of no-low and moderate-high 
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scores 751. Reliability and validity studies show that the SPADI index exhibits excellent 

reliability (test–retest ICC: ∼0.89) with factor analysis indicating the items to correspond to 

pain and disability characteristics observed in several shoulder pathologies 750, 752, 753. Utilizing 

SPADI, this study evaluated patient-reported symptoms of pain, disability and combined 

(symptoms of pain and disability) related to shoulder movement following treatment for breast 

cancer. 

 

2.5.2 Hospital anxiety and Depression scale (HADS) 

The HADS tool is a 14-item questionnaire that was used to assess anxiety (7 items) and 

depression (7 items) symptoms 754 in the participants (Appendix B: Outcome Measures). The 

items for both mental states is each coded from 0 to 3, and therefore, scores may range from 0 

to 21, representing the presence and severity of anxiety and depression 755. The total scores for 

anxiety and depression once answered, were added, and used to sort participants as either 

exhibiting normal (0-7), borderline abnormal (8-10) or Abnormal/Case (11-21) symptoms. 

Validity and reliability studies revealed the tool is appropriate for the detection of anxiety and 

depression symptoms amongst individuals, and that a threshold of 8 is highly supportive of 

anxiety and depression symptoms 755-761.  

 

2.5.3 Positive and Negative Affect Scale (PANAS) 

The PANAS Scale is a self-reported questionnaire consisting of two scales with 10 items each 

used to measure the positive (PA) and negative (NA) affect in the breast cancer participants of 

this study 762 (Appendix B: Outcome Measures). Each item is graded on a scale ranging from  

1 (“very slightly or not at all”)  to 5 ( extremely), with the PA scores calculated from items 1, 
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3, 5, 9, 10, 12, 14, 16, 17, and 19, and the NA scores calculated from the remaining items 763. 

Scores once added, can range from 10 to 50, where mean scores >33.3±7.2 (Mean±SD) indicate 

high levels of PA, and <17.4±6.2 indicate lower levels of NA. Factory analysis of PANAS 

indicates the scale presents validity and internal consistency that is sufficiently sensitive 763. 

 

2.5.4 Pain Medication Data Collection 

Data was collected for the total amounts of opioids prescribed to participants during the 1 year 

following surgery for breast cancer. All scripts were systematically screened for the terms 

“tramadol” and “paracetamol”, documenting the corresponding dose, frequency per day, and 

duration of the script (total number of days). Participants were prescribed tramadol, an opioid 

derivative, in either 50mg or 100mg dosage. The total dosage of tramadol was converted to 

milligram morphine equivalents (MME) to standardize opioid intake when describing opioid 

trends764. The total dosage of paracetamol was calculated in grams.  

 

2.5.5 Predesigned TaqMan® SNP Genotyping Assays  

SNP Selection 

The genes ABCB1, OPRM1, and COMT were chosen using a candidate gene approach because 

their encoded proteins are fundamental to drug distribution, opioid signalling, and pain 

modulation 496, 547, 685. Additionally, the selection of polymorphisms within these genes was 

driven by the hypothesis that the polymorphisms may have a notable impact on the biological 

processes and functions associated with the protein product 21, 490, 551, 584, 765, 766.  
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In the context of this study, focus was placed on the ABCB1 SNPs, rs1128503 G>A and 

rs1045642 G>A. A schematic representation of the ABCB1 gene organisation and the 

approximate genomic locations for rs1128503 G>A and rs1045642 G>A is shown in Figure 

2.2 and highlighted with red arrows.  

 

 

Figure 2.2:The genomic organization of the ATP-Binding Cassette subfamily B member 

1 (ABCB1) gene. A) The graphic illustration of the genomic size and cytogenic location of 

the ABCB1 gene on chromosome 7 (7q21.1: 87,503,017 to 87,600,887 [reverse strand]). 

The legend describes all coding (black blocks) and non-coding (white blocks), intronic 

(black line) and promoter (red blocks) regions for the gene. B) Red arrows indicate the 

location of the SNPs in the 5’ to 3’ direction, rs1128503 G>A (exon 12) and rs1045642 G>A 

(exon 26) on ABCB1 containing 28 exons and introns. This figure was constructed using 

the R packages, Bioconductor package “Gviz” V1.40.1, “biomatrix” V2.52.0, and the 

Ensembl (https://www.ensemble.org) V108 assembly, presenting the primary transcript 

for the gene, ABCB1-211.  
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A schematic representation of OPRM1 genomic organisation can be seen in Figure 2.3. 

Indicated with red arrows, the SNP rs1799971 A>G in the first exon (E1) of the main transcript 

for OPRM1, OPRM1-202, and rs540825 T>A, in exon X,  located on an alternative splicing 

isoform for the gene, OPRM1-201.  

 

 

Figure 2.3: The genomic organization of the mu-Opioid receptor 1 (OPRM1) gene. A) The 

graphic illustration of the genomic size and cytogenic location of the OPRM1 gene on 

chromosome 6 (6q21.1: 154,010,496 to 154,246,867 [forward strand]). The legend 

describes all coding (black blocks) and non-coding (white blocks), intronic (black line) 

and promoter (red blocks) regions for the gene. B) Red arrows indicate the location of the 

SNP rs1799971 A>G (exon 1) of the major transcript (OPRM1-202) and  C) the SNP 

rs540825 T>A (exon X) located on a different exon of an alternative transcript (OPRM1-

201). The Bioconductor package “Gviz” V1.40.1, “biomaRt” V2.52.0, and the Ensembl 

(https://www.ensemble.org) V108 assembly were used to generate the illustration via R 

studio. 
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The COMT SNPs, rs6269 A>G, rs4633 C>T, rs4818 C>G and rs4680 G>A were selected for 

examination in this study. A schematic representation of the COMT genomic organisation is 

shown in Figure 2.4. Red arrows depict the approximate locations of rs6269 A>G in intron 2 

(E2), rs4633 C>T in exon 3 (E3), rs4818 C>G and rs4680 G>A in exon 4 (E4),  on the main 

transcript COMT-202.  

 

 

Figure 2.4 The genomic organization of the Catechol-O-methyl transferase (COMT) gene. 

A) The graphic illustration of the genomic size and cytogenic location of the COMT gene 

on chromosome 2 (22q11.21: 19,941,371 to 19,969,975 [forward strand]). The legend 

describes all coding (black blocks) and non-coding (white blocks), intronic (black line) 

and promoter (red blocks) regions for the gene. B) Red arrows indicate the location of the 

SNPs in the 5’ to 3’ direction, rs6269 A>G (intron2), rs4633 C>T (exon3), rs4818 C>G 

(exon 4) and rs4680 G>A (exon 4). The Bioconductor package “Gviz” V1.40.1, “biomaRt” 

V2.52.0, and the Ensembl (https://www.ensemble.org) V108 assembly were used to 

generate the illustration via R studio. 
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TaqMan® Technology 

TaqMan® SNP genotyping assays were used to genotype the SA BCS for the ABCB1 

(rs1128503 G>A, rs1045642 G>A), OPRM1 (rs1799971 A>G, rs540825 T>A) and COMT 

(rs6269 A>G, rs4633 C>T, rs4818 C>G, rs4680 G>A) SNPs. TaqMan® assays were obtained 

from Applied Biosystems™ (Applied Biosystems, Foster City, CA, USA). Genotyping was 

performed in MicroAmp™ Fast Optical 96-well reaction plates (Applied Biosystems™, Foster 

City, CA, USA) according to the manufacturer’s instructions. Assays for the ABCB1, OPRM1 

and COMT SNPs were validated and functionally tested by Thermofisher Scientific. 

Accordingly, ABCB1 and COMT TaqMan® SNPs are classified as drug-metabolizing enzyme 

(DME) assays, whereas OPRM1 SNPs are classified as standard assays (non-DME). All assays 

were used according to the manufacturer’s instructions.  

 

TaqMan® is a robust and effective technology that utilised the use of TaqMan® 5’-nuclease 

chemistry to amplify and detect the specific SNPs of interest in a purified genomic DNA 

sample, known as 5’-nuclease allelic discrimination 767. The assay employs the use of 

fluorescence-based technology, where the flanking regions are labelled with fluorescent probes 

allowing for detection during the amplification process 767. In TaqMan® assays, the two 

primary fluorescent probes used are, 2′-chloro-7′phenyl-1,4-dichloro-6-carboxy-fluorescein 

and, 6-carboxyfluorescein also known as VIC and FAM 768. In addition, the assays contained 

sequence-specific primers that are targeted to the region of interest with the two minor groove 

binder (MGB) probes (VIC or FAM), able to specifically detect Allele 1 and Allele 2, 

respectively. The robustness of TaqMan® assays is the end-point detection which results from 

the stringent primer design, making sequence binding highly specific, and the emitted 
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fluorescence measured as an indication of the total quantity of amplified and targeted DNA 743-

745. 

 

2.5.6 Polymerase Chain Reaction (PCR) 

Sample Preparation 

For non-DME assays, each sample well contained 0.2μl of TaqMan® allele-specific primer 

(final concentrations of 1X), 4μl of TaqMan® PCR master mix containing ampliTaq DNA 

polymerase Gold, 2.8μl of dH2O and 1μl of DNA template (template [DNA] 1–10ng) to a final 

volume of 8μl. For the DME assays, each sample contained 0.4 μl of TaqMan® allele-specific 

primer (final concentrations of 1x), 4μl of TaqMan® PCR master mix containing ampliTaq 

DNA polymerase Gold, 2.6μl of dH2O and 1μl of DNA template (template [DNA] 1–10ng). 

As a measure of PCR quality control, each reaction plate was loaded with dH2O (n=5) which 

functioned as a no template control (NTC), that is the absence of DNA. In addition, each 

reaction plate was loaded with positive controls of DNA samples, with known genotypes (n=5).  

 

PCR Reaction  

Standard PCR conditions were applied for the OPRM1 and COMT SNPS, with 1 cycle of 

activation for 10 minutes (95℃), followed up by 40 cycles of denaturation for 15 seconds 

(92℃) and annealing for 60-seconds (60℃), and holding at 10-minutes (60℃). Amended 

DME PCR conditions were applied for the ABCB1 SNPS, with 1 cycle of activation for 10 

minutes (95℃), 50 cycles of denaturation for 15 seconds (95℃) and annealing for 90 seconds 

(60℃) and holding at 10-minutes (60℃).  
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All PCR reactions were performed using the Quantstudio™ 3 real-time PCR (Thermo Fisher 

Scientific, Applied Biosystems™, CA, USA) system. The resulting genotypes were 

automatically called using endpoint fluorescence and analyzed using the Thermo Fisher Design 

and Analysis software V 2.6.0. In addition, a two-person inspection was performed to manually 

verify and check allele-probe intensity results as a measure of quality control for genotyping 

calls. This also included the consideration of the allelic discrimination plots, creating clusters 

for each of the homozygous (major and minor) and heterozygous groups. Depicted in Figure 

2.5 is an example of the allele discrimination plot (AD plot) generated using TaqMan® assays. 

 

 

Figure 2.5: A typical allele discrimination plot generated from the TaqMan® SNP 

genotyping assays. Shown here is the x-axis denoting the VIC-labelled probe as allele 1, 

and the y-axis denoting the FAM-labelled probe as allele 2. The characteristic clustering 

of homozygous major (Allele1/Allele1), minor (Allele2/Allele2) and heterozygous 

(Allele1/Allele2) genotypes are highlighted relative to the negative template controls. 
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Successful genotyping was considered if the sample was amplified for all polymorphisms, 

except when failing to amplify after two PCR repeats. All laboratory work was conducted at 

the Genomics solution to MusculoSkeletal injuries (GenMS) research lab within the Centre for 

Health through Physical Activity, Lifestyle and Sports (HPALS), University of Cape Town 

(SA). 

 

2.5.7 Data Management and Quality Control (QC) 

A new database was generated using the web-based system, RedCap™. All relevant clinical 

and demographical data was collected from the participant’s medical records and recorded into 

a source document (case report form). The data was independently captured from the source 

documents into the secure and access-controlled RedCap™ database. Participants’ data was 

anonymised and quality-checked using a two-person call and check system. Subsequently, the 

captured data was exported from the RedCap™ database to the R’ programme for analysis. All 

source documents were stored in a locked fireproof filing cabinet and will be archived for a 

maximum period of 5 years.  
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2.6 STATISTICAL ANALYSIS 

Summarized in Table 2.3 is a list of all statistical tests and analyses performed in this study. 

Statistical analyses were conducted on all parameters described in the Sections  2.4 and 2.5.  

 

2.6.1 Sample Size Calculation 

Defining SPADI Categories 

To determine the sample size (N) sufficient to detect a 31% difference in SPADI scores 

between no-low and moderate-high groups 769. Using the formula described by Kadam and 

Bhalerao (2010)770, N was calculated with a 2-sided error of 5% (Zα), 80% (Z1-β) power, and 

an estimated standard deviation (σ) of 0.6 computed from the 31% (∆) variability, as follows: 

𝑁 =
2 (𝑍𝛼 + 𝑍1−𝛽 )2 𝜎2

∆2       →       N = 
2 (1.96+0.8416)2 (0.6)2

(0.31)2   →     N = 63,06.  

A total sample size of N=126, n=63 within each category, is therefore required to detect a 31% 

difference between categories.  

 

Minor Allele Frequencies 

An estimated odds ratios of 1.5 to 2.5, with an 80% power to detect the minor allele frequencies 

were used to calculate the sample size of the study for each of the ABCB1 (rs1128503; 

rs1045642), OPRM1 (rs1799971; rs540825), and COMT (rs6269; rs4633; rs4818; rs4680) 

polymorphisms. However, for these specific SNPs, no allele frequency data was available for 

the SA mixed ancestry population in the National Centre for Biotechnology Information 

(NCBI) (http://www.ncbi.nlm.nih.gov/snp/). Sample size calculation was therefore determined 

using minor allele frequencies of 0.1, 0.2, 0.3, 0.4, and 0.5.  

http://www.ncbi.nlm.nih.gov/snp/
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This calculation was completed in two ways, i) using an assumed, literature-inferred, baseline 

risk of 45% 8, 10, 771-774 for chronic pain (~37%) 7, 10, 427, 771, 775 and disability (~34%)10, 771, 773, 

776, 777 in BCS, and ii) using the frequencies (22%, 28%, and 17%) as reported in Kramer et al. 

(2019)769. Sample size requirements were calculated using the QUANTO v1.2.4.49 software 

778-780. 

 

A total sample of n=63 South African (SA) breast cancer survivors (BCS) within each category, 

was required to allow for the detection of differences between (i) no-low and (ii) moderate-

high, pain and disability scores. For the sample size calculation using the MAF of the individual 

SNPs, two different prevalence rates were used. The prevalence rate used was (i) determined 

by averaging data from various independent studies, and (ii) using the prevalence rate from a 

previous study within the SA BCS cohort  769. The sample size (n) calculations were found to 

be similar and adequate to detect large effect sizes (OR>2.0). To identify odds ratios (OR) >2 

with 80% power for MAF (0.1, 0.2, 0.3, 0.4 and 0.5) in the dominant and log additive models, 

n=159 and n=138, respectively, within each category were found to be sufficient when using 

the mean reported rates (Supplemental Table 1). In contrast, the recessive model, n=76 within 

each category was adequate to identify OR: 2.5, with 80% power for the MAF of 0.5 only. 

Using the SA BCS frequencies described by Kramer et al. (2019)769, a sample size of n=144 

and n=121 in the dominant and log additive models, respectively, were sufficient to detect OR 

>2 with 80% power for MAF (0.1-0.5) (Supplemental Table 2). For the recessive model, a 

sample size of n= 69 was sufficient to detect OR=2.5 with 80% power for MAF of 0.5 only 

(Supplemental Table 2).  
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This study included N=252 participants, among whom n=68, n=48, and n=55 reported 

moderate-high pain, disability, and total SPADI (pain and disability) scores, respectively. All 

participants were genotyped for the ABCB1, OPRM1 and COMT SNPs. Subsequently, post-

hoc power analyses were performed to determine the adequacy of the sample sizes noted 

concerning the MAF for the ABCB1 (rs1128503 G>A, rs1045642 G>A), OPRM1 (rs1799971 

A>G, rs540825 T>A) and COMT (rs6269 A>G, rs4633 C>T, rs4818 C>G, rs4680 G>A) SNPs. 

Using the independent populations’ frequencies, posthoc power analyses showed >80% power 

for OR 2-2.5 in the dominant (pain) and log additive (pain, disability and combined) models 

only (Supplemental Table 3). Similarly, when using previous SA BCS frequencies, >80% 

power was highlighted for OR 2-2.5 in the dominant (pain) and log additive (pain, disability 

and combined) models only (Supplemental Table 4). For the MAF of ABCB1, OPRM1 and 

COMT SNPs, the sample size was underpowered (<80%) in the recessive model for each 

category (pain, disability and combined). 

 

2.6.2 Exploratory Sample Analyses 

No formal sample size calculation was performed. Basic descriptive statistics were conducted 

to describe the cohort using GraphPad Prism software 781. A normality test was performed for 

quantitative variables using the Shapiro-Wilk test (Supplemental Table 6). An abnormal 

distribution was observed for the variable’s tramadol and paracetamol total dose. Correlations 

between quantitative and qualitative variables, and total drug dosages were evaluated using the 

Spearman’s correlation and Mann-Whitney U tests, respectively (Table 2.2). Examination of 

differences in outcome measure scores between the three-time points, T1 (pre-operative), T2 ( 

3-month post-operative), and T3 ( 1-year post-operative) were conducted using the Wilcoxon 

signed-rank test. Additionally, Spearman’s statistics R was used to test for pairing effectiveness 
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between the means of different time points with 95% estimated confidence intervals and 

significance accepted at p<0.05 (Table 2.2).  

 

2.6.3 Descriptive Variables 

Comparative analysis of demographic and clinical data was assessed using Statistica 

V13.5.0.17 782. All quantitative variables were tested for normality using the Shapiro-Wilk test. 

Consequently, quantitative variables presenting with non-normal distributions were analysed 

for differences between groups using the nonparametric Mann-Whitney U test. However, to 

ensure a comprehensive statical analysis was performed,  parametric tests were applied and 

differences between groups were observed (Supplemental Table 8). To test for differences 

between groups of categorical variables, Pearson’s Chi-square (χ2) and Fisher’s exact tests (if 

n<10) were used (Table 2.3). 

 

2.6.4 Genotype Frequency Distribution Across Descriptive Variables 

Statistical analysis was applied to identify any potential confounders between the descriptive 

and the genetic (ABCB1, OPRM1 and COMT) variables. To examine the genotype effects of 

each SNP on the participants’ quantitative variables, the nonparametric Kruskal Wallis test was 

applied. To evaluate differences in genotype frequency distribution across categorical 

parameters, Pearson’s Chi-square (χ2) and Fisher’s exact tests (if n<10) were employed (Table 

2.3). 
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2.6.5 Genotype and Allele Frequency Distribution 

The R studio V1.3.1056 running R V4.0.4 language and programming environment 

(http://www.r-project.org) was used to analyse all genotype data 783, summarised in Table 2.3. 

Pearson’s Chi-square (χ2) and Fisher’s exact tests (if n<10) tests were applied to evaluate 

differences in genotype and allele frequency distribution between no-low and moderate-high 

groups of pain, disability and combined (pain and disability). The “genetics” v1.3.8.1.3 

package was used to determine the Hardy-Weinberg equilibrium (HWE) probabilities and 

linkage disequilibrium (LD) for ABCB1 (rs1128503 G>A; rs1045642 G>A), OPRM1 

(rs1799971 A>G; rs540825 T>A) and COMT (rs6269 A>G; rs4633 C>T; rs4818 C>G; rs4680 

G>A) SNPs 784. Furthermore, logistic regression analysis was applied to evaluate the 

association between genotypes and pain/disability categories using the “SNPassoc” v2.0.2 

packages (Table 2.3); 785.  

 

2.6.6 Inferred Haplotype Frequency Distribution 

Inferred haplotypes were constructed using the individual genotype data for ABCB1 

(rs1128503 G>A and rs1045642 G>A) and OPRM1 (rs1799971 A>G and rs540825 T>A). For 

COMT, the genotype data for rs6269 A>G and rs4680 G>A were used to construct the inferred 

haplotype which represents the genomic region spanning the central (second) haploblock 

described in the literature 21, 786-789. 

 

The evaluation of statistically inferred haplotypes for the COMT SNPs was performed in the 

following manner. Applying the individual genotype data of the COMT rs6269 A>G, rs4633 

C>T, rs4818 C>G and rs4680 G>A SNPs, inferred haplotypes were constructed using a 

stepwise design (Table 2.1). Differences in inferred haplotype frequency distribution patterns 

http://www.r-project.org/
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between no-low and moderate-high groups of pain, disability and combined, were compared 

using Pearson’s Chi-square (χ2) and Fisher’s exact tests (Table 2.3). The inferred haplotype 

frequency distribution patterns between no-low and moderate-high groups were analysed using 

the “haplo.stats” v1.8.6. package 790, 791.  

 

Table 2.1: Inferred haplotypes constructed for COMT SNPs, rs6269 A>G, rs4633 C>T, 

rs4818 C>G and rs4680 G>A. 

 

 

2.6.7 Inferred Allele-Allele Combination Frequency Distribution  

As a proxy for gene-gene interactions, stepwise inferred allele-allele combination constructs 

were generated using the individual genotype data for the ABCB1, OPRM1 and COMT SNPs. 

The allele-allele combination constructs were used to evaluate the gene-gene interaction 

association between the ABCB1, OPRM1 and COMT genes and pain/disability and combined 

(pain and disability) categories. The “haplo.stats” (v1.8.6.) package was used to analyse 

inferred allele-allele combination frequency distribution between the no-low and moderate-

high groups  (Table 2.3); 790, 791.  

 

 

 COMT SNPs 

Inferred Haplotypes rs6269 A>G rs4633 C>T rs4818 C>G rs4680 G>A 

H1     
H2     
H3     
H4     
H5     
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The analysis data for quantitative variables were expressed as medians (interquartile range; 

quartile 1, quartile 3), while qualitative variables were expressed as percentages (%). Odds 

ratios [OR], confidence intervals at 95% [95% CI], and statistical significance accepted at p < 

0.05 were reported as part of the regression analysis. All logistic regression analysis was 

adjusted for the confounder participants’ age at the time of surgery. Subsequently, all 

unadjusted data are provided in the supplementary Section 7.4.1. and adjusted data presented 

in the chapter to follow. Furthermore, no corrections were made for multiple tests, given the 

limited sample size and that more than two SNPs were evaluated. Finally, all graphical 

illustrations for the genetic association analyses in this thesis were generated utilizing the 

GraphPad Prism software V8.4.3 (686) 781. 
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Table 2.2: A summary of the statistical methods used to analyse the clinical profile of a subset of participants during a 1-year period of 

breast cancer treatment. 

  Testing Between Groups/levels 

Variable Type Level Normality Tests Pre-op/3-months/1-year Drug dosage 

Outcome Measures 

Pain Quantitative Continuous Non-normal distribution Non-Parametric Wilcoxon-signed rank test Spearman's correlation 

Disability Quantitative Continuous Non-normal distribution Non-Parametric Wilcoxon-signed rank test Spearman's correlation 

Combined Quantitative Continuous Non-normal distribution Non-Parametric Wilcoxon-signed rank test Spearman's correlation 

Anxiety Quantitative Continuous Non-normal distribution Non-Parametric Wilcoxon-signed rank test Spearman's correlation 

Depression Quantitative Continuous Non-normal distribution Non-Parametric Wilcoxon-signed rank test Spearman's correlation 

Positive Affect Quantitative Continuous Non-normal distribution Non-Parametric Wilcoxon-signed rank test Spearman's correlation 

Negative Affect Quantitative Continuous Non-normal distribution Non-Parametric Wilcoxon-signed rank test Spearman's correlation 

Demographical, Clinical And BC Treatment Data 

Age At Surgery Quantitative Continuous Non-normal distribution Non-Parametric Mann-Whitney Spearman's correlation 

BMI Quantitative Continuous Non-normal distribution Non-Parametric Mann-Whitney Spearman's correlation 

Surgery Type Categorical Binary  Non-Parametric  Mann-Whitney 

Lymph Node Surgery Categorical Binary  Non-Parametric  Mann-Whitney 

Neo CT Categorical Binary  Non-Parametric  Mann-Whitney 

Adjuvant CT Categorical Binary  Non-Parametric  Mann-Whitney 

Adjuvant RT Categorical Binary  Non-Parametric  Mann-Whitney 

Adjuvant HT Categorical Binary  Non-Parametric  Mann-Whitney 

HT Given Categorical Nominal  Non-Parametric  Mann-Whitney 

Total Drug Dosage 

Tramadol Dosage Quantitative Continuous Non-normal Distribution    

Paracetamol Dosage Quantitative Continuous Non-normal Distribution    
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Table 2.3: A summary of the statistical methods used to analyse the relationship between all the study variables featured in the complete 

cohort. 

     Testing Between Groups/levels  

Variable Type Level Normality Tests Pain/Disability/Combined Genotypes Tool 

SPADI Data 

Pain Quantitative  Continuous Non-normal distribution    Statistica 

Disability Quantitative  Continuous Non-normal distribution    Statistica 

Combined Quantitative  Continuous Non-normal distribution    Statistica 

Demographic and Clinical Data 

Age At Surgery Quantitative  Continuous Non-normal distribution Non-Parametric Mann-Whitney Kruskal Wallis Statistica 

Time Since Surgery (Yr.) Quantitative  Continuous Non-normal distribution Non-Parametric Mann-Whitney Kruskal Wallis Statistica 

Total Nodes Examined Quantitative  Discrete Non-normal distribution Non-Parametric Mann-Whitney Kruskal Wallis Statistica 

Total Nodes Involved Quantitative  Discrete Non-normal distribution Non-Parametric Mann-Whitney Kruskal Wallis Statistica 

Side Of Primary Categorical Binary   Non-Parametric Fishers Exact/Pearson’s X2 Pearson’s X2 Statistica 

Invasive Ductal Carcinoma Categorical Binary   Non-Parametric Fishers Exact/Pearson’s X2 Pearson’s X2 Statistica 

Lymphovascular Invasion Categorical Binary   Non-Parametric Fishers Exact/Pearson’s X2 Pearson’s X2 Statistica 

Tumour Grade Categorical Ordinal   Non-Parametric Pearson’s X2 Pearson’s X2 Statistica 

Breast Cancer Treatment Data 

Surgery Type Categorical Binary   Non-Parametric Fishers Exact/Pearson’s X2 Pearson’s X2 Statistica 

Lymph Node Surgery Categorical Binary   Non-Parametric Fishers Exact/Pearson’s X2 Pearson’s X2 Statistica 

Neo CT Categorical Binary   Non-Parametric Fishers Exact/Pearson’s X2 Pearson’s X2 Statistica 

Adjuvant CT Categorical Binary   Non-Parametric Fishers Exact/Pearson’s X2 Pearson’s X2 Statistica 

Adjuvant RT Categorical Binary   Non-Parametric Fishers Exact/Pearson’s X2 Pearson’s X2 Statistica 

Adjuvant HT Categorical Binary   Non-Parametric Fishers Exact/Pearson’s X2 Pearson’s X2 Statistica 

HT Given Categorical Nominal   Non-Parametric Pearson’s X2 Pearson’s X2 Statistica 

Genetic data 

Genotypes Categorical     Non-Parametric Pearson’s X2   R Studio 

Alleles  Categorical     Non-Parametric Fishers Exact/Pearson’s X2   R Studio 

Inferred Haplotypes Categorical       Logistic Regression   R Studio 

Inferred Allele-Allele Combinations Categorical       Logistic Regression   R Studio 
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2.7 BIOINFORMATIC ANALYSES 

Bioinformatic analyses were used for the in-silico approach to (i) explore the functional effects 

of each of the SNPs using various online programs (SIFT, PolyPhen-2, FATHMM-MKL, and 

SFOLD), (ii) identify and visualize gene-gene interactions and functional gene-associated 

network, (iii) explore biological pathways associated specifically to the study gene set ABCB1, 

OPRM1 and COMT.  

 

2.7.1 Computational Prediction of Effects of SNPs for ABCB1, OPRM1 and 

COMT 

SIFT, PolyPhen-2, and FATHMM-MKL 

The consequences of ABCB1 (rs1045642 G>A; rs1128503 G>A), OPRM1 (rs1799971 A>G; 

rs540825 T>A) and COMT (rs6269 A>G; rs4633 C>T; rs4818 C>G; rs4680 G>A) SNPs on 

the translated protein structure and function were investigated using the, Sorting Intolerant 

from Tolerant (SIFT), Polymorphism Phenotyping 2 (PolyPhen-2), and Functional Analysis 

through Hidden Markov Models (FATHMM) algorithms.  

 

The SIFT V 5.1.1 algorithm [SIFT dbSNP (a-star.edu.sg), updated version of 31 Mar 2022, 

accessed on 27 October 2022] predicts the functional effects of non-synonymous SNPs on the 

translated protein product through sequence homology that may modify the gene-associated 

phenotype 792-794. A SIFT search will, based on multiple alignments, compute a tolerance index 

score that ranges between 0 (deleterious) to 1 (neutral); 794, 795. SNPs are predicted to be 

deleterious with scores <0.049, and tolerant with scores >0.049. Predictions are most confident 

the closest the scores approach 0 and 1.  

https://sift.bii.a-star.edu.sg/www/SIFT_dbSNP.html
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PolyPhen-2 V 2 [PolyPhen-2: prediction of functional effects of human nsSNPs (harvard.edu), 

updated version of 21 June 2021, accessed on 27 October 2022] is an online tool that predicts 

the functional effects of SNPs through amino acid substitution on the translated protein product 

through structural, and comparative evolutionary factors 796, 797. PolyPhen-2 predictions score 

amino acid substitutions between 0 (neutral) and 1 (deleterious). Furthermore, predicted 

substitutions may have a benign (0.00-0.014), possibly damaging (0.15-0.84) or damaging 

(0.85-1) effect on the resulting protein.  

 

FATHMM-MKL V 2.3 [fathmmMKL – Predict the Functional Consequences of Single 

Nucleotide Variants (SNVs) (biocompute.org.uk), accessed on  27 October 2022] is a software 

program that predicts the effects of non-synonymous SNPs, both coding and non-coding, on 

the resulting protein product, through weighted models for human mutations 798, 799. FATHMM 

predictions are presented in the form of p-values in the range of (0 to 1), where p> 0.5 is 

predicted as deleterious, and p < 0.5 is predicted as neutral or benign.  

 

Two-Dimensional (2D) RNA Structures 

Two-dimensional (2D) RNA structures were computationally predicted for the individual 

ABCB1, OPRM1 and COMT SNPs, using the online Software for Statistical Folding of Nucleic 

Acids and Studies of Regulatory RNAs [SFOLD, Sfold – Software for Statistical Folding and 

Studies of Regulatory RNAs (wadsworth.org), accessed on 19 April 2022]. Using the 

nucleotide sequence obtained from the NCBI variation viewer (assembly GRCh38.13) for each 

SNP, (limited to 250 bases), this interactive platform predicted the highest-scoring potential 

RNA conformations. This was evaluated for each SNP sequence containing both minor and 

major alleles. Furthermore, all RNA structures and conformations were predicted to the folding 

temperature of 37oC.       

http://genetics.bwh.harvard.edu/pph2/
https://fathmm.biocompute.org.uk/fathmmMKL.htm
https://fathmm.biocompute.org.uk/fathmmMKL.htm
https://sfold.wadsworth.org/cgi-bin/index.pl
https://sfold.wadsworth.org/cgi-bin/index.pl
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2.7.2 Gene-Associated Network Analyses  

The GeneMANIA platform (available at https://genemania.org/, accessed on 21 April 2022), 

was used to evaluate and predict the functional and gene-associated networks between ABCB1, 

OPRM1 and COMT. The association data within this platform describes various networks 

across the gene set such as protein and genetic interactions, pathways, co-expression and -

localization, shared protein domains and analogues. The platform functions on weighted data 

of interaction networks generated from various sources, processed, and categorized into the 

respective networks 800.   

 

2.7.3 Gene Set Enrichment Analyses 

Gene set enrichment analysis was performed for ABCB1, OPRM1 and COMT using the online 

EnrichR platform at (Enrichr (Malayalam.cloud), accessed on 21 April 2022). The platform 

allows for the screening of the prioritised gene set against 199 libraries, 403 883 functional 

terms and more than 50 million sets of annotated data. Several selective libraries associated 

with the study gene set were identified and reported here 801.  

 

 

 

 

 

 

https://genemania.org/
https://maayanlab.cloud/Enrichr/
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3 CHAPTER THREE: RESULTS 

 

3.1 EXPLORING THE CLINICAL PROFILE OF SA BCS  

The primary objective of this analysis was to provide an insight into the clinical spectrum of 

BCS within the first year period, post-treatment. Thirteen BC participants were observed at 

three distinct time intervals: preoperatively (before surgery), at 3 months, and 1 year post-

surgery. The assessment of patients' pain, disability, anxiety, depression, and affect outcomes, 

was performed at each designated time point, using the SPADI, HADS, and PANAS 

questionnaires. Furthermore, the total tramadol and paracetamol medication prescribed was 

documented throughout the entire study duration.  

 

This study included N=13 participants, with the variables, age, body mass index (BMI), and 

treatments received summarised in Supplemental Table 5. Initial analyses revealed a normal 

distribution for the variable age [(means±SD) 53,3±13,2; p=0.704). Analyses of BMI (kg/m2), 

however, did not show a normal distribution [(median (IRQ)) 33.1 (27.6-38.3); p=0.022]. Five 

and eight participants received an MTX and WLE, and four and eight received an ALND and 

SLNB. Three received neo-adjuvant chemotherapy, eight received radiation therapy and more 

than 90% (n=12) of participants received tamoxifen as hormonal treatment (Supplemental 

Table 5).  
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3.1.1 Participant Variables and Drug Dosage 

Clinical effects were evaluated to assess if any relationship exists between opioid dosage and 

participant variables. No significant correlations were evident between the total tramadol 

dosage and the participant’s age, and/or BMI, p>0.05 (Figure 3.1 A and B). 

 

 

Figure 3.1: Spearman correlation plot for total tramadol (MME) dose for A) age, and B) 

BMI. Depicted is the linear regression (solid line) with confidence intervals (curved dotted 

lines). Lower right corner with r, Spearman correlation coefficient, and p, associated p-

value, with significant p-values in bold. 
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Similarly, the results noted no significant correlation between the total paracetamol dosage and 

age, and BMI, p>0.05 (Figure 3.2A and B). Furthermore, no other significant correlations were 

observed for the total tramadol and paracetamol dose, and the different BC treatments received 

(surgery type, lymph node surgery type, and adjuvant treatments), p>0.05 (Figure 3.3). 

 

 

Figure 3.2: Spearman correlation plot for the total paracetamol (g) dose for A) age, and 

B) BMI. Depicted is the linear regression (solid line) with confidence intervals (curved 

dotted lines). Lower right corner with r, Spearman correlation coefficient, and p, 

associated p-value, with significant p-values in bold. 
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Figure 3.3: The total tramadol (MME) dose for the different breast cancer treatments received. Depicted is A) Surgery type, B) Lymph 

node surgery, C) Neo chemotherapy, D) Chemotherapy, E) radiation therapy and F) Hormone therapy. Significant p-values between the 

categories of each treatment in Mann-Whitney’s U tests are shown in bold. 
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3.1.2 Patient-Reported Outcome Measures (PROMS) 

Mean±SD scores for each outcome during the three designated intervals of BC treatment are 

summarised in Table 3.1.  

 

Shoulder Pain and disability (SPADI) 

Pain, disability and combined (pain and disability) scores of <30% and ≥30% were categorised 

as no-low and moderate-high, respectively. Means scores indicate pain, at all three time points 

were low, the lowest noted for pain (5,69±14,1) pre-operatively (Table 3.1). Paired t-test 

analysis noted a difference in mean scores of 43 (p=0.005, 95% CI: 6.0-52.0), -22 (p=0.012, 

95% CI: -36.0-0.0), and 8 (p=0.020, 95% CI: 0.0-30.0)  for T1-T2, T2-T3, and T1-T3, 

respectively (Table 3.2). The disability mean scores were low at all three time points, with the 

lowest noted pre-operatively (12,5±24,9); (Table 3.1). No significant differences were evident 

between the three time points,  p>0.05 (Table 3.2).  

 

For combined (pain and disability) symptoms, the mean scores indicated participants 

experienced low scores pre-operatively (18,2±37,9), and thereafter moderate-high scores at 3-

months (52,3±38,1) and 1-year (34,4±39,7) post-operatively (Table 3.1). Paired t-test analysis 

noted significant differences in the means of 23 (p=0.007, 95% CI: 6.9-51.5), -10 (p=0.023, 

95% CI:-30.8- -3.1), and 4 (0.0-44.3) for T1-T2, T2-T3, and T1-T3, respectively (Table 3.2).  
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Table 3.1: The outcome measures, SPADI, HADS and PANAS  mean scores at three time 

points during the 1-year of breast cancer treatment. 

Outcome 
 

Pre-operative 

(T1) 

3-month 

(T2) 

1-year 

(T3) 

SPADI 
   

Pain 5,69 ± 14,1 23,6 ± 15,7 13,3 ± 14,5 

Disability 12,5 ± 24,9 28,7 ± 23 21,1 ± 25,6 

Pain and Disability 18,2 ± 37,9 52,3 ± 38,1 34,4 ± 39,7 

HADS 
   

Anxiety 7,0 ± 4,56 7,67 ± 6,93 8,69 ± 7,02 

Depression 8,54 ± 5,47 9,33 ± 3,31 11 ± 3,89 

PANAS 
   

Positive affect 43,5 ± 5,25 41,9 ± 4,54 38,1 ± 9,6 

Negative affect 19,7,± 8,54 22,9 ± 12,5 21,8 ± 9,58 

Abbreviations: HADS, Hospital Anxiety and Depression Scale; PANAS, Positive and Negative 

Affect Scale; SPADI, Shoulder Pain and Disability Index  

 

Anxiety and Depression-HADS 

Based on the cohort size and scoring of the HADS tool, participants reported either normal ( 

≤7) or borderline-to-case (>7) levels of anxiety and depression. Mean scores for anxiety among 

participants were noted to be normal preoperatively and borderline-case at 3 months and 1 

year’ post-operatively (Table 3.1). However, no significant differences were noted across the 

three time points, p>0.05 (Table 3.2). In contrast, depression mean scores were borderline-

case high (>7) at all three time points, with the highest level of depression noted at 1 year 

(11±3,89) after surgery (Table 3.1). The paired t-test analysis, however, noted no significant 

differences, p>0.05 (Table 3.2).  
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Positive and Negative Affect-PANAS 

Positive affect was highest pre-operatively (43,5,0±5,25) and thereafter noted a decline at 3 

months (41,9±4,54) and 1-year (38,1±9,6) post-operatively, with a significant difference in 

means [-2 (p=0.039, 95% CI: -12.20)] noted between time points T1 and T3 (Table 3.1, Table 

3.2). No significant differences were further noted. Negative affect mean scores were at their 

lowest pre-operatively (19,7,0±8,54), highest at 3 months (22,9±12,5),  and noting a decline at 

1-year (21,8±9,58) post-operatively (Table 3.1). No significant differences were, however, 

evident in the paired t-test analysis, p>0.05 (Table 3.2).  

 

A one-tailed p-value using Spearmen’s statistic R was used to measure the pairing effectiveness 

for all three time intervals within each outcome measured with significantly paired t-tests at 

p<0.05 (Table 3.2). Apart from the pairing of scores for the outcome depression (T1-T2, and 

T1-T3), positive affect (T1-T2), and negative affect (T1-T3).  
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Table 3.2: Pairwise t-test for differences between pre-operative, 3-months, and 1-year post-operative means for all PROMS. 

   Wilcoxon signed-rank test Median of differences Pairing effectiveness 

Outcome Timepoint pairing Sum (W) P valuea Pairs Median > 95% CI Spearman’s statistic P valueb 

Pain Pre-OP 3-months 60 0,005 12 43 (6,0 - 52,0) 0,67 0,009 

 3-months 1-year -41 0,012 12 -22 (-36,0 - 0,0) 0,82 0,001 

 Pre-OP 1-year 39 0,02 13 8 (0,0 - 30,0) 0,54 0,032 

Disability Pre-OP 3-months 38 0,102 12 15 (0,0 - 47,5) 0,55 0,032 

 3-months 1-year -31 0,131 12 -5 (-21,3 - 0,0) 0,79 0,002 

 Pre-OP 1-year 18 0,25 13 0 (0,0 - 46,3) 0,58 0,022 

Pain and Disability Pre-Op 3-months 58 0,007 12 23,1 (6,9 - 51,5) 0,56 0,031 

 3-months 1-year -50 0,023 12 -9,62 ( -30,8 - -3,1) 0,8 0,001 

 Pre-Op 1-year 43 0,027 13 3,85 (0,0 - 44,3) 0,55 0,027 

Anxiety Pre-Op 3-months 8 0,68 12 0 (-5,0 - 5,0) 0,63 0,016 

 3-months 1-year 13 0,477 12 0,5 ( -2,0 - 4,0) 0,82 0,001 

 Pre-Op 1-year 21 0,376 13 0 (-3,0 - 9,0) 0,61 0,015 

Depression Pre-Op 3-months 23 0,391 12 3 (-3,0 - 4,0) 0,21 0,254 

 3-months 1-year 20 0,392 12 1 (-3,0 - 5,0) 0,25 0,216 

 Pre-Op 1-year 40 0,127 13 4 (-2,0 - 7,0) 0,45 0,064 

Positive affect Pre-Op 3-months -23 0,338 12 -1 (-6,0 - 2,0) 0,47 0,063 

 3-months 1-year -34 0,141 12 -4 (-13,0 - 4,0) 0,3 0,168 

 Pre-Op 1-year -46 0,039 13 -2 (-12,0 - 2,0) 0,61 0,015 

Negative Affect Pre-Op 3-months 31 0,249 12 2,5 ( -3,0 - 10,0) 0,5 0,049 

 3-months 1-year -15 0,53 12 -1,5 ( -7,0 - 6,0) 0,67 0,01 

 Pre-Op 1-year 10 0,748 13 -2 (-6,0 - 15,0) 0,26 0,195 
a two-tailed P value, b one-tailed P value 
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3.1.3 Tramadol Prescription Patterns 

The total tramadol (MME) dose prescribed was evaluated concerning perceived pain, 

disability, anxiety, depression and affect.   

 

Pain, Disability, and Combined (pain and disability) 

Scores of pain (p=0.002, r=0.81, 95% CI: 0.42-0.95), disability (p=0.001, r=87, 95% CI: 0.58-

0.96) and combined (pain and disability); (p<0.001, r=0.88, 95% CI: 0.60-0.97) at 3-months 

post-operatively, correlated with increasing tramadol dosage (Figure 3.4A-C). Similarly, 

scores for pain (p=0.004, r=76, 95% CI: 0.34-0.93), disability (p=0.015, r=0.67, 95% CI: 0.18-

0.90) and combined (pain and disability) (p=0.012, r=0.69, 95% CI: 0.20-0.90) at 1-year post-

operatively, correlated with increasing tramadol dosage (Figure 3.4D-F).  
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Figure 3.4: Spearman correlation plot for total tramadol (MME) dose prescribed for A/D) pain, and B/E) disability and C/F) combined 

(pain and disability) at 3 months and 1 year post-treatment. Depicted is the linear regression (solid line) with confidence intervals (curved 

dotted lines). Lower right corner with r, Spearman correlation coefficient, and p, associated p-value, with significant p-values in bold.  
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Anxiety and Depression 

Higher levels of anxiety at 3 months (p=0.013, r=0.70, 95% CI: 0.20-0.91) and 1-year 

(p=0.014, r=0.68, 95% CI: 0.18-0.90) post-operatively, correlated with increasing tramadol 

dosage (Figure 3.5A and C). In contrast, no correlation was observed between depression 

levels and tramadol dosage (Figure 3.5D-F).  

 

 

Figure 3.5: Spearman correlation plot for total paracetamol dose prescribed for A/C) 

anxiety, and B/D) depression at 3 months and 1 year post-treatment. Depicted is the linear 

regression (solid line) with confidence intervals (curved dotted lines). Lower right corner 

with r, Spearman correlation coefficient, and p, associated p-value, with significant p-

values in bold. 

 

 



118 

 

Positive and Negative Affect 

No significant correlations were found between positive affect and tramadol dosage, as 

depicted in Figure 3.6A and C. In contrast, a correlation was observed between negative affect 

and tramadol dosage at 3 months post-operatively (p=0.038, r=0.61, 95% CI: 0.01-0.88). 

However, there was no significant correlation between negative affect and tramadol dosage at 

1 year post-operatively (Figure 3.6B and D).  

 

 

Figure 3.6: Spearman correlation plot for total paracetamol dose prescribed for A/C) 

positive, and B/D) negative affect at 3 months and 1 year post-treatment (n=13). Depicted 

is the linear regression (solid line) with confidence intervals (curved dotted lines). Lower 

right corner with r, Spearman correlation coefficient, and p, associated p-value, with 

significant p-values in bold. 
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3.1.4 Paracetamol Prescription Patterns 

The total paracetamol (g) dose prescribed was evaluated concerning perceived pain, disability, 

anxiety, depression and affect.  

 

 Pain, Disability, and Combined (pain and disability) 

Scores of pain (p=0.005, r=0.77, 95% CI: 0.34-0.94), disability (p=0.005, r=0.77, 95% CI: 

0.33-0.93) and combined (pain and disability); (p=0.004, r=0.79, 95% CI: 0.37-0.94)  

symptoms at 3-months post-operatively correlated with increasing paracetamol dosage (Figure 

3.7 A-C). In contrast, no correlations were observed at 1 year post-operatively as seen in Figure 

3.7 (D-F).  
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Figure 3.7: Spearman correlation plot for total paracetamol (g) dose prescribed for A/D) pain, B/E) disability, and C/F) combined (pain 

and disability) at 3 months and 1 year post-treatment. Depicted is the linear regression (solid line) with confidence intervals (curved dotted 

lines). Lower right corner with r, Spearman correlation coefficient, and p, associated p-value, with significant p-values in bold.
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Anxiety and Depression 

Higher levels of anxiety at 3 months (p=0.005, r=0.77, 95% CI: 0.34-0.94) post-operatively, 

correlated with increasing dosage prescribed for paracetamol dosage Figure 3.8A). Similarly, 

the levels of anxiety at 1-year (p=0.039, r=0.59, 95% CI: 0.03-0.86) post-operatively, 

correlated with the increasing paracetamol dosage (Figure 3.8C). At 3 months (p=0.048, 

r=0.59, 95% CI: 0.00-0.87) post-operatively, levels of depression noted a weak correlation with 

the increasing dosage of paracetamol (Figure 3.8B). Furthermore, no correlation was observed 

for depression at 1-year postoperatively (Figure 3.8D). 

 

 

Figure 3.8: Spearman correlation for total paracetamol dose prescribed for A/C) anxiety, 

and  B/D) depression at 3 months and 1-year post-treatment. Depicted is the linear 

regression (solid line) with confidence intervals (curved dotted lines). Lower right corner 

with r, Spearman correlation coefficient, and p, associated p-value, with significant p-

values in bold. 
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Positive and Negative Affect 

Analysis of the relationship between positive affect and paracetamol dosage noted no 

significant correlations at 3 months and 1 year postoperatively, p>0.05 (Figure 3.9A and C). 

A fair correlation was observed between the negative affect at 3 months post-operative and the 

total dosage of paracetamol prescribed (p=0.025, r=0.065, 95% CI: 0.10-0.90) (Figure 3.9B). 

Furthermore, no significant correlation was noted for total paracetamol dosage prescribed and 

negative affect at 1 year after surgery for BC, p<0.05 (Figure 3.9D). 

  

 

Figure 3.9: Spearman correlation plot for total paracetamol dose prescribed for A/C) 

positive, and  B/D) negative affect at 3 months and 1-year post-treatment. Depicted is the 

linear regression (solid line) with confidence intervals (curved dotted lines). Lower right 

corner with r, Spearman correlation coefficient, and p, associated p-value, with significant 

p-values in bold. 
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In summary, in a sample of n=13 BCS, the data showed increasing patterns of pain, disability 

and combined symptoms, anxiety, depression, and negative affect over the 1 year, while 

positive affect noted a decrease. Assessment of differences in levels highlights significant 

changes over time for pain and combined symptoms, as well as positive affect. Over the 1 year, 

increasing the tramadol dosage prescribed correlated with increasing pain, disability, combined 

symptoms, anxiety, and negative affect (3 months only). Furthermore, increasing paracetamol 

dosage correlated with pain, disability and combined (pain and disability) symptoms (3 

months), anxiety (3 months and 1 year), depression (3 months only) and negative affect (3 

months only).  
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3.2 EXPLORING THE DESCRIPTIVE PROFILE OF SA BCS 

Differences in participant variables between the no-low and moderate-high groups of pain, 

disability and combined (pain and disability) scores were evaluated. Comparative analysis of 

basic clinical data in the pain category noted that 73.0% and 27.0% (n=68) of individuals 

reported no-low and moderate-high pain respectively, on the SPADI index (Table 3.3). Initial 

analysis to test for normal distribution of the qualitative variables (age at surgery, time since 

surgery, total number of nodes examined and involved), showed the variables were non-

normally distributed, p<0.05 (Supplementary Section 7.4.1). Significant differences were 

noted for age at the time of surgery (p=0.002), where the median [interquartile range (IQR; Q1, 

Q3)] age was older in the no-low [56 (49,62)] group compared to the moderate-high [50 

(43,58)] group. No significant differences were evident for the remaining variables in this 

category (Table 3.3). Frequency distribution patterns were similar between the groups when 

nodal involvement, primary affected side, invasive ductal carcinoma, lymphovascular invasion 

and tumour grades were evaluated (p> 0.05). 

 

In the disability category, 81.0% and 19% (n=48) of individuals reported no-low and moderate-

high disability, respectively on the SPADI index (Table 3.3). Age at the time of surgery 

differed significantly (p=0.011) in this group. The median (IQR) in the no-low and moderate-

high groups were 56 (49,62) and 49.5 (42,58), respectively. The total number of nodes involved 

(p=0.025) was also significantly different in this category. The median (IQR) was greater in 

the no-low [2 (1,5)] group, compared to the moderate-high [1 (1,2)] group. No other differences 

were noted in this category, p>0.05 (Table 3.3). 
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The combined (pain and disability) category noted 78.0% and 22.0%(n=55) of individuals 

reporting no-low and moderate-high pain and disability seen in Table 3.3. Once more, age at 

the time of surgery was significantly different between the groups, p=0.003. Consistent with 

the pain and disability categories, the median (IQR) age was greater in the no-low [56 (49,62)] 

group compared to the moderate-high [50 (43,57)] group (Table 3.3). Compared to the no-low 

[2 (1,5)] group, younger participants also reported having fewer nodes involved in the 

moderate-high [1 (1,3)] group, p=0.034. No other significant differences were observed 

between the descriptive variables and the combined (pain and disability) category (Table 3.3).  
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Table 3.3: Breast Cancer Survivors’ Clinical Variables Between No-Low And Moderate-High Groups Of Pain, Disability, And The 

Combined (Pain And Disability) Categories. 

 Pain  Disability  Pain and Disability 

Variables No-Low Mod-High P  No-Low Mod-High P  No-Low Mod-High P 

N=252 73 (184) 27 (68)   81 (204) 19 (48)   78 (197) 22 (55)  

            

Age at surgery 56 (49,62) 50 (43,58) 0,002  56 (49,62) 49,5 (42,58) 0,011  56 (49,62) 50 (43,57) 0,003 

Time since surgery (yr.) 3 (2,4) 2 (2,4) 0,116  3 (2,4) 2 (2,4) 0,482  3 (2,4) 2 (2,4) 0,133 

Total nodes examined 11 (5,15) 9 (5,12) 0,155  11 (5,14) 9 (5,13) 0,177  11 (5,5,14) 8 (4,12) 0,066 

Total nodes involved 2 (1,4) 1,5 (1.4,5) 0,145  2 (1,5) 1 (1,2) 0,025  2 (1,5) 1 (1,3) 0,034 

Side of primary            

Left 49,2 (90) 57,4 (39) 0,250  49,8 (101) 58,3 (28) 0,285  49,5 (97) 58,2 (32) 0,254 

Right 50,8 (93) 42,6 (29)   50,3 (102) 41,7 (20)   50,5 (99) 41,8 (23)  

Invasive ductal carcinoma            

Yes 78,7 (144) 80,9 (55) 0,768  79,8 (162) 77,1 (37) 0,913  79,1 (155) 80,0 (44) 0,985 

No 3,3 (6) 4,4 (3)   3,5 (7) 4,2 (2)   3,6 (7) 3,6 (2)  

Not done 18,0 (33) 14,7 (10)   16,8 (34) 18,8 (9)   17,4 (34) 16,4 (9)  

Lymphovascular invasion            

Yes 35,7 (55) 29,8 (17) 0,423  35,6 (62) 27,0 (10) 0,316  35,7 (60) 27,9 (12) 0,335 

No 64,3 (99) 70,2 (40)   64,4 (112) 73,0 (27)   64,3 (108) 72,1 (31)  

Tumour grade            

I 26,7 (43) 27,6 (16) 0,914  25,6 (46) 33,3 (13) 0,379  26,0 (45) 30,4 (14) 0,132 

II 49,7 (80) 48,3 (28)   51,1 (92) 41,0 (16)   51,5 (89) 41,3 (19)  

III 21,7 (35) 20,7 (12)   21,7 (39) 20,5 (8)   21,4 (37) 21,7 (10)  

Not known 1,9 (3) 3,5 (2)   1,7 (3) 5,1 (2)   1,2 (2) 6,5 (3)  

Notes: Data presented as median (interquartile range, Quartile 1, Quartile 3) or % (n). P-values (P) in bold typeset indicate significance (P<0.05). 

Tests used for comparative analysis include the Mann-Whitney U test (Independent sample T-test); Fisher’s exact test (*when n <10); and Chi-

squared test Abbreviations: Mod-High: Moderate-High 
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3.3 BREAST CANCER TREATMENT MODALITIES OF SA BCS 

The different treatment modalities received by the SA BCS cohort are summarised in Table 

3.4. Participants received two specific surgery types, the surgical removal of, i) breast cancer 

(MTX or WLE), and ii) affected lymph nodes (ALND or SLNB). The two surgical treatments 

were carried out concurrently, and in any combination for example an MTX+ALND, 

MTX+SLNB, WLE+ALND, WLE+SLNB or MTX/WLE only. In addition, adjuvant therapies 

suitable to the diagnoses were also administered, including neo- and adjuvant chemotherapy, 

radiation, and hormonal therapy.  

 

The frequencies of BC (MTX vs WLE: p=0.315) and lymph node (ALND vs SLND: p=0.490) 

surgeries were comparable between no-low (78.1% and 21.9%) and moderate-high (71.9% and 

28.1%) groups of pain (Table 3.4). For the adjuvants, Neo-CT (p=0.708), CT (p=0.943), RT 

(p=0.483), and HT (p=0.765), there were also no distinct differences in frequency distribution 

between no-low and moderate-high groups of pain. Similarly, for the choice of HR 

administered (p=0.892), no significant differences were noted between the no-low and 

moderate-high groups of pain. The results, however, highlighted that the frequency of 

participants receiving an MTX, an ALND and all adjuvants, were greater than those receiving 

the alternative in that category, Table 3.4. Equally, no significant frequency distribution 

differences were noted for BC and lymph node surgeries, and adjuvant treatments between the 

no-low and moderate-high groups of disability and combined (pain and disability) categories, 

p>0.05 (Table 3.4).  
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Table 3.4.: Breast Cancer Treatment Modalities Observed In Breast Cancer Survivors, Compared Between No-Low And Moderate-High 

Groups Of Pain, Disability, And Combined (Pain And Disability) Categories. 

 Pain  Disability  Pain and Disability  

Treatment No-Low Mod -High P No-Low Mod-High P No-Low Mod-High P 

N=252 (n=184) (n=68)  (n= 204) (n=48)  (n=197) (n=55)  

Surgery type          

MTX 78,1 (139) 71,9 (46) 0,315 77,6 (152) 71,7 (33) 0,403 77,8 (147) 71,7 (38) 0,357 

WLE 21,9 (39) 28,1 (18)  22,5 (44) 28,3 (13)  22,2 (42) 28,3 (15)  

Lymph node surgery          

ALND 85,3 (139) 81,5 (44) 0,490 84,4 (151) 84,2 (32) 0,795 85,6 (149) 79,1 (34) 0,357 

SLNB 1,2 (2) 0,0 (0)  1,1 (2) 0,0 (0)  1,2 (2) 0,0 (0)  

None 13,5 (22) 18,5 (10)  14,5 (26) 15,8 (6)  13,2 (23) 20,9 (9)  

Neo CT          

Yes 65,4 (17) 60,0 (12) 0,708 68,8 (22) 50,0 (7) 0,225 66,7 (20) 56,3 (9) 0,486 

No 34,6 (9) 40,0 (8)  31,3 (10) 50,0 (7)  33,3 (10) 43,8 (7)  

Adjuvant CT          

Yes 63,7 (114) 64,2 (43) 0,943 63,6 (126) 64,6 (31) 0,903 63,9 (122) 63,6 (35) 0,974 

No 36,3 (65) 35,8 (24)  36,4 (72) 35,4 (17)  36,1 (69) 36,4 (20)  

Adjuvant RT          

Yes 90,8 (108) 87,3 (48) 0,483 90,1 (127) 87,9 (29) 0,710 91,0 (122) 85,0 (34) 0,271 

No 9,2 (11) 12,7 (7)  9,9 (14) 12,1 (4)  9,0 (12) 15,0 (6)  

Adjuvant HT          

Yes 82,9 (136) 81,3 (52) 0,765 82,5 (151) 82,2 (37) 0,963 83,0 (146) 80,8 (42) 0,716 

No 17,1 (28) 18,8 (12)  17,5 (32) 17,8 (8)  17,1 (30) 19,2 (10)  

HT given          

Tamoxifen 2,3 (3) 1,9 (1) 0,892 2,0 (3) 2,7 (1) 0,831 2,1 (3) 2,4 (1) 0,979 

AI 12,8 (17) 15,4 (8)  12,8 (19) 16,2 (6)  13,3 (19) 14,3 (6)  

Other 85,0 (113) 82,7 (43)  85,1 (126) 81,1 (30)  84,6 (121) 83,3 (35)  

Data presented as percentage (n). P-values (P) in bold typeset indicate significance (P<0.05). Abbreviations: MTX, Mastectomy; WLE, Wide 

local excision; ALND, Axillary lymph node dissection; SLNB, Sentinel lymph node biopsy; Tests used for comparative analysis include Mann-

Whitney U test (Independent sample T-test); Fisher’s exact test (*when a sample was <10); Chi-squared test. 
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3.4 GENETIC PROFILING OF SA BCS   

The candidate genes ABCB1, OPRM1 and COMT were explored to establish and characterize 

the SNP frequencies within the SA BCS cohort. The following results describe the genotyping 

success rates and SNP frequencies within the SA BCS cohort.  

 

3.4.1 ABCB1, OPRM1 and COMT Genotyping Amplification Rates 

The ABCB1 rs1128503 G>A and rs1045642 G>A SNPs were successfully amplified in the SA 

BCS cohort, with rates of 98% (Supplemental Table 9). The allelic discrimination plots 

revealed significant clustering of the three different genotypes for ABCB1 SNPs A) rs1128503 

G>A and B) rs1045642 G>A (Figure 3.10). The OPRM1 rs1799971 A>G and rs540825 T>A 

SNPs were also successfully amplified in the SA BCS cohort, with rates of 98% and 93%, 

respectively (Supplemental Table 9). Cluster formations are noted for each OPRM1 SNP 

(Figure 3.10C-D). Similarly, the amplification rates for the COMT SNPs were between 96% 

and 98% in the SA BCS cohort (Supplemental Table 9). Allelic discrimination of the major, 

minor, and heterozygous genotypes was successful for each of the four COMT SNPs and 

represented in Figure 3.10 E-H.  
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Figure 3.10: Allele discrimination plots (AD plots). Depicted are the AD plots generated from the TaqMan® SNP genotyping assays, used 

to genotype the South African breast cancer survivors cohort for the A) ABCB1 rs1128503 G>A, B) ABCB1 rs1045642 G>A, C) OPRM1 

rs1799971 A>G, D) OPRM1 rs540825 T>A, E) rs6269 A>G, F) rs4633 C>T, G) rs4818 C>G and H) rs4680 G>A SNPs. Plots show clusters 

of the major and minor homozygous (blue and/or red), and heterozygous genotypes (green), as well as no template controls and 

undetermined (X mark) genotypes.  
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3.4.2 ABCB1 rs1128503 G>A and rs1045642 G>A Minor Allele Frequencies 

The minor allele frequency (MAF) distributions of ABCB1 rs1128503 G>A within the SA BCS 

cohort revealed comparable patterns to the global population’s frequencies reported in the 1000 

Genomes Project, phase3 release version 3+ [Homo sapiens (ID 257713) - BioProject - NCBI 

(nih.gov)], p>0.05. The rs1128503 A MAF was underrepresented in the SA BCS cohort 

compared to the G allele (Figure 3.11A). A frequency of 40.1% in SA BCS and 41.6% in the 

global population was noted for the A allele, respectively. The highest reported frequency for 

the minor allele A was noted in the East Asian population (62.7%), and the lowest in the 

African population (13.6%); (Figure 3.11A).  

 

The MAF distribution of ABCB1 rs1045642 G>A within the SA BCS cohort revealed 

significant frequency differences compared to the global population’s frequencies reported in 

the 1000 Genomes project, p<0.05. The rs1045642 A MAF  was underrepresented in the SA 

BCS cohort, compared to the major G allele (Figure 3.11B). The A allele noted a frequency of 

34.7% in the SA BCS, compared to 39.5% in the global populations. The European population 

had the highest reported MAF (51.8%) while the lowest frequency was reported in the African 

population (15.0%); (Figure 3.11B). The LD between rs1128503 G>A and rs1045642 G>A 

was found to be moderate with a D’ = 0.73 (p<0.001) within the SA BCS cohort (Figure 3.12) 

similar to that of the global LD values reported for the global superpopulations. Global reported 

LD (1000 Genomes Project) scores were obtained using the LDpop tool, [LDlink | An 

Interactive Web Tool for Exploring Linkage Disequilibrium in Population Groups (nih.gov), 

updated version LDlink 5.6.4 (7/6/2023), accessed on 7 July 2023], using the GRCh38 genome 

build (Figure 3.12).  

 

https://www.ncbi.nlm.nih.gov/bioproject/PRJEB6930
https://www.ncbi.nlm.nih.gov/bioproject/PRJEB6930
https://ldlink.nih.gov/?var1=rs1128503&var2=rs1045642&pop=YRI%2BLWK%2BGWD%2BMSL%2BESN%2BASW%2BACB%2BMXL%2BPUR%2BCLM%2BPEL%2BCHB%2BJPT%2BCHS%2BCDX%2BKHV%2BCEU%2BTSI%2BFIN%2BGBR%2BIBS%2BGIH%2BPJL%2BBEB%2BSTU%2BITU&genome_build=grch38&r2_d=d&tab=ldpop
https://ldlink.nih.gov/?var1=rs1128503&var2=rs1045642&pop=YRI%2BLWK%2BGWD%2BMSL%2BESN%2BASW%2BACB%2BMXL%2BPUR%2BCLM%2BPEL%2BCHB%2BJPT%2BCHS%2BCDX%2BKHV%2BCEU%2BTSI%2BFIN%2BGBR%2BIBS%2BGIH%2BPJL%2BBEB%2BSTU%2BITU&genome_build=grch38&r2_d=d&tab=ldpop
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Figure 3.11: The global frequency distribution patterns for the ABCB1 SNPs evaluated in 

this study. Global population frequencies were obtained from the public database NCBI-

1000Genomes project- (https://www.ncbi.nlm.nih.gov/snp/). Major (green) and minor 

(white) allele frequencies for A) rs1128503 G>A and B) rs1045642 G>A, are shown for the 

SA BCS cohort in comparison to the global populations. P values describe the comparison 

in frequency distribution between the SA BCS cohort, and the global and respective super 

populations. 

https://www.ncbi.nlm.nih.gov/snp/
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Figure 3.12: Linkage disequilibrium (LD) plot showing the pairwise analysis of the ABCB1 rs1128503 G>A and rs1045642 G>A SNPs, 

within the SA BCS cohort. Data of the superpopulations AFR, AMR, EAS, EUR and SAS  used to construct this map was obtained from 

www.ensembl.org (accessed on 1 February 2024). Shown are the │D’│ values, correlation coefficient (Corr), P value (P) and sample size 

(n) values, with │D’│ values > 0.7 indicating moderate to strong LD. A tabulated summary shows the LD scores for each COMT SNP pair 

http://www.ensembl.org/
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across the 1000 Genomes Projects Populations: AFR, African;  AMR, Ad Mixed American; ACA, African Caribbeans in Barbados; ASW,

 Americans of African Ancestry USA; BEB, Bengali from Bangladesh; GBR, British in England and Scotland; CDX,

 Chinese Dai in Xishuangbanna, China; CLF, Colombians from Medellin, Colombia; EAS, East Asian; ESN, Esan in Nigeria; 

EUR, European ; FIN, Finnish in Finland; GWD, Gambian in Western Divisions, Gambia; GIH, Gujarati Indian from Houston, 

Texas; CHB, Han Chinese in Beijing, China; IBS, Iberian Population in Spain; ITU, Indian Telugu from the UK; JPI, Japanese 

in Tokyo, Japan; KHV, Kinh in Ho Chi Minh City, Vietnam; LWK, Luhya in Webuye, Kenya; MSI, Mende in Sierra Leone; 

MXL, Mexican Ancestry from Los Angeles; PEL, Peruvians from Lima, Peru; PUR, Puerto Ricans from Puerto Rico; PJL,

 Punjabi from Lahore, Pakistan; SAS, South Asian; CHS, Southern Han Chinese; STU, Sri Lankan Tamil from the 

UK;TSI, Toscani in Italia; CEU, Utah Residents with Northern and Western European Ancestry; YRI, Yoruba in Ibadan, 

Nigeria.  
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3.4.3 OPRM1 rs1799971 A>G, and rs540825 T>A Minor Allele Frequencies 

The OPRM1 rs1799971 A>G SNP MAF in the SA BCS were noted to be comparable to the 

global populations reported in the 1000 Genomes project, p>0.05. The G MAF for rs1799971 

A>G was underrepresented in the SA BCS cohort, whereas the major A allele was common. A 

frequency of 18.5% was observed for the G allele in the SA BCS, compared to 22.3% in the 

global population (Figure 3.13A). The highest and lowest MAFs were noted in the East Asian 

(39.3%), and African (0.9%) populations. 

 

The MAF distribution pattern for OPRM1 rs540825 T>A was significantly different between 

the SA BCS cohort compared to the global population reported in the 1000 Genomes project, 

p<0.001. The rs540825 SNP were noted to have an overrepresented MAF in the SA BCS 

(22.2%) compared to the reported global population (11.8%) (Figure 3.13B). The highest and 

lowest MAF was reported in the European (22.9%) and African (4.8%) populations 

respectively. Linkage Disequilibrium analyses noted a weak LD between rs1799971 A>G and 

rs540825 T>A with a D’ =0.04 (p<0.001) for the SA BCS and a  for the global population 

(Figure 3.14). For OPRM1, the global reported LD (1000 Genomes Project) scores were 

obtained from the LDpop tool, [LDlink | An Interactive Web Tool for Exploring Linkage 

Disequilibrium in Population Groups (nih.gov), updated version LDlink 5.6.4 (7/6/2023), 

accessed on 7 July 2023], using the GRCh37 genome build (Figure 3.14). 

 

 

 

https://ldlink.nih.gov/?var1=rs1128503&var2=rs1045642&pop=YRI%2BLWK%2BGWD%2BMSL%2BESN%2BASW%2BACB%2BMXL%2BPUR%2BCLM%2BPEL%2BCHB%2BJPT%2BCHS%2BCDX%2BKHV%2BCEU%2BTSI%2BFIN%2BGBR%2BIBS%2BGIH%2BPJL%2BBEB%2BSTU%2BITU&genome_build=grch38&r2_d=d&tab=ldpop
https://ldlink.nih.gov/?var1=rs1128503&var2=rs1045642&pop=YRI%2BLWK%2BGWD%2BMSL%2BESN%2BASW%2BACB%2BMXL%2BPUR%2BCLM%2BPEL%2BCHB%2BJPT%2BCHS%2BCDX%2BKHV%2BCEU%2BTSI%2BFIN%2BGBR%2BIBS%2BGIH%2BPJL%2BBEB%2BSTU%2BITU&genome_build=grch38&r2_d=d&tab=ldpop
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Figure 3.13: The global distribution and prevalence of allele frequencies for the OPRM1 

SNPs. Frequencies were obtained from the public database, NCBI-1000Genomes project- 

(https://www.ncbi.nlm.nih.gov/snp/). Major (green) and minor (white) allele frequencies 

for A) rs1799971 A>G and B) rs540825 T>A, are shown for the SA BCS cohort in 

comparison to the global populations. P values describe the comparison in frequency 

distribution between the SA BCS cohort, and the global and respective super populations.  

https://www.ncbi.nlm.nih.gov/snp/
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Figure 3.14: Linkage disequilibrium (LD) plot showing the pairwise analysis of OPRM1 rs1799971 A>G and rs540825 T>A S, within the 

SA BCS cohort. Data of the superpopulations AFR, AMR, EAS, EUR and SAS used to construct this map was obtained from 

www.ensembl.org (accessed on 1 February 2024). Shown are the │D’│values, correlation coefficient (Corr), P value (P) and sample size 

http://www.ensembl.org/
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(n) values, with D’│ values > 0.7 indicating moderate to strong LD. A tabulated summary shows the LD scores for each COMT SNP pair 

across the 1000 Genomes Projects Populations: AFR, African;  AMR, Ad Mixed American; ACA, African Caribbeans in Barbados; ASW,

 Americans of African Ancestry USA; BEB, Bengali from Bangladesh; GBR, British in England and Scotland; CDX,

 Chinese Dai in Xishuangbanna, China; CLF, Colombians from Medellin, Colombia; EAS, East Asian; ESN, Esan in Nigeria; 

EUR, European ; FIN, Finnish in Finland; GWD, Gambian in Western Divisions, Gambia; GIH, Gujarati Indian from Houston, 

Texas; CHB, Han Chinese in Beijing, China; IBS, Iberian Population in Spain; ITU, Indian Telugu from the UK; JPI, Japanese 

in Tokyo, Japan; KHV, Kinh in Ho Chi Minh City, Vietnam; LWK, Luhya in Webuye, Kenya; MSI, Mende in Sierra Leone; 

MXL, Mexican Ancestry from Los Angeles; PEL, Peruvians from Lima, Peru; PUR, Puerto Ricans from Puerto Rico; PJL,

 Punjabi from Lahore, Pakistan; SAS, South Asian; CHS, Southern Han Chinese; STU, Sri Lankan Tamil from the 

UK;TSI, Toscani in Italia; CEU, Utah Residents with Northern and Western European Ancestry; YRI, Yoruba in Ibadan, 

Nigeria. 
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3.4.4 COMT rs6269 A>G, rs4633 C>T, rs4818 C>G and rs4680 G>A Minor Allele 

Frequencies 

The MAF distribution pattern of the COMT (rs6269 A>G, rs4633 C>T, rs4818 C>G and rs4680 

G>A) SNPs revealed distinct differences between the SA BCS cohort and the reported global 

population (Figure 3.15). The COMT rs6269 (G) and rs4633 (T) MAF were overrepresented 

in the SA BCS cohort compared to the global populations (1000 Genomes project). The rs6269 

G and rs4633 T frequencies were 61.0% and 55.6% in the SA BCS, compared to 39.0% and 

44.4% in the global population (Figure 3.15A and B). Discounting the SA BCS cohort, the 

highest and lowest rs6269 MAF were reported in the European (41.0%) and American (31.0%) 

populations, respectively. The highest and lowest MAF for rs4633 were reported in the 

European (49.9%) and East Asian (27.0%) populations, respectively.  

 

In contrast, the COMT rs4818 G and rs4680 A, MAFs were similar between the SA BCS 

(26.2% and 39.8%) cohort and the global population (29.7% and 36.9%) respectively, p>0.05 

(Figure 3.15C and D). The highest and lowest MAFs for rs4818 were reported in the European 

(40.3%) and African (17.0%) populations, respectively. Whereas the rs4680 highest and lowest 

MAF for rs4680 were reported in the European (50.0%), and East Asian (28.0%) populations, 

respectively. Linkage disequilibrium analysis noted a strong LD for the COMT rs4818 - rs4680 

pair (D’ = 0.99), whereas an LD decay (D’ < 0.9) was noted for the remaining COMT SNP 

pairs Figure 3.16. Similar LD patterns were noted in the global populations obtained from the 

LDpop tool, [LDlink | An Interactive Web Tool for Exploring Linkage Disequilibrium in 

Population Groups (nih.gov), updated version LDlink 5.6.4 (7/6/2023), accessed on 7 July 

2023], using the GRCh38 genome build (Figure 3.16). 

https://ldlink.nih.gov/?var1=rs1128503&var2=rs1045642&pop=YRI%2BLWK%2BGWD%2BMSL%2BESN%2BASW%2BACB%2BMXL%2BPUR%2BCLM%2BPEL%2BCHB%2BJPT%2BCHS%2BCDX%2BKHV%2BCEU%2BTSI%2BFIN%2BGBR%2BIBS%2BGIH%2BPJL%2BBEB%2BSTU%2BITU&genome_build=grch38&r2_d=d&tab=ldpop
https://ldlink.nih.gov/?var1=rs1128503&var2=rs1045642&pop=YRI%2BLWK%2BGWD%2BMSL%2BESN%2BASW%2BACB%2BMXL%2BPUR%2BCLM%2BPEL%2BCHB%2BJPT%2BCHS%2BCDX%2BKHV%2BCEU%2BTSI%2BFIN%2BGBR%2BIBS%2BGIH%2BPJL%2BBEB%2BSTU%2BITU&genome_build=grch38&r2_d=d&tab=ldpop
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Figure 3.15: The global distribution and prevalence of allele frequencies for the COMT SNPs (rs6269 A>G, rs4633 C>T, rs4818 C>G, and 

rs4680 G>A). Frequencies were obtained from the public database, NCBI-1000Genomes project- (https://www.ncbi.nlm.nih.gov/snp/). 

Major (green) and minor (white) allele frequencies for A) rs6269 A>G, B) rs4633 C>T, C) rs4818 C>G, and D) rs4680 G>A are shown for 

the SA BCS cohort in comparison to the global populations. P values describe the comparison in frequency distribution between the SA 

BCS cohort, and the global and super populations.  
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Figure 3.16: Linkage disequilibrium (LD) plot showing the pairwise analysis of COMT SNPs, within the SA BCS cohort. Data of the 

superpopulations AFR, AMR, EAS, EUR and SAS  used to construct this map was obtained from www.ensembl.org (accessed on 1 

February 2024). Shown are the │D’│values, correlation coefficient (Corr), P value (P) and sample size (n) values, with │D’│ values > 0.7 

indicating moderate to strong LD. A tabulated summary shows the LD scores for each COMT SNP pair across the 1000 Genomes Projects 

http://www.ensembl.org/
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Populations: AFR, African;  AMR, Ad Mixed American; ACA, African Caribbeans in Barbados; ASW, Americans of African Ancestry 

USA; BEB, Bengali from Bangladesh; GBR, British in England and Scotland; CDX, Chinese Dai in Xishuangbanna, China; CLF,

 Colombians from Medellin, Colombia; EAS, East Asian; ESN, Esan in Nigeria; EUR, European ; FIN, Finnish in Finland; 

GWD, Gambian in Western Divisions, Gambia; GIH, Gujarati Indian from Houston, Texas; CHB, Han Chinese in Beijing, China; 

IBS, Iberian Population in Spain; ITU, Indian Telugu from the UK; JPI, Japanese in Tokyo, Japan; KHV, Kinh in Ho Chi Minh 

City, Vietnam; LWK, Luhya in Webuye, Kenya; MSI, Mende in Sierra Leone; MXL, Mexican Ancestry from Los Angeles; 

PEL, Peruvians from Lima, Peru; PUR, Puerto Ricans from Puerto Rico; PJL, Punjabi from Lahore, Pakistan; SAS, South 

Asian; CHS, Southern Han Chinese; STU, Sri Lankan Tamil from the UK;TSI, Toscani in Italia; CEU, Utah Residents 

with Northern and Western European Ancestry; YRI, Yoruba in Ibadan, Nigeria.  
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3.5 GENETIC ASSOCIATIONS WITH DEMOGRAPHIC AND CLINICAL 

VARIABLES 

Evaluation of the genotype effects on the quantitative and qualitative clinical variables described 

in Chapter 2, Section 2.4.1, are summarized in Table 3.5. No significant genotype frequency 

distribution differences were observed for the ABCB1, OPRM1 and COMT SNPs across most of 

the participant's variables. Apart from the few associations noted for ABCB1 rs1045642 G>A, 

rs1128503 G>A, OPRM1 rs540825 T>A, and COMT rs6269A>G, rs4633 C>T and rs4818 C>G 

(Table 3.5). 

 

No discernible differences in the genotype frequency distribution for the ABCB1, OPRM1, and 

COMT SNPs were found across most of the participants’ variables. Except for the few correlations 

noted for the ABCB1 rs1045642 G>A, rs1128503 G>A, OPRM1 rs540825 T>A, and COMT 

rs6269A>G, rs4633 C>T, and rs4818 C>G SNPs, Table 3.5. 
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Table 3.5: Genotype Distribution Patterns Of The ABCB1, OPRM1 And COMT SNPs For The Participants’ Clinical And Breast Cancer 

Treatment Variables. 

Clinical and Breast Cancer Treatment ABCB1 OPRM1 COMT 

 
rs1128503 

G>A 

rs1045642 

G>A 

rs1799971 

A>G 

rs540825 

T>A 

rs6269 

A>G 

rs4633 

C>T 

rs4818 

C>G 

rs4680 

G>A 

Age at surgery 0,020 0,503 0,422 0,841 0,921 0,606 0,324 0,212 

Time since surgery 0,209 0,023 0,896 0,167 0,460 0,014 0,404 0,413 

Total number of nodes examined 0,886 0,191 0,722 0,707 0,409 0,864 0,760 0,768 

Total number of nodes involved 0,670 0,687 0,696 0,258 0,008 0,958 0,450 0,610 

Side of primary (Left vs Right) 0,916 0,976 0,859 0,803 0,818 0,786 0,243 0,917 

Invasive ductal carcinoma 0,984 0,579 0,899 0,573 0,539 0,575 0,121 0,505 

Lymphovascular invasion 0,137 0,775 0,411 0,605 0,385 0,954 0,463 0,446 

Tumour grade (I, II, III and IV) 0,802 0,733 0,960 0,300 0,129 0,508 0,299 0,850 

Type of surgery (MTX vs WLE) 0,207 0,190 0,413 0,399 0,673 0,917 0,736 0,822 

Neo CT (Yes vs No) 0,647 0,587 0,511 0,292 0,009 0,788 0,925 0,736 

Adjuvant CT (Yes vs No) 0,520 0,400 0,791 0,440 0,207 0,750 0,534 0,977 

Adjuvant HT (Yes vs No) 0,832 0,673 0,844 0,831 0,689 0,823 0,152 0,823 

Adjuvant RT (Yes vs No) 0,093 0,098 0,628 0,712 0,002 0,627 0,400 0,534 

Lymph node surgery (ALND vs SLNB vs None) 0,706 0,241 0,920 0,015 0,135 0,296 0,002 0,202 

Notes: Bold p-values indicate significant differences (p<0.05) between the genotype groups. Abbreviations: MTX, Mastectomy; WLE, Wide local 

excision; ALND, Axillary lymph node dissection; SLNB, Sentinel lymph node biopsy. Tests used for comparative analysis includes Kruskal Wallis 

H test, Fisher’s exact test (*when a sample was <10); Chi-squared test. 
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3.5.1 ABCB1 SNP Genotypes and Participants’ Variables    

Evaluation of the genotype effects of ABCB1 SNPs on the quantitative and qualitative clinical 

variables noted a few significant associations (Figure 3.17). The ABCB1 rs1128503 G>A 

polymorphism was associated with “age at surgery”, where the median (IQR) age was 52 

(22,74) yrs. for A/G carriers, compared to 56 (33,71) and 55 (36,71) yrs. for G/G and A/A 

carriers respectively, rendering a possible sample bias (Figure 3.17A). The ABCB1 rs1045642 

G>A polymorphism was associated with “Time since surgery”, where the median (IQR) time 

that had passed was 2 (0.42,10) and 2 (0.42,9) yrs. for G/G and A/A carriers compared to 3 

(0.42,10) yrs. for A/G carriers (Figure 3.17B). No associations were further observed between 

the SNPs, rs1128503 G>A, and rs1045642 G>A, and the remaining clinical variables, and 

breast cancer treatment modalities received, p>0.05. 

 

 

Figure 3.17: The ABCB1 rs1045642 G>A and rs1128503 G>A genotype frequency 

distribution for the clinical characteristic’s times since surgery, and age at surgery.  
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3.5.2 OPRM1 SNP Genotypes and Participants’ Variables 

For the OPRM1 rs1799971 A>G polymorphism, no significant differences were observed 

between the A/A, A/G, and G/G genotypes, and participants’  variables were assessed in this 

study (Figure 3.18). Evaluation of the genotype distribution of the OPRM1 rs540825 T>A 

SNP showed no differences in the quantitative variables between the T/T, T/A and A/A 

genotypes. On the other hand, of the categorical variables, lymph node surgery was noted to 

be significantly different between the genotypes for rs540825 T>A, p=0.015 (Figure 3.18). 

The OPRM1 rs540825 A/A (3.6% and 3.2%) genotype was less frequently observed in 

participants who received lymph node (ALND and SLNB) surgery, compared to the T/T 

(59.2% and 51.6%) and A/T (36.9% and 45.2%) genotypes, respectively.  

 

 

Figure 3.18: The OPRM1 rs540825 T>A genotype frequency distribution patterns for 

participants receiving the different lymph node surgeries. 
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3.5.3 COMT SNP Genotypes and Participants’ Variables     

Significant differences in the genotype distributions of the COMT rs6269 A>G, rs4633 C>T 

and rs4818 C>G polymorphisms were noted when the clinical variables were evaluated. (Table 

3.5). Differences in the genotype distributions for COMT rs6269 A>G were noted between 

participants and the total number of nodes involved (p=0.008), however, the medians and IQRs 

were comparable between the genotypes (Figure 3.19A). It was interesting to note that for 

rs6269 A>G, fewer A/A (10.3% and 13%) genotype carriers received Neo CT (p=0.009), and 

RT (p=0.002) treatments, compared to G/G (44.8% and 39.6%) and A/G (44.8% and 47.4%) 

genotype carriers (Figure 3.19B and C). Evaluation of the rs4633 C>T also showed significant 

differences in the distribution of the genotypes  (p=0.014) such that C/C [3 (2,4)] genotype 

carriers had a greater median (IQR) of time (yrs.) since surgery, in comparison to C/T [2 (2,4)] 

and T/T [2 (2,4)] genotype carriers (Figure 3.19D). Evaluation of participants with lymph node 

surgery with rs4818 showed that the C/C (48.6% and 74.2%) and C/G (46.9% and 22.6%) 

genotype carriers (Figure 3.19E) received more ALND and SLNB treatment (p=0.002) in 

comparison to the G/G (4.5% and 3.2%) genotype carriers (Figure 3.19E). No associations 

were noted between rs4680 G>A, and clinical variables assessed. 
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Figure 3.19: The genotype frequency distribution patterns of COMT rs6269 A>G, rs4633 C>T and rs4818 C>G between participants for 

clinical variables: the total number of nodes involved, Neo-chemotherapy and Radiation Therapy adjuvant received, time since surgery, 

and lymph node surgery received.  
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3.6 GENOTYPE AND ALLELE FREQUENCY DISTRIBUTIONS 

3.6.1 ABCB1 rs1128503 G>A and rs1045642 G>A  

Table 3.6 summarises the adjusted (age at surgery) genotype and allele frequency distribution 

patterns between the no-low and moderate-high pain, disability, and combined (pain and 

disability) groups. The analyses noted no significant frequency differences for rs1128503 G>A 

between groups (no-low and moderate-high) in the pain, disability and combined categories, 

p>0.05 (Table 3.6).  

 

For the ABCB1 rs1045642 G>A SNP [(adjusted age at surgery), Table 3.6] analyses no 

significant differences between the groups (no-low vs moderate-high) of pain were observed.  

 

In the disability category the A/A (p=0.028, OR:0.21, 95% CI:0.05-0.93, AIC: 228.5) genotype 

was significantly overrepresented in the no-low (14.9%) group, compared to the moderate-high 

(4.3%) group. In the dominant (p=0.022, OR: 0.46, 95% CI: 0.24-0.90, AIC:228.4) and the 

recessive (p=0.045, OR: 0.28, 95% CI: 0.06-1.21, AIC:  229.6) models, the A/A genotypes 

displayed significant differences in the frequency distribution patterns between groups. Based 

on AIC scores for rs1045642 G>A, the dominant model exhibited the most significant genetic 

model in the adjusted disability category (Table 3.6). In line with this finding, the A (p=0.015, 

OR:0.52, 95% CI:0.29-0.89) allele noted similar frequency distributions in the no-low (37.9%) 

and moderate-high (23.9%) groups. The ABCB1 rs1045642 A/A genotype, and A allele, were 

therefore associated with a reduced likelihood of reporting moderate-high disability in SA 

BCS.  
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In the combined (pain and disability) category, significant differences in frequency distribution 

for the rs1045642 A/A (p=0.011, OR:0.25, 95% CI:0.07-0.89, AIC: 243.5) genotype were 

noted. The A/A genotype was overrepresented in the no-low (15.0%) group compared to the 

moderate-high (5.7%) group (Table 3.6). In the dominant model, the rs1045642 A/A-A/G vs 

G/G (p=0.004, OR: 0.40, 95% CI: 0.21-0.75, AIC: 242.3) genotype was significantly 

overrepresented in the no-low group compared to the moderate-high group. Based on the AIC 

score, this model was the most significant model for rs1045642 in the combined (pain and 

disability) category (Table 3.6). The A (p=0.003, OR: 0.48, 95% CI: 0.28-0.80) allele was also 

overrepresented in the no-low (38.5%) group compared to the moderate-high (23.6%) group, 

and therefore associated with a reduced likelihood of reporting moderate-high combined pain 

and disability (Table 3.6).  

 

The ABCB1 SNPs rs1128503 G>A and rs1045642 G>A both adhered to Hardy Hardy-

Weinberg equilibrium in the no-low and moderate-high groups of pain, disability, and 

combination (pain and disability) categories, p>0.05 (Table 3.6).  
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Table 3.6: Adjusted genotype and minor allele frequency distributions of the ABCB1 (rs1128503 G>A, rs1045642 G>A) polymorphisms 

between pain, disability, and combined (pain and disability) categories. 

 Pain  Disability   Pain and Disability   

Polymorphism No-Low Mod -High  No-Low Mod-High   No-Low 
Mod-

High 
  

SA BCS  (n=184) (n=68)  (n= 204) (n=48)  AIC (n=197) (n=55)  AIC 

rs1128503 G>A (n=174) (n=66)  (n=194) (n=46)   (n=187) (n=53)   
G/G 35,1 (61) 34,8 (23)  35,6 (69) 32,6 (15)   35,3 (66) 34,0 (18)   

A/G 47,1 (82) 51,5 (34)  46,9 (91) 54,3 (25)   46,5 (87) 54,7 (29)   

A/A 17,8 (31) 13,6 (9)  17,5 (34) 13,0 (6)   18,2 (34) 11,3 (6)   

A  allele 41.4 (144) 39.4 (52)  41.0(159) 40.2 (37)   41.4 (155) 38.7 (41)   

P value1 0.783  0.812   0.552   

A Allele P value2 0.755  0.907   0.655   

HWE 0.758 0.765  0.660 0.545   0.551 0.390   

rs1045642 G>A (n=174) (n=66)  (n=194) (n=46)   (n=187) (n=53)   
G/G 40,2 (70) 48,5 (32)  39,2 (76) 56,5 (26) 0,022a 228,4 38,0 (71) 58,5 (31) 0,004a 242,3 

A/G 46,6 (81) 39,4 (26)  45,9 (89) 39,1 (18) 0,275b 232,5 47,1 (88) 35,8 (19) 0,076b 247,3 

A/A 13,2 (23) 12,1 (8)  14,9 (29) 4,2 (2) 0,045c 229,6 15,0 (28) 5,7 (3) 0,076c 247,3 

A allele 36.5 (127) 31.8 (42)  37.9 (147) 23.9 (22)   38.5 (144) 23.6 (25)   

P value1 0.367  0.028  228,5 0.011  243,5 

A Allele P value2 0.392  0.015   0.003   

HWE 1.000 0.405  0.762 0.709   0.879 1.000   

Notes: Genotype and allele frequencies are expressed as a percentage (%) with the number of participants (n) in parentheses. Global P values1 for 

genotype between groups and P values2 for allele between groups; P-values in bold indicate significance (P<0.05). P values for logistic regression 

analysis are listed for the dominant a, over-dominant b, and recessive c models. P-values for the exact test of Hardy–Weinberg equilibrium for each 

of the categories are included in the Table; Abbreviations: AIC: Akaike information criterion score; Mod-High: Moderate-High; HWE: Hardy–

Weinberg equilibrium. 
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3.6.2 OPRM1 rs1799971 A>G, and rs540825 T>A  

Evaluation of the adjusted (age at surgery) genotype and allele frequency distribution for 

OPRM1 rs1799971 A>G and rs540825 T>A, noted no significant differences in distribution 

patterns between the no-low and moderate-high groups for pain, disability and combined (pain 

and disability), p>0.05 (Table 3.7). Hardy-Weinberg equilibrium analyses for OPRM1 

rs1799971 A>G and rs540825 T>A showed both SNPs were in HWE, in the pain, disability, 

and combined (pain and disability) categories (Table 3.7).  
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Table 3.7: Adjusted genotype and minor allele frequency distributions, of OPRM1 rs1799971 A>G, rs540825 T>A polymorphisms between 

pain, disability, and combined (pain and disability) categories. 

 Pain  Disability  Pain and Disability 

Polymorphisms No-Low Mod -High  No-Low Mod-High  No-Low Mod-High 

SA BCS (n=184) (n=68)  (n= 204) (n=48)  (n=197) (n=55) 

rs1799971 A>G (n=174) (n=66)  (n=194) (n=46)  (n=187) (n=53) 

A/A 64,4 (112) 75,8 (50)  68,0 (132) 65,2 (30)  66,8 (125) 69,8 (37) 

A/G 30,5 (53) 22,7 (15)  27,3 (53) 32,6 (15)  28,3 (53) 28,3 (15) 

G/G 5,2 (9) 1,5 (1)  4,6 (9) 2,2 (1)  4,8 (9) 1,9 (1) 

G allele 20.4 (71) 12.9 (17)  18,3 (71) 18.5(17)  19.0 (71) 16.0 (17) 

P value1 0.199  0.497  0.587 

G Allele P value2 0.064  1.000  0.570 

HWE 0.496 1.000  0.244 0.663  0.346 1.000 

rs540825 T>A (n=165) (n=63)  (n=184) (n=44)  (n=177) (n=51) 

T/T 60,0 (99) 60,3 (38)  61,4 (113) 54,5 (24)  61,0 (108) 56,9 (29) 

A/T 35,8 (59) 34,9 (22)  35,3 (65) 36,4 (16)  35,6 (63) 35,3 (18) 

A/A 4,2 (7) 4,8 (3)  3,3 (6) 9,1 (4)  3,4 (6) 7,8 (4) 

A allele 22,1 (73) 22.2 (28)  20.9 (77) 27.3 (24)  21,2 (75) 25,5 (26) 

P value1 0.990  0.275  0.435 

A Allele P value2 1.000  0.201  0.347 

HWE 0.660 1.000  0.385 0.464  0.381 0.481 

Notes: Genotype and allele frequencies are expressed as a percentage (%) with the number of participants (n) in parentheses. Global P values1 for 

genotype between groups and P values2 for allele between groups; P-values in bold indicate significance (P<0.05). P values for logistic regression 

analysis are listed for the dominant a, over-dominant b, and recessive c models (not shown). P-values for the exact test of Hardy–Weinberg 

equilibrium for each of the categories are included in the Table; Abbreviations: AIC: Akaike information criterion score; Mod-High: Moderate-

High; HWE: Hardy–Weinberg equilibrium.  
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3.6.3 COMT rs6269 A>G, rs4633 C>T, rs4818 C>G and rs4680 G>A  

The adjusted (age at surgery) analyses of genotype and allele frequency distribution for the 

COMT SNPs, rs6269 A>G, rs4633 C>T and rs4818 C>G SNPs, noted no significant 

associations for each of the categories (Table 3.8). 

 

For the COMT SNP, rs4680 G>A, the A/A (p=0.024, OR: 3.23, 95% CI: 1.33-7.81: 268.7) 

genotype was significantly underrepresented in the no-low (12.7%) group compared to the 

moderate-high (21.5%) pain group (Table 3.8). In the dominant model, the rs4680 A/A 

(p=0.015, OR: 2.19, 95% CI: 1.14-4.21, AIC: 268.3) genotype was significantly 

underrepresented in the no-low group, compared to the moderate-high group. In the recessive 

model, the A/A (p=0.050, OR: 2.17, 95% CI: 1.01-4.67, AIC: 270.4) genotype displayed the 

same distribution pattern, however, only a trend of association was noted. Based on the AIC 

scores, the dominant model exhibited the most significant model for COMT rs4680 G>A. In 

alignment with this finding, the COMT rs4680 A (p=0.035, OR: 1.58, 95% CI: 1.03-2.43) allele 

was significantly underrepresented in the no-low (35.8%) group, compared to the moderate-

high (46.9%) group. The COMT rs4680 A/A genotype and A allele were therefore associated 

with an increased likelihood of reporting moderate-high pain (Table 3.8).  

 

No significant associations were noted between COMT rs4680 G>A, and the disability 

category (Table 3.8), p>0.05.  
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In the combined (pain and disability) category, the COMT rs4680 A/A (p=0.015, OR: 3.81, 

95% CI: 1.47-9.85, AIC: 240.3) genotype was significantly underrepresented in the no-low 

(12.9%) group compared to the moderate-high (23.1%) group (Table 3.8). The dominant 

(p=0.009, OR: 2.51, 95% CI: 1.22-5.17, AIC: 240.0) and recessive (p=0.041, OR: 2.36, 95% 

CI: 1.06-5.24, AIC: 241.6) models displayed a significant association for the rs4680 A/A 

genotype. The A/A-A/G (dominant) and A/A (recessive) genotypes were significantly 

underrepresented in the no-low group compared to the moderate-high group. Based on the AIC 

score, the dominant model exhibited the most significant model for the COMT rs4680 G>A 

SNP. Similarly, the COMT rs4680 (A) (p=0.017, OR: 1.71, 95% CI: 1.07-2.71) allele was 

significantly underrepresented in the no-low (36.0%) compared to the moderate-high (49.0%) 

group. The COMT rs4680 A/A genotype and A allele were once more associated with an 

increased likelihood of reporting moderate-high combined pain and disability (Table 3.8). 
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Table 3.8: Adjusted genotype and minor allele frequency distributions, of the COMT (rs6269 A>G; rs4633 C>T; rs4818 C>G; rs4680 G>A) 

polymorphisms between pain, disability and combined (pain and disability) categories. 

  Pain      Disability    Pain and Disability      

Polymorphism No-Low 
Mod -

High 
   No-Low Mod-High  No-Low 

Mod-

High 
  

  (n=184) (n=68)   AIC (n= 204) (n=48)   (n=197) (n=55)   AIC 

rs6269 A>G (n=175) (n=65)   (n=195) (n=45)  (n=188) (n=52)   

G/G 38,9 (68) 35,4 (23)   38,5 (75) 35,6 (16)  37,8 (71) 38,5 (20)   

A/G 45,1 (79) 46,2 (30)   45,1 (88) 46,7 (21)  46,3 (87) 42,3 (22)   

A/A 16 (28) 18,5 (12)   16,4 (32) 17,8 (8)  16 (30) 19,2 (10)   

G allele 61,4 (215) 58,5 (76)   61,0 (238) 58,9 (53)  60,9 (229) 59,6 (62)   

P value1 0,848   0,937  0,787   

G Allele P value2 0,600   0,721  0,821   

HWE 0,532 0,617     0,457 1,000   0,651 0,406     

rs4633 C>T (n=175) (n=65)   (n=195) (n=45)  (n=188) (n=52)   

T/T 34,3 (60) 29,2 (19)   34,9 (68) 24,4 (11)  35,1 (66) 25 (13)   

C/T 46,9 (82) 47,7 (31)   44,6 (87) 57,8 (26)  45,7 (86) 51,9 (27)   

C/C 18,9 (33) 23,1 (15)   20,5 (40) 17,8 (8)  19,1 (36) 23,1 (12)   

T allele 57,7 (202) 53,1 (69)   57,2 (223) 53,3 (48)  58,0 (218) 51,0 (53)   

P value1 0,557   0,178  0,261   

T Allele P value2 0,407   0,556  0,220   

HWE 0,546 0,628     0,154 0,389   0,307 1,000     

rs4818 C>G (n=171) (n=65)   (n=192) (n=44)  (n=185) (n=51)   

C/C 52 (89) 52,3 (34)   51,6 (99) 54,5 (24)  50,8 (94) 56,9 (29)   

C/G 43,3 (74) 43,1 (28)   43,8 (84) 40,9 (18)  44,3 (82) 39,2 (20)   

G/G 4,7 (8) 4,6 (3)   4,7 (9) 4,5 (2)  4,9 (9) 3,9 (2)   

G allele 26,3 (90) 26,2 (34)   26,6 (102) 25,0 (22)  27,0 (100) 23,5 (24)   

P value1 0,480   0,880  0,618   

G Allele P value2 1.000   0,893  0,527   

HWE 0,247 0,526     0,201 0,702   0,199 0,707     

rs4680 G>A (n=173) (n=65)   (n=193) (n=45)  (n=186) (n=52)   

G/G 41 (71) 27,7 (18) 0,015a 268.3 39,9 (77) 26,7 (12)  40,9 (76) 25 (13) 0,009a 240.0 

A/G 46,2 (80) 50,8 (33) 0,382b 273.4 45,6 (88) 55,6 (25)  46,2 (86) 51,9 (27) 0,342b 245.9 
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A/A 12,7 (22) 21,5 (14) 0,050c 270.4 14,5 (28) 17,8 (8)  12,9 (24) 23,1 (12) 0,041c 242.6 

A allele 35,8 (124) 46,9 (61)   37,3 (144) 45,6 (41)  36,0 (134) 49,0 (51)   

P value1 0,024  268.7 0,113  0,015  240.3 

A Allele P value2 0,035   0,152  0,017   

HWE 0,874 1,000     0,550 0,564   0,877 1,000     

Notes: Genotype and allele frequencies are expressed as a percentage (%) with the number of participants (n) in parentheses. Global P values1 for 

genotype between groups and P values2 for allele between groups; P-values in bold indicate significance (P<0.05). P values for logistic regression 

analysis are listed for the dominant a, over-dominant b, and recessive c models. P-values for the exact test of Hardy–Weinberg equilibrium for each 

of the categories are included in the Table; Abbreviations: AIC: Akaike information criterion score; Mod-High: Moderate-High; HWE: Hardy–

Weinberg equilibrium.  
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3.7 INFERRED HAPLOTYPE ANALYSES 

Haplotypes were statistically inferred and constructed for each of the genes using the 

individual genotype data for the ABCB1 (Supplemental Table 11), OPRM1 (Supplemental 

Table 13)  and COMT (Supplemental Table 15, Supplemental Table 16, Supplemental 

Table 17) SNPs. All data presented here is adjusted for the confounder “age at surgery”, 

with unadjusted data presented in the supplementary Section 7.4.1.  

 

3.7.1 Inferred ABCB1 (rs1128503 G>A - rs1045642 G>A) Haplotypes 

The inferred ABCB1 rs1128503 G>A- rs1045642 G>A haplotype analyses yielded the 

combinations G-G, A-A, A-G and G-A (Figure 3.20). No significant associations were 

evident for the inferred rs1128503-rs1045642 haplotype in the pain category p=0.798 

(Figure 3.20A). In the disability (p=0.027) category, the inferred G-A  haplotype was 

overrepresented in the no-low (6.9%) group and absent in the moderate-high (0.0%) group 

(Figure 3.20B). The inferred G-A(p=0.029, OR: 0.00, 95% CI: 0.00-0.00, haploscore= -

2.38) haplotype was associated with a reduced likelihood of reporting moderate-high 

disability. In the combined (pain and disability);(p=0.019) category, the inferred A-A 

haplotype was overrepresented in the no-low (30.9%) group compared to the moderate-high 

(22.5%) group (Figure 3.20C). The inferred A-A (p=0.029, OR:0.63, 95% CI: 0.37-1.06, 

haploscore = -1.86) haplotype was also associated with a reduced likelihood of reporting 

moderate-high combined (pain and disability).  
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Figure 3.20: The inferred frequency distributions for the ABCB1 (rs1128503 G>A-

rs1045642 G>A) haplotypes. Shown are the no-low (green) and moderate-high (lime) 

groups for A) pain, B), disability and C) combined (pain and disability) in South 

African BCS. Depicted are statistically significant differences in the inferred haplotype 

frequencies between the two groups with the number of participants in parenthesis (n) 

and (-) presenting no frequency detected for a haplotype. All haplotype p-values shown 

are adjusted for age at surgery. 
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3.7.2 Inferred OPRM1 (rs1799971 A>G-rs540825 T>A) Haplotypes 

The inferred OPRM1 rs1799971 A>G-OPRM1 rs540825 T>A haplotype analyses generated 

the A-T, A-A, G-T and G-A combinations (Figure 3.21). In the pain (p=0.040) category, the 

inferred G-T  haplotype was overrepresented in the no-low (16.4%) group compared to the 

moderate-high (6.9%) group. The inferred G-T (p=0.019, OR:0.33, 95% CI: 0.14-0.75, 

haploscore = -2.30) haplotype was therefore associated with a reduced likelihood of 

reporting moderate-high pain (Figure 3.21A). No significant associations were further noted 

for this haplotype in the disability or combined (pain and disability ) categories, p>0.05 

(Figure 3.21B and C).  
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Figure 3.21: The inferred frequency distributions for the OPRM1 (rs1799971 A>G- 

rs540825 T>A) haplotypes. Shown are the no-low (green) and moderate-high (lime) 

groups for A) pain, B), disability and C) combined (pain and disability) in South 

African BCS. Depicted are statistically significant differences in the inferred haplotype 

frequencies between the two groups with the number of participants in parenthesis (n) 

and (-) presenting frequency detected for a haplotype. All haplotype p-values shown 

are adjusted for age at surgery. 
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3.7.3 Inferred COMT (rs6269 A>G, rs4633 C>T, rs4818 C>G-rs4680 G>A) 

Haplotypes  

Five inferred haplotypes were generated using COMT rs6269 A>G, rs4633 C>T, rs4818 

C>G and rs4680 G>A SNPs that allowed assessment of the genomic region spanning the 

central haploblock for COMT (Table 2.1). The first inferred haplotype H1 (COMT rs6269 

A>G - rs4633 C>T- rs4818 C>G - rs4680 G>A), yielded twelve haplotype combinations 

with seven reporting frequencies of < 3% in the no-low groups (Supplemental Table 15). 

No significant frequency distribution differences were, however, noted for the inferred H1 

haplotypes, between the no-low and moderate-high groups for pain, disability and combined 

(pain and disability) categories, p>0.05 (Figure 3.22).  
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Figure 3.22: The frequency distribution patterns for the inferred COMT (rs6269 A>G-

rs4633 C>G -rs4818 C>G -rs4680 G>A) haplotype. This illustration represents the 

frequencies in the no-low (green) and moderate-high (lime) groups for (A) pain, (B), 

disability and (C) combined (pain and disability) in South African BCS. Depicted are 

statistically significant differences for the inferred haplotype frequencies between the 

two groups with the number of participants in parenthesis (n) and all haplotype p-

values shown as adjusted for age at surgery. 
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Evaluation of the inferred COMT (rs4633 C>T-rs4818 C>G-rs4680 G>A) haplotypes, H2,  

detected seven haplotype combinations, with only four (C-C-A, T-C-G, T-G-G and C-C-G) 

yielding frequencies of >3% (Figure 3.23). The pain (p=0.018) category noted the inferred 

T-C-G haplotype was significantly overrepresented in the no-low (31.5%) group compared 

to the moderate-high (3.7%) group. The COMT (rs4633-rs4818-rs4680) T-C-G (p=0.046, 

OR:0.65, 95% CI:0.38-1.09, haploscore = -1.72) haplotype was associated with reduced 

likelihood of reporting moderate-high pain (Figure 3.23A). No significant associations were 

noted for this haplotype in the disability category p> 0.05. Furthermore, for the combined 

(pain and disability) category, an association, p=0.023 was noted, however, no specific 

haplotype was significantly different between the no-low and moderate-high groups (Figure 

3.23C). 
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Figure 3.23: The frequency distribution patterns for the inferred COMT (rs4633 C>T 

– rs4818 C>G - rs4680 G>A) haplotype. This illustration represents the frequencies in 

the no-low (green) and moderate-high (lime) groups for (A) pain, (B), disability and (C) 

combined (pain and disability) in South African BCS. Depicted are statistically 

significant differences for the inferred haplotype frequencies between the two groups 

with the number of participants in parenthesis (n) and specific haplotype p-values 

shown as adjusted for age at surgery. 
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The inferred COMT (rs4818 C>G - rs4680 G>A) haplotype, H3 yielded four combinations, 

C-A, C-G, G-G, and G-A, of which three haplotypes noted frequencies >3% in the no-low 

group (Figure 3.24). In the pain (p=0.013) category, the inferred C-A haplotype was 

overrepresented in the no-low (36.9%) group, compared to the moderate-high (7.7%) group. 

The inferred C-G  haplotype was overrepresented in the no-low (36.8%) group, compared 

to the moderate-high (6.5%) group. The inferred COMT (rs4818- rs4680) C-A(p=0.007, 

OR: 1.00, haploscore = 2.16) and C-G (p=0.009, OR: 0.56, 95% CI: 0.34-0.90, haploscore 

= -2.17) haplotypes were associated with equal and reduced likelihoods of reporting 

moderate-high pain, respectively (Figure 3.24A).  

 

No significant associations were noted for the inferred H3 haplotype in the disability 

category p>0.05 (Figure 3.24B).  

 

Evaluation of the combined (pain and disability) category (p=0.014), noted the inferred C-

A haplotype was overrepresented in the no-low (36.9%) group, and absent in the moderate-

high (0.0%) group. The inferred C-G haplotype, was significantly overrepresented in the 

no-low (36.2%) group, compared to the moderate-high (6.4%) group. The inferred COMT 

(rs4818-rs4680) C-A (p=0.004, OR: 1.00, haploscore  = 2.44) and C-G (p=0.032, OR: 0.54, 

95% CI: 0.32-0.91, haploscore = -1.92) haplotypes were therefore associated with equal 

and reduced likelihoods of reporting moderate-high combined pain and disability, 

respectively (Figure 3.24C).  
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Figure 3.24: The frequency distribution patterns for the inferred COMT (rs4818 C>G 

– rs4680 G>A) haplotypes. This illustration represents the frequencies in the no-low 

(green) and moderate-high (lime) groups for (A/D) pain, (B/E), disability and (C/F) 

combined (pain and disability) in South African BCS. Depicted are statistically 

significant differences for the inferred align haplotype frequencies between the two 

groups with the number of participants in parenthesis (n) and specific haplotype p-

values shown as adjusted for age at surgery. 
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The inferred COMT rs4633 C>T - rs4680 G>A haplotype H4, yielded four combinations, 

T-G, C-A, C-G, and T-A, of which three noted frequencies >3% in the no-low groups 

(Figure 3.25). Evaluation of the pain (p=0.014) category noted inferred T-G haplotype was 

overrepresented in the no-low (55.3%) group, compared to the moderate-high (44.8%) 

group. The COMT rs4633-rs4680 T-G (p=0.033, OR:1.00, haploscore = -1.91) haplotype 

was therefore associated with an equal likelihood of reporting moderate-high pain (Figure 

3.25D). 

 

The inferred H4 haplotype showed no significant differences in frequency distribution 

patterns between the no-low and moderate-high groups for disability, (p=0.133) (Figure 

3.25). In the combined (pain and disability) category, the inferred T-G haplotype was 

overrepresented in the no-low (55.5%) group, compared to the moderate-high (41.7%) 

group. The inferred COMT (rs4633- rs4680) T-G (p=0.012, OR: 1, haploscore = -2.33) 

haplotype was once more associated with an equal likelihood of reporting moderate-high 

combined pain and disability, p=0.007 (Figure 3.25F). 
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Figure 3.25: The frequency distribution patterns for the inferred COMT (rs4633 C>T 

– rs4680 G>A) haplotypes. This illustration represents the frequencies in the no-low 

(green) and moderate-high (lime) groups for (A/D) pain, (B/E), disability and (C/F) 

combined (pain and disability) in South African BCS. Depicted are statistically 

significant differences for the inferred align haplotype frequencies between the two 

groups with the number of participants in parenthesis (n) and specific haplotype p-

values shown as adjusted for age at surgery. 
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Evaluation of the inferred COMT (rs6269 A>G-rs4680 G>A) haplotypes, H5, yielded four 

haplotype combinations A-G, G-A, G-G, and A-A, all noting frequencies of >3% (Figure 

3.26). Evaluation of the pain category showed the inferred G-G haplotype was significantly 

overrepresented in the no-low (27.7%) group, compared to the moderate-high (22.1%) group. 

While the inferred A-A haplotype was significantly underrepresented in the no-low (3.1%) 

group, compared to the moderate-high (10.7%) group. The inferred G-G (p=0.026, OR: 0.67, 

95% CI: 0.38-1.18, haploscore = -1.64) haplotype was associated with a reduced likelihood 

of reporting moderate-high pain. Whereas the inferred  A-A (p=0.007, OR: 2.09, 95% CI: 

0.89-4.88, haploscore = 2.60) haplotype was associated with an increased likelihood of 

reporting moderate-high pain, p=0.010, (Figure 3.26A).  

 

No significant differences in distribution patterns were noted when the disability groups were 

compared, p=0.068 (Figure 3.26B).  

 

In the combined (pain and disability) category, the inferred A-A haplotype was 

underrepresented in the no-low (3.2%) group, compared to the moderate-high (12.4%) group 

(Figure 3.26C). The inferred COMT (rs6269-rs4680) A-A (p=0.003, OR:2.18, 95% CI: 0.92-

5.17, haploscore = 2.83) haplotype was once more associated with an increased likelihood of 

reporting combined pain and disability, p=0.005 (Figure 3.26C).   
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Figure 3.26: The frequency distribution patterns for the inferred COMT (rs6269 A>G-

rs4680 G>A) haplotypes. This illustration represents the frequencies in the no-low (green) 

and moderate-high (lime) groups for (A) pain, (B), disability and (C) combined (pain and 

disability) in South African BCS. Depicted are statistically significant differences for the 

inferred haplotype frequencies between the two groups with the number of participants 

in parenthesis (n) and specific haplotype p-values shown as adjusted for age at surgery. 
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3.8 INFERRED ALLELE-ALLELE COMBINATIONS 

The individual genotype data for ABCB1, OPRM1 and COMT SNPs were used to construct 

specific allele-allele combinations, to serve as a proxy for gene-gene interactions. Analyses of 

the allele-allele combinations were performed and evaluated for pain, disability and combined 

(pain and disability) which included specifically the significantly associated and functional 

SNPs for ABCB1, OPRM1, and COMT. All data presented here is adjusted for the confounder 

“age at surgery”, with unadjusted data presented in the supplementary Section 7.4.1.  

 

3.8.1 ABCB1 and OPRM1 SNPs Interaction Analyses 

Evaluation of the ABCB1 and OPRM1 gene-gene interaction analyses noted several 

associations for pain, disability and combined (pain and disability) (Supplemental Table 18 

and Supplemental Table 19). The ABCB1 (rs1045642 G>A) - OPRM1 (rs1799971 A>G-

rs540825 T>A) allele-allele construct generated six (G-A-T, A-A-T, G-G-T, G-A-A, A-A-A 

and A-G-T) combinations with frequencies >3% (Figure 3.27). No significant differences in 

the frequency distribution patterns were noted for these allele-allele combinations when pain 

(p=0.106) and disability (p=0.053) scores were evaluated (Figure 3.27A and B). In the 

combined (pain and disability, p=0.027) category, the inferred A-A-T allele-allele combination 

was noted to be overrepresented in the no-low (24.4%) compared to the moderate-high (16.7%) 

group. The ABCB1 (rs1045642) - OPRM1 (rs1799971- rs540825) A-A-T (p=0.029, OR: 0.58, 

95% CI: 0.18-1.45, haploscore = -2.08) allele-allele combination was significantly associated 

with reduced likelihood of reporting moderate-high combined pain and disability (Figure 

3.27C).  
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Figure 3.27: The frequency distribution patterns for the inferred ABCB1 (rs1045642 

G>A)- OPRM1 (rs1799971 A>G-rs540825 T>A) allele-allele combinations. This 

illustration represents the frequencies in the no-low (orange) and moderate-high (peach) 

groups for the shoulder phenotypes (A) pain, (B), disability and (C) combined (pain and 

disability) in South African BCS. Depicted are statistically significant differences for 

frequencies of the allele-allele combinations between the two groups with the number of 

participants in parenthesis (n), and all specific haplotype p-values shown as adjusted for 

age at surgery. 
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Evaluation of ABCB1 (rs1045642 G>A) - OPRM1 (rs1799971 A>G) generated four 

combinations, G-A, G-G, A-G and A-A  (Figure 3.28A-C). No significant differences were 

noted for the pain (p=0.244) or disability (p=0.077), categories (Figure 3.28A and B). In the 

combined (pain and disability, p=0.028) category, however, the inferred G-A allele 

combination was significantly underrepresented in the no-low (49.3%) compared to the 

moderate-high (65.2%) group. The inferred A-A allele-allele combination was significantly 

overrepresented in the no-low (31.8%) compared to the moderate-high (17.6%) group. The 

inferred ABCB1 (rs1045642)-OPRM1 (rs1799971) G-A (p=0.005, OR:1.00, haploscore = 2.64) 

and A-A (p=0.008, OR: 0.44, 95% CI:0.24-0.80, haploscore = -2.59) allele-allele combinations 

were therefore associated with equal and reduced likelihood of reporting moderate-high 

combined pain and disability, respectively (Figure 3.28C). 
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Figure 3.28: The frequency distribution patterns for the inferred ABCB1 (rs1045642 

G>A)- OPRM1 (rs1799971 A>G) allele-allele combinations. This illustration represents 

the frequencies in the no-low (orange) and moderate-high (peach) groups for the shoulder 

phenotypes (A) pain, (B), disability and (C) combined (pain and disability) in South 

African BCS. Depicted are statistically significant differences for frequencies of the allele-

allele combinations between the two groups with the number of participants in 

parenthesis (n), and all specific haplotype p-values shown as adjusted for age at surgery. 
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Evaluation of the ABCB1 (rs1045642 G>A) - OPRM1 (rs540825 T>A) construct, identified 

four allele-allele combinations G-T, A-T, G-A, and A-A (Figure 3.29). No significant 

differences in allele frequencies were noted between the no-low and moderate-high groups for 

pain, p=0.684 (Figure 3.29A). Evaluation of the disability (p=0.026) category noted the 

inferred A-T allele-allele combination was significantly overrepresented in the no-low (28.8%) 

group compared to the moderate-high (19.3%) group. Further, the inferred G-A allele-allele 

combination was significantly underrepresented in the no-low (12.9%) compared to the 

moderate-high (21.4%) group, (Figure 3.29B). The ABCB1 (rs1045642)-OPRM1 (rs540825) 

A-T (p=0.019, OR: 0.62, 95% CI: 0.33-1.16, haploscore = -2.16) and the alternate G-A 

(p=0.021, OR: 1.57, 95% CI: 0.30-3.10, haploscore = 2.00) allele combinations were 

significantly associated with reduced and increased likelihood of reporting moderate-high 

disability (p=0.026).  

 

For the combined (pain and disability) (p=0.014) category, the analysis detected a significant 

association, globally, between the no-low and moderate-high groups (Figure 3.29C). The A-T 

allele-allele combination was once more significantly overrepresented in the no-low (28.9%) 

group, compared to the moderate-high (19.8%) group (Figure 3.29C). Additionally, the G-A  

allele-allele combination was also significantly underrepresented in the no-low (12.7%) group, 

compared to the moderate-high (20.7%) group. The ABCB1 (rs1045642)-OPRM1 (rs540825) 

A-T (p=0.014, OR:0.62, 95% CI:0.35-1.10, haploscore = -2.24)  and G-A (p=0.030, OR: 1.50, 

95% CI: 0.78-2.86, haploscore = 1.86) allele-allele combinations were associated with reduced 

and increased likelihood of reporting moderate-high combined pain and disability (Figure 

3.29C).  
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Figure 3.29: The frequency distribution patterns for the inferred ABCB1 (rs1045642 

G>A)- OPRM1 (rs540825 T>A) allele-allele combinations. This illustration represents the 

frequencies in the no-low (orange) and moderate-high (peach) groups for the shoulder 

phenotypes (A) pain, (B), disability and (C) combined (pain and disability) in South 

African BCS. Depicted are statistically significant differences for frequencies of the allele-

allele combinations between the two groups with the number of participants in 

parenthesis (n), and all specific haplotype p-values shown as adjusted for age at surgery. 
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3.8.2 OPRM1 and COMT SNPs Interaction Analyses 

The gene-gene interaction analyses between the OPRM1 and COMT SNPs revealed a few 

significant associations in the pain, disability and combined (pain and disability) categories 

(Supplemental Table 20 and Supplemental Table 21). The OPRM1-COMT construct, 

including the SNPs rs1799971 A>G-rs540825 T>A, and rs4680 G>A, yielded six 

combinations (A-T-G, A-T-A, A-A-G, G-T-G, G-T-A, and A-A-A) with frequencies >3% 

(Figure 3.30).  

 

Evaluation of the pain (p=0.014) category detected a significant association between the no-

low and moderate-high groups, globally. The inferred A-T-A  allele-allele combination was 

significantly underrepresented in the no-low (21.5%) group, compared to the moderate-high 

(30.7%) group. The inferred G-T-G  allele-allele combination, was also significantly 

overrepresented in the no-low (9.6%) group, while being absent in the moderate-high (0.0%) 

group. The inferred OPRM1 (rs1799971-rs540825)-COMT (rs4680) A-T-A (p=0.008, OR: 

1.36, 95% CI: 0.77-2.41, haploscore = 2.44) and G-T-G (p=0.004, OR: 0.00, 95% CI: 0.00-

0.00, haploscore = -3.02) allele-allele combinations were therefore associated with increased 

and reduced likelihoods of reporting moderate-high pain, respectively (Figure 3.30A).  

 

No significant associations were further noted for the OPRM1 (rs1799971 A>G-rs540825 

T>A)-COMT (rs4680 G>A) allele-allele combinations, in the disability (p=0.231) and the 

combined (pain and disability, p=0.063) categories (Figure 3.30B and C).   
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Figure 3.30: The frequency distribution patterns for the inferred OPRM1 (rs1799971 

A>G-rs540825 T>A)- COMT (rs4680 G>A) allele-allele combinations. This illustration 

represents the frequencies in the no-low (orange) and moderate-high (peach) groups for 

the shoulder phenotypes (A) pain, (B), disability and (C) combined (pain and disability) 

in South African BCS. Depicted are statistically significant differences for frequencies of 

the allele-allele combinations between the two groups with the number of participants in 

parenthesis (n), haplotype frequencies of 0% as (-), and all specific haplotype p-values 

shown as adjusted for age at surgery. 
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Evaluation of the OPRM1 (rs1799971 A>G)-COMT (rs4680 G>A) construct, yielded four 

combinations, namely G-A, A-A, G-G and A-G (Figure 3.31). Evaluation of the pain 

(p=0.011) category noted the inferred A-A allele combination was significantly 

underrepresented in the no-low (27.9%) group, compared to the moderate-high (36.9%) group. 

The inferred G-G allele combination was significantly overrepresented in the no-low (11.4%) 

group, compared to the moderate-high (2.6%) group. The inferred  OPRM1 (rs1799971)-

COMT (rs4680) A-A(p=0.004, OR: 1.35, 95% CI: 0.85-2.15, haploscore = 2.40) and G-G 

(p=0.010, OR: 0.23, 95% CI: 0.05-1.03, haploscore = -2.60) allele-allele combinations were 

associated with increased and reduced likelihoods or reporting moderate-high pain (Figure 

3.31A).  

 

No significant associations were noted between this construct and disability (p=0.135) as noted 

in  Figure 3.31B.  

 

In the evaluation for the combined (pain and disability) (p=0.027) category, the inferred A-A 

was underrepresented in the no-low (28.7%) group compared to the moderate-high (36.0%) 

group (Figure 3.31). Further, the A-G allele-allele combination was significantly 

overrepresented in the no-low (52.4%) group compared to the moderate-high (46.7%) group. 

The inferred OPRM1 (rs1799971)-COMT (rs4680) A-A (p=0.010, OR: 1.42, 95% CI: 0.85-

2.35, haploscore = 2.00)  and A-G (p=0.046, OR: 1.00, haploscore = -1.55) allele-allele 

combinations were associated with increased and equal likelihoods of reporting moderate-high 

combined (pain and disability), respectively (Figure 3.31C). 
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Evaluation of the inferred OPRM1 (rs540825 T>A) - COMT (rs4680 G>A) allele-allele 

combinations yielded the combinations T-G, T-A, A-G and A-A. In the category of pain 

(p=0.052) and disability (p=0.079), the analysis detected no significant associations (Figure 

3.31D and E).  

 

For combined (pain and disability, p=0.016), the analysis detected the inferred T-G (p=0.008,) 

allele combination was significantly overrepresented in the no-low (49.5%) group, compared 

to the moderate-high (36.6%) group. (Figure 3.31F). The inferred A-A allele combination was 

significantly underrepresented in the no-low (8.0%) group, compared to the moderate-high 

(11.2%) group (Figure 3.31F). The OPRM1 (rs540825)–COMT (rs4680) T-G (p=0.008,  OR: 

1.00, haploscore = -2.38) and A-A (p=0.012, OR: 1.89, 95% CI: 0.81-4.38, haploscore = 1.48) 

allele-allele combinations were associated with equal and increased likelihood of reporting 

moderate-high combined (pain and disability), respectively.  
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Figure 3.31: The frequency distribution patterns for the inferred OPRM1 (rs1799971 A>G) – COMT (rs4680 G>A) and OPRM1 (rs540825 

T>A)- COMT (rs4680 G>A) allele-allele combinations. This illustration represents the frequencies in the no-low (orange) and moderate-

high (peach) groups for the shoulder phenotypes (A) pain, (B), disability and (C) combined (pain and disability) in South African BCS. 

Depicted are statistically significant differences for frequencies of the allele-allele combinations between the two groups with the number 

of participants in parenthesis (n), and all specific haplotype p-values shown as adjusted for age at surgery. 



183 

3.8.3 ABCB1 and COMT SNPs Interaction Analyses 

The gene-gene interaction analysis between the ABCB1 and COMT genes also revealed a few 

significant associations (Supplemental Table 22 and Supplemental Table 23). The ABCB1 

and COMT construct containing the rs1128503 G>A, rs1045642 G>A and rs4680 G>A SNPs, 

yielded the six allele-allele combinations,  G-G-G, G-G-A, A-A-G, A-A-A, A-G-G,  and G-A-

G, reporting frequencies of >3% (Figure 3.32). No significant differences in the frequency 

distribution patterns were noted between the no-low and moderate groups in the pain (adjusted 

p=0.102) and disability (adjusted p=0.087) categories (Figure 3.32A and B). 

 

In the combined (pain and disability) (p=0.008) category, a significant association was detected 

globally between the no-low and moderate-high groups (Figure 3.32C). The inferred A-A-G 

allele-allele combination was significantly overrepresented in the no-low (19.0%) group, 

compared to the moderate-high (10.5%) group. The ABCB1 (rs1128503-rs1045642)- COMT 

(rs4680) A-A-G (p=0.006, OR:0.68, 95% CI: 0.27-1.71, haploscore = -2.26) allele-allele 

combination was associated with reduced likelihood of reporting moderate-high combined 

(pain and disability); (Figure 3.32C).      
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Figure 3.32: The frequency distribution patterns for the inferred ABCB1 (rs1128503 

G>A-rs1045642 G>A) - COMT (rs4680 G>A) allele-allele combinations. This illustration 

represents the frequencies in the no-low (orange) and moderate-high (peach) groups for 

the shoulder phenotypes (A) pain, (B), disability and (C) combined (pain and disability) 

in South African BCS. Depicted are statistically significant differences for frequencies of 

the allele-allele combinations between the two groups with the number of participants in 

parenthesis (n), and all specific haplotype p-values shown as adjusted for age at surgery. 
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The next construct ABCB1 (rs1128503 G>A) – COMT (rs4680 G>A), generated four allele-

allele combinations, G-G, A-G, G-A and A-A (Figure 3.33). In the pain (p=0.030) category, 

the inferred G-A allele-allele combination was significantly underrepresented in the no-low 

(21.1%) group compared to the moderate-high (32.6%) group. The ABCB1 (rs1128503) – 

COMT (rs4680) G-A  (p=0.005, OR: 2.08, 95% CI: 1.12-3.84, haploscore = 2.33) allele-allele 

combination was associated with an increased likelihood of reporting moderate-high pain 

(p=0.030); (Figure 3.33A). 

 

No significant differences were noted in the frequency distribution patterns for ABCB1 

(rs1128503 G>A)- COMT (rs4680 G>A), between the no-low and moderate-high groups for 

disability category (p=0.311); (Figure 3.33B).  

 

In the combined (pain and disability, p=0.028) category, the inferred G-A allele combination 

was significantly underrepresented in the no-low (21.8%) group compared to the moderate-

high (32.6%) group (Figure 3.33C). The inferred G-A (p=0.008, OR: 1.94, 95% CI: 1.02-3.69, 

haploscore = 2.29) allele-allele combination was associated with an increased likelihood of 

reporting combined (pain and disability).  

 

Evaluation of the ABCB1 (rs1045642 G>A) – COMT (rs4680 G>A) construct generated four 

inferred allele-allele combinations, G-G, G-A, A-G and A-A (Figure 3.33). Evaluation of the 

pain (p=0.008) category noted the inferred G-A allele-allele combination was significantly 

underrepresented in the no-low (23.0%) group compared to the moderate-high (36.8%) group 

(Figure 3.33D). The inferred G-A (p=0.001, OR: 2.27, 95% CI: 1.25-4.10, haploscore = 2.85) 
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allele-allele combination was associated with an increased likelihood of reporting moderate-

high pain (Figure 3.33D). 

 

In the disability (p=0.019) category, the inferred G-A allele-allele combination was 

significantly underrepresented in the no-low (25.1%) group, compared to the moderate-high 

(33.2%) group. While the alternate A-G allele-allele combination was significantly 

overrepresented in the no-low (24.2%) group, compared to the moderate-high (10.2%) group. 

The inferred G-A (p=0.018, OR: 1.16, 95% CI: 0.62-2.15, haploscore = 2.09) and A-G 

(p=0.003, OR: 0.38, 95% CI: 0.15-0.98, haploscore = -2.72) allele-allele combinations were 

associated with increased and reduced likelihoods of reporting moderate-high disability 

(p=0.019), respectively (Figure 3.33E).  

 

Equally, evaluation of the combined (pain and disability) (p=0.001) category, also noted 

significant differences in the distribution patterns of the G-A and A-G allele-allele 

combinations (Figure 3.33F). The inferred G-A allele-allele combination was significantly 

underrepresented in the no-low (23.3%) group, compared to the moderate-high (38.2%) group. 

While the alternate A-G allele-allele combination was significantly overrepresented in the no-

low (24.2%) group compared to the moderate-high (11.8%) group (Figure 3.33F). The inferred 

G-A (p<0.001, OR: 1.75, 95% CI: 0.97-3.18, haploscore = 3.35) and A-G (p=0.002, OR: 0.53, 

95% CI: 0.24-1.20, haploscore = -2.85) allele-allele combinations were once more associated 

with an increased and reduced likelihood of reporting moderate-high combined (pain and 

disability), respectively (Figure 3.33F).  
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Figure 3.33: The frequency distribution patterns for the inferred ABCB1 (rs1045642 G>A)- COMT (rs4680 G>A) and ABCB1 rs1128503 

G>A)- COMT (rs4680 G>A) allele-allele combinations. This illustration represents the frequencies in the no-low (orange) and moderate-

high (peach) groups for the shoulder phenotypes (A) pain, (B), disability and (C) combined (pain and disability) in South African BCS. 

Depicted are statistically significant differences for frequencies of the allele-allele combinations between the two groups with the number 

of participants in parenthesis (n), and all specific haplotype p-values shown as adjusted for age at surgery. 
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3.8.4 ABCB1, OPRM1, and COMT SNPs Interaction Analyses 

A 3-way gene-gene interaction analysis for the candidate genes, ABCB1, OPRM1 and COMT 

were conducted, which included the three most widely studied SNPs reported for each gene 

(Supplemental Table 24). The construct ABCB1 (rs1045642 G>A) - OPRM1 (rs1799971 

A>G) - COMT (rs4680 G>A) yielded six (G-A-G, A-A-G, G-A-A, A-A-A, G-G-G, and G-G-

A) allele-allele combinations reporting frequencies of >3% (Figure 3.34).  

 

Evaluation of the pain (p=0.011) category noted significant frequency differences for the G-A-

A and G-G-G allele-allele combinations between the no-low and moderate-high groups. The 

inferred G-A-A allele-allele combination was significantly underrepresented in the no-low 

(16.8%) group compared to the moderate-high (28.8%) group. While the inferred G-G-G allele-

allele combination was significantly overrepresented in the no-low (7.6%) and absent in the 

moderate-high (0%) group (Figure 3.34A). Moreover, the inferred G-A-A (p<0.001, OR: 1.93, 

95% CI: 1.01-3.69, haploscore = 3.20) and G-G-G (p=0.019, OR: 0.00, 95% CI: 0.00-0.00, 

haploscore = -2.50) allele-allele combinations were associated with an increased and reduced 

likelihood of reporting moderate-high pain.        

 

The analysis of the disability (p=0.047) category also detected a significant association between 

the no-low and moderate-high groups (Figure 3.34B). Here, the inferred A-A-G allele-allele 

combination was significantly overrepresented in the no-low (20.9%) group, compared to the 

moderate-high (9.3%) group. The ABCB1 (rs1045642)- OPRM1 (rs1799971)- COMT (rs4680) 

A-A-G (p=0.008, OR: 0.37, 95% CI: 0.13-1.01, haploscore = -2.43) allele-allele combination 

was associated with a reduced likelihood of reporting moderate-high disability (p=0.047). No 



189 

significant associations were further noted between the remaining allele-allele combinations 

and this category (Figure 3.34B). 

 

The analysis of the combined (pain and disability, p=0.008) category also detected an 

association with significant differences in frequency distributions for the A-A-G and G-A-A 

allele-allele combinations. The inferred A-A-G allele-allele combination was significantly 

overrepresented in the no-low (20.7%) group compared to the moderate-high (11.1%) group. 

Whereas the G-A-A allele-allele combination was significantly underrepresented in the no-low 

(17.7%) group, compared to the moderate-high (29.3%) group. The inferred A-A-G (p=0.006, 

OR: 0.51, 95% CI: 0.22-1.20, haploscore = -2.47) and G-A-A (p<0.001, OR: 1.60, 95% CI: 

0.81-3.19, haploscore = 3.17) allele-allele combinations were therefore associated with a 

reduced and increased likelihood of reporting moderate-high combined (pain and disability); 

(Figure 3.34C).         
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Figure 3.34: The frequency distribution patterns for the inferred ABCB1 (rs1045642 

G>A)- OPRM1 (rs1799971 A>G) -COMT (rs4680 G>A) allele-allele combinations. This 

illustration represents the frequencies in the no-low (orange) and moderate-high (peach) 

groups for the shoulder phenotypes (A) pain, (B), disability and (C) combined (pain and 

disability) in South African BCS. Depicted are statistically significant differences for 

frequencies of the allele-allele combinations between the two groups with the number of 

participants in parenthesis (n), and all specific haplotype p-values shown as adjusted for 

age at surgery. 
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3.9 BIOINFORMATIC ANALYSES 

3.9.1 SIFT, PolyPhen-2 and FATHMM Analyses 

Computational methods were employed to evaluate the potential effects of the polymorphisms 

on the translated gene product. Polymorphisms were screened through the SIFT, PolyPhen-2 

and FATHMM-MLK algorithms and the predicted scores are presented in  Table 3.9. 

 

Table 3.9: SIFT, PolyPhen-2, and Fathmm-MLK prediction scores for candidate ABCB1, 

OPRM1 and COMT polymorphisms.  

Chr Gene SNP ID Position 
 Coding effect Functional effect predicted by 

 

  

 

 

 

SIFT Polyphen2 
Fathmm-

MLK 

7 ABCB1 rs1128503 87179601 G>A Syn (G412G) T (1.00) - B (0,03) 

  rs1045642 87138645 G>A Syn (I1145I) T (1.00) D (0.98) * B (0,03) 

         

6 OPRM1 rs1799971 154360797 A>G Non-Syn (N40D) T (0,11) B (0.23) B (0,03) 

  rs540825 154414446 T>A Non-Syn (Q402H) T (0,45) B (0,00) * B (0,00) 

         

22 COMT rs6269 
19949952 

 
A>G UTR - - B (0,09) 

  rs4633 19950235 C>T Syn (H62H) T (0,67) - B (0,08) 

  rs4818 19951207 C>G Syn (L136L) T (1.00) - B (0,08) 

  rs4680 19951271 G>A Non-Syn (V158M) T (0,23) B (0.01) B (0,25) 

SIFT-scores: 0.0-0.05 deleterious, 0.05-1.0 tolerated; PP2- scores: 0.0 - 0.15 Benign, 0.15-1.0 

possibly damaging, 0.85-1.0 damaging; FTHM scores- >0.5 is Deleterious, <0.5 Benign; (-) 

No available scores to be reported; * PP2 scores retrieved from ensemble. Abbreviations: Syn, 

Synonymous; Non-Syn, Non-synonymous; UTR, untranslated region. Significant effects are in 

bold. 

 

The in-silico analyses of the ABCB1 polymorphisms predicted that the substitution effects were 

mostly benign. However, Polyphen-2 prediction of the rs1045642 G>A SNPs predicted a 

damaging effect on the resulting protein product. In silico analysis for OPRM1 by SIFT, 

Polyphen-2 Sorting Intolerant From Tolerant, Polyphen-2 and FATHMM-MKL, showed SNP 

predicted effects to be like ABCB1. For COMT polymorphisms, rs6269 A>G, rs4633 C>T, 
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rs4818 C>G, and rs4680 G>A in silico analyses showed benign effects on the encoded protein 

predicted. 

 

3.9.2 Two-Dimensional RNA Structure Prediction for Candidate SNPs 

Using the SFOLD tool, analysis of ABCB1, rs1045642 G>A indicated that compared to the G 

allele, the A allele resulted in the loss of a hydrogen bond at nucleotide position 44 in the 5’-

3’ direction and resulted in a predicted increased multibranch loop (Figure 3.35A and B). In 

addition, the substitution noted a 3-point (-20.10 to -17.10) change in the energy reaction 

representing protein stability (∆G◦37). Analysis of the rs1128503 SNP-containing structure 

indicated no distinct changes, however, the reaction showed a change in energy between the G 

and A alleles (Figure 3.35C and D).  

 

SFOLD analysis of OPRM1 rs1799971 A>G showed that compared with the A allele, the G 

allele resulted in the loss of an internal loop (Figure 3.36A and B). Furthermore, the A>G 

substitution resulted in a predicted 5-point change (∆G◦37 = -33.20 to -38.10) in the energy 

reaction, with the G allele noting a more negative ∆G◦37, compared with the A allele. The 

secondary predicted changes for OPRM1 rs540825 T>A, indicated no structural differences 

between these two alleles; however, a change in the energy reaction (∆G◦37 = -22.70 to -19.70) 

was noted (Figure 3.36C and D). 
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Figure 3.35: Computational prediction of the ABCB1 RNA 2D structure using SFOLD. Shown are the top-scoring conformations for the 

ABCB1 A) rs1128503- G, B) rs1128503- A, C) rs1045642 - G, and D) rs1045642 -A SNPS, with the corresponding Delta G scores (∆G◦37). 
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Figure 3.36: Computational prediction of the OPRM1 RNA 2D structure using SFOLD. Shown are the top-scoring conformations for the 

OPRM1 A) rs1799971-A, B) rs1799971-G, C) rs540825-T and D) rs540825-A SNPS, with the corresponding Delta G scores (∆G◦37).
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SFOLD analysis for COMT indicated that rs6269 A>G SNP change did not affect protein 

structure, nor did the energy reaction note a change (Figure 3.37A and B). rs4633 noted distinct 

structural changes that resulted in the loss of an internal loop, and repositioning of the major 

multiloop branch (Figure 3.37C and D). The reaction also noted a reduction in the delta G 

score representing potential mRNA thermostability.  

 

COMT rs4818 C>G also noted distinct structural changes, where the C to G allele substitution 

led to the shortening of an extending branch and the loss of an internal loop on that branch 

(Figure 3.38A). The substitution resulted in the restructuring of the major multibranch loop 

and the repositioned branch (Figure 3.38B). The substitution also noted a 3-point (C: -27.30 

to G: -24.70) difference in the energy reaction noted between the alleles.  

 

For rs4680 G>A, there were extreme structural and energy reaction changes noted (Figure 

3.38C and D). The (G) to (A) allele substitution resulted in a complete change in predicted 

structure orientation. The substitution caused the loss of an extended loop, and the addition of 

three internal loops onto the structure upstream of the 3’ region, as well as a 3-point change in 

the energy reaction between the G and A alleles (Figure 3.38D).  
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Figure 3.37: Computational prediction of the COMT RNA 2D structure using SFOLD. Shown are the top-scoring conformations for the 

COMT A) rs6269-A, B) rs6269-G, C) rs4633-C, and D) rs4633-T SNPS, with the corresponding Delta G scores ( ∆G◦37). 
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Figure 3.38: Computational prediction of the COMT RNA 2D structure using SFOLD. Shown are the top-scoring conformations for the 

COMT A) rs4818-C, B) rs4818-G, C) rs4680-G, and D) rs4680-A SNPs, with the corresponding Delta G scores (∆G◦37). 
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3.9.3 GeneMANIA Gene-Associated Networks  

GeneMANIA analyses were done using an automatically assigned weighted (presented in %) 

method that used basic gene ontology biological functions. Search parameters were to look at 

a maximum of twenty interactive genes with a total of ten shared attributes /functions.  

 

Interaction analyses between ABCB1 and OPRM1 showed the genes phospholipase D2 

(PLD2), ATP-Binding cassette subfamily B member 4 (ABCB4), G-protein subunit β1 (GNB1) 

and solute carrier family 22 member 2 proteins (SLC22A2) directly links the ABCB1 and 

OPRM1 networks (Figure 3.39). The PLD2 gene is co-expressed (1.98%) with ABCB1 and 

shared physical interactions (4.19%) and predicted networks (12.04% and 33.03%) with 

OPRM1 (Supplemental Table 18). ABCB4 and ABCB1 are family members and therefore co-

expressed (2.06%, 3.93%, 1.11%, 1.87%), share predicted (70.53%) and shared protein domain 

(2.42% and 2.55%) networks, whereas ABCB4 shares a genetic interaction (0.11%) with 

OPRM1 (Supplemental Table 25). The GNB1 protein shares a genetic interaction (0.09%) 

with ABCB1, and physical interactions (0.08%) and pathway (0.50% and 23.22%) networks 

with OPRM1. SLC22A2, a transporting protein shares physical interaction (16.64%) networks 

with ABCB1, while being co-expressed (1.89%) with OPRM1. Furthermore, the functional 

network analyses showed that ABCB1 and OPRM1 share transcriptional targets (Supplemental 

Table 25).  
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Figure 3.39: GeneMANIA Network analysis for the ABCB1 and OPRM1 genes. Shown here is the Venn diagram illustrating the shared 

gene-associated networks for ABCB1 and OPRM1. The networks highlighted are the physical interaction (pink), co-expressed (purple), 

predicted (orange), co-localization (dark blue), genetic interactions (dark green), pathway (light blue) and shared protein domain (light 

green) networks of 20 genes. 
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However, no direct interactions were found between OPRM1 and COMT in the GeneMANIA 

analyses (Figure 3.40). Several secondary gene-associated networks were noted that included 

the genes proenkephalin (PENK), opioid receptor-δ 1 (OPRD1), opioid-related nociceptin 1 

(OPRL1), signal transducer and activator of transcription 6 (STAT6), fibroblast growth factor 

2 (FGF2), adenosyl homocysteinase (AHCY), Ras and Rab interactor 1 (RIN1) and methionine 

adenosyl transferase 1A (MAT1A). The data showed that OPRM1 and COMT share interactive 

networks that link through genetic and physical interactions, pathways, and co-expressed 

networks between PENK, OPRD1, FGF2 and AHCY (Supplemental Table 26). Similarly, the 

RIN1, STAT6, OPRD1 and OPRL1 genes share co-expressed and shared protein domain 

networks that connects OPRM1 and COMT network pathways. No functional networks were 

noted between OPRM1 and COMT.   

 

 

 



201 

 

Figure 3.40: GeneMANIA Network analysis for the OPRM1 and COMT genes. Shown 

here is the Venn diagram illustrating the shared gene-associated networks for OPRM1 

and COMT. The networks highlighted are the physical interaction (pink), co-expressed 

(purple), predicted (orange), co-localization (dark blue), genetic interactions (dark 

green), pathway (light blue) and shared protein domain (light green) networks of 20 

genes. 
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For ABCB1 and COMT interaction analyses, the genes monoamine oxidase A (MAOA) and 

catechol-O-methyltransferase domain containing 1 (COMTD1) were noted to directly connect 

the networks (Figure 3.41). MAOA shares co-expressed networks (1.28%) with ABCB1, and 

physical interaction (41.95%) networks with COMT (Supplemental Table 27). While 

COMTD1 has a genetic interaction (0.10%) with ABCB1 and shared protein domain (3.22% 

and 42.69%) networks with COMT. Several secondary gene-associated networks were also 

noted, but no functional networks were shared between ABCB1 and COMT (Supplemental 

Table 27).    

 

 

Figure 3.41: GeneMANIA Network analysis for the ABCB1 and COMT genes. Shown here 

is the Venn diagram illustrating the shared gene-associated networks for ABCB1 and 

COMT. The networks highlighted are the physical interaction (pink), co-expressed 

(purple), predicted (orange), co-localization (dark blue), genetic interactions (dark 

green), pathway (light blue) and shared protein domain (light green) networks of 20 

genes. 
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Analyses of all three genes showed several interactive networks overlapping, with the closest 

interactions consisting of the MAT1A gene (Figure 3.42). Data output showed that MAT1A 

shares physical interactions (22.13%) with COMT, is co-expressed (1.42% and 0.48%) and co-

localized (1.35%) with ABCB4. MAT1A is also co-expressed (0.87%) with OPRL1 which 

shows ABCB1, OPRM1 and COMT share an interaction through secondary gene-associated 

network pathways (Figure 3.42).  

 

Figure 3.42: GeneMANIA Network analysis for the ABCB1, OPRM1 and COMT genes. 

Shown here is the Venn diagram illustrating the shared gene-associated networks for 

ABCB1, OPRM1 and COMT. The networks highlighted are the physical interaction 

(pink), co-expressed (purple), predicted (orange), co-localization (dark blue), genetic 

interactions (dark green), pathway (light blue) and shared protein domain (light green) 

networks of 20 genes. 
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3.9.4 EnrichR: Gene Set Enrichment Analyses.  

The EnrichR web-based application was used to screen the genes against several libraries for 

transcriptional and regulatory factors, pathways, gene ontologies and phenotypes, diseases, and 

drugs. A significant association between the gene set and an enrichment term is reported using 

the adjusted p-value for multiple hypotheses (Benjamini-Hochberg method).  

 

Transcription Library 

Although no significant associations were noted for the gene set ABCB1, OPRM1 and COMT, 

using a position-weighted matrix (PWMs) modelling from TRANSFAC and JASPAR, two 

transcription factor binding motifs were noted for the gene set, namely myocyte enhancer factor 

2A (MEF2A) and forkhead box L1 (FOXL1); (Table 3.10).  

 

Looking at computationally predicted mRNA targets, no significant associations were noted 

for ABCB1, OPRM1 and COMT combined (TargetScan microRNA, 2017). For mRNA-

targeted gene interactions from miRBase (2017), the miR-16-5p was associated with both 

OPRM1 and COMT (adjusted p=0.036), (Table 3.10). In addition, screening the publication 

lists from the UCSC Genome Browser using the PWMs method, the results showed ABCB1 

and OPRM1 are both associated with the TF binding site V$STAT4_01 (adjusted p=0.009). 

This was noted in the GeneMANIA outputs earlier.   
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Table 3.10: EnrichR transcription library for ABCB1, OPRM1 and COMT gene set. 

Genes TERM P-value Adjusted P-value 

TRANSFAC and JASPAR PWMs 

ABCB1; OPRM1; 

COMT MEF2A (human) 0,003 0,193 

ABCB1; OPRM1; 

COMT 

FOXL1 (human) 0,024 0,209 

ABCB1; OPRM1 HMGA1 (human) 0,014 0,193 

ABCB1; OPRM1 POU1F1 (human) 0,014 0,193 

ABCB1; OPRM1 MYB (human) 0,014 0,193 

OPRM1; COMT PRDM1 (human) 0,015 0,193 

ABCB1; OPRM1 HOXD9 (human) 0,017 0,193 

TargetScan MicroRNA 2017 

ABCB1; OPRM1 hsa-miR-875-5p 0,018 0,271 

OPRM1; COMT hsa-miR-296-3p 0,027 0,271 

OPRM1; COMT hsa-miR-324-5p 0,027 0,271 

OPRM1; COMT hsa-miR-3152-3p 0,028 0,271 

miRBase 2017 

OPRM1; COMT hsa-miR-16-5p 0,017 0,036 

Genome Browser PWMs 

ABCB1; OPRM1 V$STAT4 01 0,001 0,009 

ABCB1; OPRM1 CTTTAAR UNKNOWN 0,007 0,056 

P-value was determined using Fisher’s exact test, to correct for multiple hypotheses, the 

Benjamini-Hochberg method was employed. 
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Pathway Library 

Screening the pathway databases, in the manually curated BioPlanet (2019) catalogue, ABCB1 

and OPRM1 are associated with apoptosis, and ABCB1 and COMT with metabolism (p<0.05). 

Additionally, in the Elsevier pathway collection, ABCB1 and COMT are associated with 

Parkinson's, OPRM1 and COMT with endometriosis, and ABCB1 and OPRM1 with Epilepsy 

(p<0.05); (Table 3.11).  

    

Table 3.11: EnrichR pathways library for ABCB1, OPRM1 and COMT gene set. 

Genes Term P-value Adjusted P-value 

BioPlanet 2019 

ABCB1; OPRM1 

T cell receptor regulation of 

apoptosis 0,003 0,010 

ABCB1; COMT Metabolism 0,018 0,031 

Elsevier 

ABCB1; COMT 

Proteins Involved in Parkinson's 

Disease 0,000 0,002 

OPRM1; COMT Proteins Involved in Endometriosis 0,000 0,006 

ABCB1; OPRM1 Proteins Involved in Epilepsy 0,001 0,006 

P-value was determined using Fisher’s exact test, to correct for multiple hypotheses, the 

Benjamini-Hochberg method was employed. 
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Ontologies and Phenotype Library 

Screening several databases, the results showed overlapping attributes for the study gene set, 

ABCB1, OPRM1 and COMT. In the Gene Ontology database, specifically the biological and 

cellular components (2021), the gene set is noted to be associated with stress response 

regulation (ABCB1 and OPRM1), and with localisations to the axon, dendrite, and neuron 

projections (OPRM1 and COMT), (p<0.05). The gene set also showed an association in 

knockout mice with pharmacokinetic and movement-related phenotypes, p<0.05 (MGI 

Mammalian Phenotype level 4, 2021); (Table 3.12).  

 

The text mining database JENSEN showed several associations between the study gene set, 

and various ontology terms in specific tissues, cellular localisation and human diseases, p<0.05 

(Table 3.12). Interestingly, all three genes, ABCB1, OPRM1 and COMT are noted to be 

associated with the adult-specific tissues, the GCH1 complex, and plasma membrane regions 

and membrane components (Table 3.12).   
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Table 3.12: EnrichR ontologies library for ABCB1, OPRM1 and COMT gene set. 

Genes Term 

P-

value 

Adjusted P-

value 

GO Biological Process 2021 

ABCB1; OPRM1 regulation of response to stress (GO:0080134) 0,000 0,000 

GO Cellular Component 2021 

OPRM1; COMT axon (GO:0030424) 0,000 0,001 

OPRM1; COMT dendrite (GO:0030425) 0,001 0,001 

OPRM1; COMT neuron projection (GO:0043005) 0,002 0,003 

MGI Mammalian Phenotype level 4 2021 

ABCB1; COMT abnormal xenobiotic pharmacokinetics MP:0008875 0,000 0,000 

OPRM1; COMT increased vertical activity MP:0002574 0,000 0,007 

JENSEN Tissues 

ABCB1; OPRM1; 

COMT Adult 0,000 0,010 

OPRM1; COMT Ganglion 0,001 0,025 

JENSEN Compartments 

ABCB1; OPRM1; 

COMT GCH1 complex 0,000 0,000 

ABCB1; OPRM1; 

COMT Plasma membrane region 0,000 0,006 

ABCB1; OPRM1 Tic complex 0,000 0,008 

ABCB1; OPRM1 Plastid membrane 0,000 0,008 

ABCB1; OPRM1 Chloroplast membrane 0,000 0,008 

ABCB1; OPRM1 Efflux pump complex 0,000 0,008 

ABCB1; OPRM1 Chloroplast envelope 0,000 0,008 

ABCB1; OPRM1 Plastid envelope 0,000 0,008 

OPRM1; COMT Post synapse 0,001 0,013 

OPRM1; COMT Dendrite 0,002 0,017 

OPRM1; COMT Cell body 0,002 0,017 

ABCB1; OPRM1; 

COMT Plasma membrane part 0,002 0,018 

OPRM1; COMT Synapse part 0,003 0,019 

OPRM1; COMT Somato dendritic compartment 0,003 0,020 

OPRM1; COMT Cell projection part 0,006 0,028 

OPRM1; COMT Neuron projection 0,006 0,028 

OPRM1; COMT Neuron part 0,012 0,038 

ABCB1; OPRM1; 

COMT Integral component of membrane 0,017 0,040 

ABCB1; OPRM1; 

COMT Intrinsic component of membrane 0,019 0,040 

OPRM1; COMT Cell projection 0,022 0,046 

JENSEN Diseases 

OPRM1; COMT Substance abuse 0,000 0,000 

OPRM1; COMT Nicotine dependence 0,000 0,000 

OPRM1; COMT Pain agnosia 0,000 0,001 

OPRM1; COMT Alcohol dependence 0,000 0,001 

P-value was determined using Fisher’s exact test, to correct for multiple hypotheses, the 

Benjamini-Hochberg method was employed. 
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Diseases Library 

Screening for human diseases, in the RARE disease GeneRIF/AutoRIF catalogue using 

PubMed searches, the gene set ABCB1, OPRM1 and COMT were all associated with antisocial 

personality disorder, Dyskinesia drug-induced, a few headache and pain types as well as the 

mobility condition, myotonia congenita, p<0.001 (Table 3.13).  

 

Table 3.13: EnrichR diseases library for ABCB1, OPRM1 and COMT gene set. 

Genes Term P-value 

Adjusted 

P-value 

RARE Disease GENERIF gene lists 

ABCB1; OPRM1; 

COMT Antisocial personality disorder 0,000 0,000 

ABCB1; OPRM1; 

COMT Dyskinesia drug-induced 0,000 0,000 

ABCB1; OPRM1; 

COMT Cough headache 0,000 0,000 

ABCB1; OPRM1; 

COMT Thunderclap headache 0,000 0,000 

ABCB1; OPRM1; 

COMT Hypnic headache 0,000 0,000 

ABCB1; OPRM1; 

COMT Amyotonia congenita 0,000 0,000 

ABCB1; COMT Orthostatic intolerance 0,000 0,001 

OPRM1; COMT Grant syndrome 0,000 0,001 

OPRM1; COMT Mononeuritis multiplex 0,000 0,002 

ABCB1; COMT TAU syndrome 0,000 0,002 

ABCB1; OPRM1 Primary biliary cirrhosis 0,000 0,002 

ABCB1; COMT 

Myxoma-spotty pigmentation-endocrine 

overactivity 0,000 0,002 

ABCB1; COMT Poland syndrome 0,000 0,002 

ABCB1; COMT Xeroderma pigmentosum 0,000 0,002 

ABCB1; COMT Alexander disease 0,000 0,003 

OPRM1; COMT Wisconsin syndrome 0,000 0,003 

ABCB1; OPRM1 Epilepsy juvenile absence 0,000 0,003 

ABCB1; COMT Renal cell carcinoma 4 0,000 0,004 

ABCB1; COMT Neurotoxicity syndromes 0,000 0,004 

ABCB1; OPRM1 Compartment syndrome 0,000 0,004 

OPRM1; COMT Basilar migraine 0,000 0,005 

ABCB1; COMT Thyroid cancer medullary 0,000 0,005 

OPRM1; COMT Lynch syndrome 0,000 0,005 

ABCB1; COMT Limb dystonia 0,000 0,005 

ABCB1; COMT Seminoma 0,000 0,005 

ABCB1; OPRM1 Cholera 0,000 0,005 
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ABCB1; COMT 

Hypertrophic osteoarthropathy primary or 

idiopathic 0,000 0,005 

ABCB1; OPRM1 Tuberous sclerosis 0,001 0,005 

ABCB1; OPRM1 Bourneville syndrome 0,001 0,005 

ABCB1; COMT Narcolepsy 0,001 0,005 

OPRM1; COMT Testotoxicosis 0,001 0,007 

OPRM1; COMT Precocious puberty 0,001 0,007 

ABCB1; COMT Congenital nonhemolytic jaundice 0,001 0,007 

OPRM1; COMT Brown syndrome 0,001 0,007 

ABCB1; OPRM1 Lymphocytes absent 0,001 0,009 

RARE diseases Autorif gene list 

ABCB1; OPRM1; 

COMT Dystonia 13 0,000 0,000 

ABCB1; OPRM1; 

COMT Hereditary type 2 neuropathy 0,000 0,000 

ABCB1; OPRM1; 

COMT Hereditary type 1 neuropathy 0,000 0,000 

OPRM1; COMT Neuroleptic malignant syndrome 0,000 0,004 

ABCB1; COMT Neurotoxicity syndromes 0,000 0,004 

ABCB1; COMT Orthostatic intolerance 0,000 0,005 

ABCB1; COMT Amyloidosis cerebral 0,000 0,005 

ABCB1; COMT Diabetic mastopathy 0,000 0,010 

ABCB1; COMT Miura syndrome 0,001 0,020 

P-value was determined using Fisher’s exact test, to correct for multiple hypotheses, the 

Benjamini-Hochberg method was employed. 
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Drugs Library 

Screening the drug signature database, several associations were noted between the study gene 

set and all three genes associated with morphine, p<0.001 (Table 3.14).  

 

Table 3.14: EnrichR drugs library for ABCB1, OPRM1 and COMT gene set. 

Genes Term P-value 

Adjusted P-

value 

DsigDB 

ABCB1; OPRM1; COMT morphine CTD 00006352 0,000 0,000 

ABCB1; OPRM1; COMT morphine BOSS 0,000 0,000 

ABCB1; OPRM1 GBR 12909 dihydrochloride TTD 00008176 0,000 0,000 

ABCB1; OPRM1 reserpine 0,000 0,001 

ABCB1; OPRM1 Digitoxigenin TTD 00007578 0,000 0,001 

ABCB1; OPRM1 danazol 0,000 0,001 

ABCB1; OPRM1 mifepristone 0,000 0,001 

ABCB1; OPRM1 Digitoxigenin CTD 00005821 0,000 0,001 

ABCB1; OPRM1 Methylbenzethonium chloride CTD 00000197 0,000 0,001 

ABCB1; COMT methyldopa CTD 00006311 0,000 0,001 

ABCB1; OPRM1 pimozide 0,000 0,001 

ABCB1; COMT estrone CTD 00005927 0,000 0,001 

ABCB1; OPRM1 digoxin CTD 00005825 0,000 0,001 

ABCB1; OPRM1 Naloxone hydrochloride BOSS 0,000 0,001 

ABCB1; OPRM1 disulfiram 0,000 0,002 

ABCB1; COMT Adenosine triphosphate CTD 00005324 0,000 0,002 

ABCB1; OPRM1 clotrimazole 0,000 0,002 

ABCB1; COMT okadaic acid CTD 00007275 0,000 0,002 

OPRM1; COMT METHAMPHETAMINE CTD 00006286 0,000 0,002 

ABCB1; OPRM1 celecoxib CTD 00003448 0,000 0,003 

ABCB1; COMT clozapine CTD 00005693 0,000 0,003 

ABCB1; OPRM1 NSC25485 CTD 00006443 0,000 0,004 

OPRM1; COMT dopamine BOSS 0,000 0,008 

ABCB1; OPRM1 Capsaicin CTD 00005570 0,000 0,008 

ABCB1; COMT Fulvestrant CTD 00002740 0,001 0,011 

ABCB1; OPRM1 cycloheximide CTD 00005731 0,001 0,011 

ABCB1; COMT 3'-Azido-3'-deoxythymidine CTD 00007047 0,001 0,011 

OPRM1; COMT Dronabinol CTD 00006853 0,001 0,011 

OPRM1; COMT Phorbol 12-myristate 13-acetate CTD 00006852 0,002 0,011 

ABCB1; COMT tamoxifen CTD 00006827 0,005 0,011 

ABCB1; COMT genistein CTD 00007324 0,011 0,016 

ABCB1; COMT Bisphenol A CTD 00000312 0,011 0,016 

ABCB1; OPRM1 metronidazole PC3 UP 0,012 0,017 

ABCB1; COMT resveratrol CTD 00002483 0,018 0,023 

ABCB1; OPRM1 Decitabine CTD 00000750 0,023 0,029 

ABCB1; COMT progesterone CTD 00006624 0,026 0,032 
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3.10 KEY FINDINGS OVERVIEW 

This chapter presented several findings, some of which are in alignment with previous reports 

as well as novel data. The study explored the clinical profile of South Africa Breast Cancer 

Survivors (SA BCS) highlighting the burden of pain, disability, and combined (pain and 

disability) symptoms along with other psychological effects despite pain management. The 

analyses conducted identified associations within the SA BCS cohort between a selection of 

prioritized single nucleotide polymorphisms (SNPs) and the different breast cancer (BC) 

treatments received. Furthermore, the prioritized SNPs were found to be associated with the 

burden of pain, disability, and combined (pain and disability) symptoms. Notably, the analyses 

revealed that certain combinations of alleles were linked to protective effects, while others were 

associated with harmful effects. Additionally, the bioinformatic analyses demonstrated the 

association of the candidate genes explored in the thesis, with specific pathways and networks. 

Particularly noteworthy were the results of enrichment analysis, which revealed a significant 

alignment between the genes, their functions, and disease/drug phenotypes. To summarise, the 

findings of this thesis provide insights into the broader implications and contextualization of 

the genetic findings within the scope of pathways and disease-related functions. 
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4 CHAPTER FOUR: DISCUSSION 

 

4.1 INTRODUCTION 

This thesis is the first study describing the evaluation of the associations between 

polymorphisms in genes involved in the opioid signalling and pain pathway, and chronic 

shoulder pain and disability in breast cancer survivors (BCS) of mixed ancestry from South 

Africa (SA).  Using a candidate gene approach, the polymorphisms in genes ABCB1, OPRM1 

and COMT were evaluated. These genes encode proteins playing key roles in the opioid 

signalling pathway as described in Chapter 1, Section 1.4 464, 802.  

The main novel findings included: 

i. Independently, a significant association was noted for the ABCB1 rs1045642 single-

nucleotide polymorphism (SNPs), with the A/A genotype and A allele associated with 

reduced likelihood of reporting moderate-high disability and combined (pain and 

disability). The COMT rs4680 A/A genotype and A allele were also significantly 

associated with an increased likelihood of reporting moderate-high pain and combined 

(pain and disability). 

ii. For the ABCB1 (rs1128503 G>A-rs1045642 G>A) haplotype analysis, the inferred G-

A and A-A haplotypes were significantly associated with reduced likelihoods of 

reporting moderate-high disability and combined (pain and disability), respectively. 

The OPRM1 (rs1799971 A>G – rs540825 T>A) inferred G-T haplotype was 

significantly associated with reduced likelihood of reporting moderate-high pain. 

Inferred haplotype analysis of five COMT haplotypes noted significant associations for 

H2-H5, the most notable associations being for the rs6269 A>G -rs4680 G>A genetic 
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interval. This analysis revealed the G-G and A-A haplotypes were associated with 

reduced and increased likelihood of reporting moderate-high pain, respectively.  

iii. Gene–gene interaction analyses demonstrated significant associations between the 

ABCB1 (rs1045642 G>A) – OPRM1 (rs1799971 A>G – rs540825 T>A) and the ABCB1 

(rs1045642 G>A) – OPRM1 (rs1799971 A>G). The inferred A-A-T and A-A allele-

allele combinations were associated with reduced likelihoods of reporting moderated-

high combined (pain and disability). ABCB1 (rs1045642 G>A) – OPRM1 (rs540825 

T>A) combination analyses demonstrated that the A-T combination was associated 

with reduced likelihood of reporting moderate-high disability/combined, and the 

alternate G-A combination was associated with increased likelihood of reporting 

moderate-high disability/combined.  

iv. The OPRM1 (rs1799971-rs540825) - COMT (rs4680) combination analyses 

demonstrated that the A-T-A and G-T-G were associated with increased and reduced 

likelihoods of reporting moderate-high pain. Similarly, the OPRM1 (rs1799971 A>G)-

COMT (rs4680 G>A) allele-allele combinations A-A, and G-G/A-G combinations were 

associated with increased and reduced likelihoods of reporting moderate-high pain and 

combined (pain and disability). The OPRM1 (rs540825 T>A) - COMT (rs4680 G>A) 

A-A  allele-allele combination was associated with an increased likelihood of reporting 

moderate-high combined (pain and disability).  

v. Analyses of the ABCB1 (rs1128503 - rs1045642) - COMT (rs4680) combination 

demonstrated that the A-A-G were significantly associated with reduced likelihood of 

reporting combined (pain and disability). In the 2-SNP pairing, the ABCB1-COMT 

(rs4680 G>A) G-A allele combinations were associated with an increased likelihood of 

reporting moderate-high pain, disability, and combined groups, p<0.05. In addition, the 
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alternate combination A-G was significantly associated with reduced likelihoods of 

reporting moderate-high disability and combined (pain and disability), p<0.05.  

vi. The three-way gene-gene interactional analyses (ABCB1 rs1045642- OPRM1 

rs1799971- COMT rs4680), demonstrated that the three allele-allele combinations were 

associated with increased and reduced likelihoods of reporting moderate-high scores, 

namely, (i) G-A-A in pain and combined pain and disability; (ii) A-A-G in disability 

and combined pain and disability; and (iii) G-G-G in pain only.  

vii. Bioinformatic analyses supported the analyses by highlighting the functional and 

biological gene-associated networks. 

 

4.2 SA BCS PROFILE: A 1-YEAR ANALYSIS OF PATTERNS 

RELATING TO PAIN, DISABILITY, ANXIETY, DEPRESSION, 

AFFECT AND PAIN MANAGEMENT  

Understanding the development and prevalence of chronic shoulder pain and disability in SA 

BCS is a complex and multifaceted undertaking. In this thesis, a preliminary study was 

performed to provide an insight into the clinical status of BCS specifically during the first year 

commencing treatment for breast cancer. This was achieved through the examination of opioid 

prescriptions and clinical outcomes in a subset of participants for whom all of the data points 

were available throughout the one year (Chapter 2, Sections 2.4.1 and 2.5). Previous literature 

reported that older individuals are more likely to receive more opioid scripts compared to 

younger aged groups, opioids particularly prescribed for musculoskeletal pain 803. Another 

reported that BMI is a potential factor for long-term opioid therapy and that increasing BMI is 

associated with increasing opioid scripts 804. Our analysis of these few participants indicated 

that factors such as age, BMI or BC treatment types were not necessarily reliable predictors of 

opioid prescription. 
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In addition, significant changes in pain, disability, anxiety, depression, and affect among SA 

BCS during the study period were observed. As previously presented in the literature review 

(Chapter 1, Section 1.3.1), the 3-month mark is a significant change in diagnoses from where 

symptoms beyond this are regarded as chronic. Additionally, the levels of pain increasing up 

to 3 months postoperatively and decreasing slightly at 1 year postoperatively appear to be in 

line with the observations of many other studies 433, 805.  

 

Anxiety and depression are well-described psychological side effects associated with 

postoperative pain and reportedly may be predictive of severe post-operative pain and analgesic 

requirements like tramadol 806-809. The preliminary findings of this study, however, noted 

normal levels of both anxiety and depression outcomes that increased over the study period. In 

addition, tramadol and paracetamol dosage seem to only correlate with anxiety levels rather 

than depression. Positive and negative affect (mood) are also outcomes associated with pain 

conditions, and to a degree considered to include symptoms of anxiety and depression810. It is 

reported that positive and negative affect will decrease and increase, respectively, in chronic 

pain conditions over time, which is consistent with the trends noted in the subset of sample 

analyses 434. Furthermore,  it is suggested that this trend (increasing and decreasing affect) may 

not necessarily be indicative of pain levels 434. In this thesis, the patterns of negative affect 

scores appear to mirror those observed for pain, disability and combined. Whereas positive 

affect scores exhibited consistent decreasing patterns.   

 

Regarding the relationship between drug administration and clinical outcomes, it was noted 

that total prescription of tramadol appears to predict pain, disability, anxiety, and negative affect 

at 3 months and 1 year postoperatively. Whereas the total paracetamol prescribed was more 

predictive of pain/disability, combined (3 months), anxiety (3 months and 1 year),  and negative 
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affect (3 months only). The finding that the total tramadol prescription, as opposed to the total 

paracetamol prescriptions, is predictive of pain/disability and combined symptoms at one year 

aligns with the drugs’ mechanism of action (MoA). The literature extensively described the 

role of opioids and opioid receptors in the development of chronic pain conditions 460, 

811_ENREF_445811, 812. Conversely, the MoA of paracetamol involves the inhibition of 

prostaglandins which causes inflammation in the CNS, thereby activating pain receptors 411, 

813. Moreover, the anti-inflammatory effect of paracetamol is reportedly mild in comparison 

and may over time become tolerated 411, 814, 815.  

 

The central concern motivating this thesis is driven by the observed increase in pain 

management without clear evidence of pain relief. As discussed in Chapter 1, section 1.3, it 

is proposed that inadequate pain relief during the acute postoperative period is predictive of the 

development of chronic pain and disability. It is also proposed that inadequate pain relief due 

to non-responsiveness to opioid analgesics could increase the likelihood of developing chronic 

pain and disability. Additionally, the clinical variables (for example anxiety and depression) of 

BCS may also play a role in the chronicity and the exacerbation of pain and disability. These 

results motivated the primary focus of this thesis which aimed to investigate the role of genetics 

in the prevalence of chronic shoulder pain and disability,  specifically genes forming part of 

the opioid signaling and pain pathway.  

 

4.3 THE GENETIC ASSOCIATION STUDY 

Evaluation of chronic shoulder pain and disability in the full SA BCS cohort showed that  27%, 

19% and 22% reported moderate-high pain, disability, and combined symptoms, respectively. 

Furthermore, we noted similar frequencies of pain following breast cancer treatments like the 

wide local excision (WLE), axillary lymph node dissection (ALND) and radiation therapy (RT) 
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in comparison to previously published data 7, 749, 775, 816. The frequency of disability in the SA 

BCS cohort was, however, relatively lower in comparison to the literature as many studies 

reported a higher prevalence (>30%) in predominantly European populations (German n=314 

771; German n=686 776; Danish n=132 777 and NE Brazilian n=101773). In addition, participants 

in these cohorts received mastectomies in addition to RT and ALND 771, 773, 776, 777. Earlier 

reports have shown that the different treatment modalities employed may impact the likelihood 

of developing pain and disability symptoms and have therefore been the basis for the present 

study.  

 

Several clinical and demographical variables were evaluated in the BCS cohort; however, 

significant associations were observed for age at the time of surgery and the total number of 

nodes involved. Younger age was associated with an increased likelihood of reporting 

moderate-high pain, disability and combined (pain and disability). This result is in alignment 

with previous research reporting the association between younger age and persistent pain in 

BCS 20, 773, 817. It is proposed that changes in pain perception are age-related; compared to older 

adults (> 65 years), younger adults (18–44 years) report greater pain because of psychological 

stress 818. Younger adults with chronic pain experience physiological and mental health issues, 

and the disruption of daily routines, including the ability to work full-time can lead to a 

financial burden 819, 820. However, the relationship between age and pain is complex and subject 

to debate. For instance, while evidence suggests that the threshold for perceiving pain may 

increase with age, indicating a need for greater stimulus, it has also been observed that the 

ability to tolerate maximum pain intensity may decline with age821-824. With more than 70% of 

participants having received an ALND, it was noteworthy to find no significant association 

between ALND and shoulder pain, disability or combined (pain and disability). There are two 

forms of lymph node surgeries, the sentinel lymph node biopsy (SLNB) procedure that is 
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specifically designed to remove isolated sentinel lymph nodes, and the axillary lymph node 

dissection (ALND) which involves the removal of a selective group of lymph nodes in the 

axilla 825, 826. Moreover, it has been described as a risk factor for the development of persistent 

pain post-surgery for breast cancer 20.  

 

4.3.1 ABCB1 rs1128503 G>A and rs1045642 G>A SNP Associations 

Evaluation of the genetic contribution of ABCB1 gene polymorphisms in modulating shoulder 

disability and movement-related pain in this BCS’s cohort showed that the ABCB1 rs1045642 

A/A genotype and A allele were significantly associated with 80% / 75% and 48% / 50% 

reduced likelihood of reporting moderate-high disability / combined (pain and disability), 

respectively. Haplotype analyses highlighted a defined ABCB1 genetic interval in modulating 

pain and disability where the ABCB1 (rs1128503 G>A-rs1045642 G>A) G-A/A-A haplotypes 

were associated with a reduced likelihood of reporting disability/combined (pain and disability) 

groups, respectively. It's noteworthy that disability symptoms were emphasized for this 

polymorphism, however, shoulder pain often leads to pain-related disability827-829. Reports 

indicate that there is a significant correlation between fear of movement and disability, with 

fear often resulting in altered range of motion patterns and affecting shoulder function 827-829. 

These findings, therefore, correlate with other studies reporting lower pain, although data on 

postoperative pain is limited 471, 830, 831. The rs1128503 A allele and the functional rs1045642 

A allele have steadily been associated with requiring fewer opioids compared to G allele 

carriers and with rs1045642 A carriers regarded as “good responders” 496, 512, 515, 737, 832. It is 

reported that the rs1045642 A/A genotype and A allele are associated with decreased protein 

functions and are at greater risk of opioid-related side effects that include sweating, muscular 

tension, stress, and sedation, compared to G/G and A/G carriers 495, 497, 509. Furthermore, given 

its implication in opioid requirements and response studies, it is hypothesized that the A/A 
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genotype has lower P-gp expression which may result in less efflux of opioids at the BBB level, 

and therefore individuals with that genotype profile, may need fewer opioids to control pain. 

This hypothesis is supported by the findings of Hoffmeyer et al. (2000)497, who showed a 

reduction in P-gp expression and altered activity related to the A/A genotype. More recently, 

allelic-specific expression analysis of liver autopsy samples noted the rs1045642 A allele was 

associated with lower mRNA levels compared to the G allele 833. Additionally, research reports 

that ABCB1 expression and function could also be influenced by epigenetic alterations, in 

particular DNA methylation and histone acetylation, as seen in response to chemotherapy 834-

836. Cancer-related studies reveal that increased expression of ABCB1 increases resistance to 

anthracyclines and taxane drugs 834-836. The increased expression can lead to modified 

transcription factor activity, as well as gene mutation, rearrangements, hypomethylation and 

potentially miRNA regulation 837-842.   

 

Several SNPs have been investigated for ABCB1, this study focused on rs1128503 G>A and 

rs1045642 G>A and the evaluation of the SNP frequencies showed that the rs1128503 MAF 

in the SA BCS was similar to the global population. Rendering it as a suitable candidate for 

investigating symptoms of pain and disability across diverse populations. In addition, an 

evaluation of the LD structure for the three most widely studied SNPs using the populations of 

Africa is reported on Ensembl (Ensembl genome browser 108). The SNPS, rs11282503 G>A, 

rs2032582 G>A, and rs1045642 G>A, have been consistently investigated in haplotype 

analysis 22, 490, 501. The LD structure review noted that the LD scores were similar for the 

populations between rs1045642-rs2032582, rs2032582-rs1128503, and rs1045642-rs1128503. 

On average the LD scores were strong between pairs. Furthermore, the LD scores in the BCS 

cohort were comparable (rs1045642-rs1128503) to the published scores reported for African 

populations. When considering the associations between the genotypes and 

https://www.ensembl.org/index.html
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demographical/clinical variables, it was observed that A/G genotype carriers (rs1128503 and 

rs1045642) were associated with being younger at the time of surgery and reporting longer 

periods of experiencing pain. The latter qualifies the carriers as chronic, and the former is in 

alignment with previous literature on age.  

 

4.3.2 In Silico Exploration of ABCB1 rs1128503 G>A and rs1045642 G>A SNPs 

In evaluating the potential effects of each SNP, SIFT, PP2 and FATHMM analysis indicated 

the synonymous ABCB1 rs1128503 G>A SNP, had a tolerated/benign effect. However, 

research shows synonymous SNPs, or “silent” mutations could influence gene function through 

subtle changes in translational processes, e.g., co-translational folding 843, 844. Synonymous 

SNPs may therefore have direct implications on the pharmacokinetics and pharmacodynamics 

of drugs 845. Furthermore, we noted using the online protein structure prediction tool SFOLD 

to examine the predicted 2D RNA structure for the regions containing the ABCB1 SNPs, the 

rs1128503 G and A allele forms showed no differences in the secondary predicted mRNA 

structures. Instead, changes in the melting domains were noted as reflected in the energy 

reaction of the ∆G◦37 scores, indicating that this polymorphism may still affect the transport 

through other processes, e.g., it may change interactions/ efficiencies of the transporter within 

the cellular environment 659, 846-848. It may also hint that we need to investigate the protein 

dynamic folding which, however, was beyond the scope of this study. The importance of RNA 

is widely recognised in biological functions and that the RNA structures are essential to these 

processes849. Moreover, RNA structural modifications possibly caused by SNPs, may disrupt 

posttranslational control mechanism, potentially leading to the dysregulation of pain perception  

850.  
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For ABCB1 rs1045642 G>A, SNP effect analysis indicated the SNP to have a damaging effect 

by PolyPhen2. Following the 2D mRNA structure assessment, the predicted secondary 

structure for the A allele showed an increased multi-branch loop at that position (Figure 4.1) 

in comparison to the G allele form. Given this alteration, it can be hypothesised that this 

polymorphism could therefore potentially modulate the mechanism of the transporter through 

such structural changes. In addition, the A allele also showed an increase in the ∆G◦37 score 

indicating a less stable mRNA structure compared to the G allele form, which supports the 

findings observed in the study conducted by Wang and Sadee (2006)833.  

 

Figure 4.1: ABCB1 rs1045642 G>A impact on RNA structure. 

 

4.3.3 OPRM1 rs1799971 A>G and rs540825 T>A SNP Associations 

Analyses of the OPRM1 genetic locus showed no independent associations for the individual 

polymorphisms investigated. The findings noted no significant differences in frequency 

distribution patterns of the minor alleles for rs1799971 A>G and rs540825 T>A. Several 

studies have however associated the rs1799971 G allele with higher pain 24, 561, 851, 852 in females 

565, 853, and with increased pain sensitivity 564, 854. Interestingly, the populations described are 

heterogenous at the population [USA (n=102); Czech republic (n=51/69); Taiwan (n=147); 

Norway (n=258/118); Singapore (n=270)] and clinical surgical setting (prostatectomy, 

hysterectomy, hernioplasty, lumbar disc herniations, and caesarean) . In contrast, some studies 

have noted no statistically significant links between the rs1799971 G allele and pain 471, 518, 567, 
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855-857. The lack of  associations may be explained by several factors which include study 

design, surgical and clinical settings, confounders such as environmental factors, as well as 

ethnic background 28, 471, 740, 858-860. Pain-related studies surrounding the OPRM1 rs540825 T>A 

SNP  are limited, which is a functional SNP that implicates a different isoform of the translated 

protein566. One study found OPRM1 rs540825 T>A had a clinical effect on pain scores 

following major surgery, where the T allele compared to the A allele, was associated with 

increased analgesic requirements for postoperative pain 557. Another study, publishing 

preliminary data reported that the rs540825 T>A was associated with reduced morphine dose, 

mediating opioid response 861. In the present study, no significant association was noted 

between the genotype and allele frequency distribution of rs540825 T>A and pain, disability 

and combined (pain and disability) symptoms.   

 

The inferred haplotypes for OPRM1 however, implicated the genetic interval spanning these 

polymorphisms in modulating chronic shoulder pain and disability. The inferred OPRM1 

(rs1799971 A>G-rs540825 T>A) G-T haplotype was associated with a 67% reduced likelihood 

of reporting pain. Research data for the OPRM1 rs1799971-rs540825 locus in postoperative 

pain is limited. However, a study conducted by  De Gregori et al. (2016)557 analysing seven 

OPRM1 polymorphisms, including both rs1799971 A>G and rs540827 T>A, observed that 

haplotype carriers containing the G and T alleles required more postoperative analgesia (POA) 

than haplotype carriers containing the A and A alleles, respectively. This observation suggested 

that the rs1799971 G and rs540825 T allele, when in combination, required more POA may be 

in response to experiencing greater pain. It has been shown that the rs1799971 G allele 

increases the receptor binding affinity 3-fold for endogenous opioids, yet reduces the 

expression of the receptor and leads to high morphine requirements 862. Also, OPRM1 

rs1799971 and rs540825 polymorphisms have both been investigated in pain and opioid studies 
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as both have been described to modify the mu-receptor properties, though inconsistencies 

remain 24, 469, 512, 555, 557, 561, 851, 863. Although the functional SNP rs1799971 has been widely 

investigated, rs540825 remains understudied. Also of note, is that OPRM1 subject to 

hypermethylation resulting from increased exposure to opioid use may also influence gene 

function and chronic musculoskeletal pain outcomes in addition to affecting addiction, a key 

side effect noted for opioid use 864, 865. A systematic review focusing on pain highlighted that 

methylation and miRNA expression are the foremost epigenetic causes associated with 

alterations in gene function 866. For instance, one study investigating BC patients treated with 

tramadol and paracetamol noted that at least two different miRNAs could influence the 

variability of acute and chronic pain 867. The MAF frequency of rs1799971 fell within the range 

observed in the global population, while rs540825 was significantly low. In addition, compared 

to the global populations, these two OPRM1 SNPs displayed the weakest LD in the mixed 

ancestry SA BCS. The only genotype effect observed in this cohort was for lymph node 

surgery, where A/A carriers were fewer than other genotypes. However, to the best of the 

author’s knowledge, there has been no published research linking OPRM1 genotypes to 

surgical outcomes. This area therefore remains in need of further scrutiny.  

 

4.3.4 In Silico Exploration of OPRM1 rs1799971 A>G and rs540825 T>A SNPs 

Bioinformatic assessment of the selected SNPs, OPRM1 rs1799971 indicated the A>G 

substitution to have a tolerated/benign effect on the resulting protein product. However, this 

nonsynonymous substitution results in an amino acid change within the receptors’ extracellular 

n-terminal domain with the potential to influence binding affinity, agonist sensitivity as well 

as all downstream cascading effects 868-871. Furthermore, for OPRM1 rs1799971 A>G, the 

predicted secondary structure for the G allele noted the loss of one (out of three) internal loops 

at that position (Figure 4.2). Compared to the A allele, the G allele formed a hydrogen bond 
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with the opposite nucleotide at that position. Moreover, the predicted secondary structure for 

the G allele noted a decrease in ∆G◦37 scores, which suggests a more stable protein compared 

to the A allele form. The hypothesis therefore is that this polymorphism could potentially 

modulate the mechanism of the µ-receptor binding through such structural changes 846, 848, 869.  

 

 

Figure 4.2: OPRM1 rs1799971 A>G impact on RNA structure. 

 

Similarly, OPRM1 rs540825 T>A is predicted to have tolerated/benign effects on the results 

protein product with no structural differences between the T and A allele forms noted. Instead, 

the differences in ∆G◦37 scores suggest that the nonsynonymous polymorphism may still affect 

the receptor’s binding capacity through mRNA-structure-dependent processes, thereby 

potentially influencing drug response 551, 846, 848.  

 

4.3.5 COMT rs6269 A>G, rs4633 C>T, rs4818 C>G, and rs4680 G>A SNP 

Associations 

Genotype and allelic analysis of COMT showed the functional polymorphism rs4680 G>A A/A 

genotype to have a 3.23 and 3.81 increased odds of reporting moderate-high pain and combined 

(pain and disability), respectively. Similarly, the rs4680 A allele showed a 1.58 and 1.71 

increased odds of reporting moderate-high pain and combined (pain and disability), 
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respectively. These findings agree with the published studies indicating that rs4680 A allele is 

associated with increased pain and that the A allele correlates with decreased COMT enzyme 

activity 25, 872, 873. Furthermore, the levels of COMT activity have been linked to the regulation 

of neurotransmitters in the pain modulation pathway, including the opioid system 463, 736, 874. 

However, some inconsistencies have been reported for this genetic locus 27, 787, 875, 

876_ENREF_25. For instance, in a study focusing on experimental and acute pain in 

postoperative breast cancer patients (Finland, n=1000), no significant associations were found 

for this genetic locus 787. The authors speculate that this lack of association could stem from 

factors like the specific pain pathways activated, the timing and duration of reported pain, or 

the genomic environment, including specific haplotypes787. The role of potential epigenetic 

changes may also account for the disparity as discussed under ABCB1 and OPRM1 

associations. Similarly, COMT expression could also be influenced by methylation as noted in 

a study examining the role of COMT in chronic fatigue syndrome and fibromyalgia 877. 

 

Analyses of the central haploblock of COMT highlighted marked frequency differences 

between the SA BCS cohort and the reported global populations. It is hypothesized that this is 

reflective of the significant differences in the minor allele frequencies between the various 

populations for rs6269 A>G and rs4633 C>T. This highlights the importance of profiling the 

genetic structure of unique populations, as in the case of the SA mixed ancestry cohort. 

Evaluation of the LD structure between the SNP pairs further emphasizes the LD decay in the 

cohort investigated. This observation is not surprising, as it was previously described  878. 

Specific haplotypes of the COMT haploblock were noted to be significantly associated with 

pain and combined (pain and disability), specifically the haplotype pairs rs6269A>G-rs4680 

G>A. The observed G-G allele pair showed a 0.67 decreased odds of reporting moderate-high 

pain. Whereas the alternate A-A allele pair showed 2.09 and 2.18 increased odds for pain and 
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combined (pain and disability), respectively. These allele pairs reflect the high enzyme COMT 

activity associated with the G allele 765. The study design was limited by sample size and 

therefore, did not allow for the evaluation of the full haploblock containing the four SNPs 

(rs6269 A>G, rs4633 C>T, rs4818 C>G, rs4680 G>A). In terms of the MAF distribution, it 

was observed that rs6269 and rs4633 were significantly more prevalent in the mixed ancestry 

SA BCS than in the global population. Whereas the SNPs, rs4818 and rs4680, noted similar 

MAF distributions. In addition, although an LD decay was observed for most of the SNP pairs, 

the SNP pair rs4818-rs4680, displayed a strong LD, like that of the global population. When 

comparing to the super populations, certain SNP pairs displayed weak and moderate LD 

patterns within the African population, resembling the LD patterns observed in the SA BCS 

cohort. This could be explained by the complex history and demographic dynamics unique to 

the  SA mixed ancestry population 879. The genetic effects of the COMT SNPs were observed 

to be linked to demographical/clinical variables, particularly the treatment modalities 

employed. For instance, fewer COMT rs6269 A/A genotype carriers received adjuvant Neo-

CT and RT. As far as the relationship between COMT and breast cancer is concerned, 

conflicting reports are linking COMT activity to BC risk 880-883. However, Neo-CT and RT are 

typically suggested to patients on a case-by-case basis, and the associations observed may be 

indicative of a sampling bias.  

 

4.3.6 In Silico Exploration of COMT rs6269 A>G, rs4633 C>T, rs4818 C>G, and 

rs4680 G>A SNPs 

Evaluation of the predicted consequential SNP effects by SIFT, PP2 and FATHMM noted 

COMT rs6269 A>G, rs4633 C>T, rs4818 C>G and rs4680 G>A, predicted all have 

tolerated/benign effects on the resulting protein product. The insignificant impact noted for the 

rs6269 A>G alleles was further supported by the 2D mRNA structure prediction, which could 
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be explained by the SNP’s genomic location. COMT rs6269 A>G is within a promoter region 

of intron two, however, intronic SNPs have the potential to alter expression aspects such as 

splicing efficiency that can influence disease modification and susceptibility 659, 884. For SNPs, 

rs4633 C>T, rs4818 C>G and rs4680 G>A, the 2D structures highlighted distinct structural 

mRNA changes contrary to the predicted consequences noted by SIFT, PP2 and FATHMM. 

The SNP’s alternate alleles noted a loss of an internal loop (rs4633 T; Figure 4.3), a 

restructured hanging loop off the multi-branch (rs4818 G; Figure 4.3) and a complete 2D 

restructure with loss of hydrogen bonds and an increase of internal loops downstream (rs4680 

A; Figure 4.3C), respectively. In addition, the predicted mRNA structures demonstrated 

significant changes within the energy reactions (∆G◦37) highlighting the potential of the SNPs 

to alter protein availability and mechanisms through mRNA instability and translational 

processes, consistent with the literature 847, 848.  
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Figure 4.3: COMT rs4633 C>T, rs4818 C>G and rs4680 G>A impact on RNA structure. 

 

BCS experience chronic pain on a variety of levels, and the accompanying genotype is likely 

to be just as complex 428, 554. Given the multifaceted characteristic of pain, current research 

strongly suggests that an interaction between multiple genetic loci may well collectively 

contribute to modulating the pharmacological effects of prescribed medications 468, 554, 557, 680, 

726, 885, 886. Therefore, as a proxy for gene-gene interactions, specific allele-allele combinations 

were evaluated between the SNPs for ABCB1, OPRM1 and COMT using the individual 

genotype data.   
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4.4 THE ABCB1-OPRM1-COMT GENE-GENE INTERACTION STUDY 

4.4.1 Exploration of the ABCB1 (rs1045642 G>A) – OPRM1 (rs1799971 A>G- 

rs540825 T>A) Allele-Allele Interaction 

Evaluation of the ABCB1-OPRM1 allele combinations highlighted a combined genetic 

contribution to modulating disability and movement-related pain in this BCS cohort. Several 

associations were noted. The A-A-T allele-allele combination for the ABCB1 (rs1045642 G>A) 

– OPRM1 (rs1799971 A>G- rs540825 T>A) construct noted a 0.58 reduction in odds for pain 

and disability combined. Further examination of the two SNP allele-allele combination analysis 

for the ABCB1 (rs1045642 G>A) – OPRM1 (rs1799971 A>G- rs540825 T>A) construct 

revealed the inferred A-A (ABCB1 rs1045642 G>A- OPRM1 rs1799971 A>G) allele 

combination was associated with a 0.44 reduction in the likelihood of reporting combined (pain 

and disability). The likelihood of reporting pain and disability was equal when the ABCB1 

rs1045642 G and OPRM1 rs1799971 A alleles were present. It is, however, important to 

approach this finding with caution considering the sample size and the number of SNPs under 

evaluation. Detecting multilocus genotype combinations through logistic regression can 

present challenges, particularly when there are too few or no data points for rare combinations, 

potentially hindering the outcomes 887. 

 

Interestingly, in a previous study, haplotype carriers containing the ABCB1 rs1045642 A in 

combination with the OPRM1 rs1799971 A allele were observed to have lower methadone 

dosage and plasma concentrations than the alternate ABCB1 allele 734. The study concluded 

that ABCB1 (lower) and OPRM1 (higher) polymorphisms were associated with opposing dose 

requirements 734. This supports the findings that the ABCB1 rs1045642 A allele when inherited 

with the OPRM1 rs1799971 A modulates pain scores, and in the previous study, in the form of 

opioid requirements. Moreover, the findings expanded on this known relationship by exploring 
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the complex interactions between ABCB1 and OPRM1 concerning chronic pain and disability 

within a genetically unique cohort.  

 

Another noteworthy finding for ABCB1 and OPRM1 gene-gene interaction was for the ABCB1 

(rs1045642 G>A) - OPRM1 (rs540825 T>A) allele-allele combination. Here the A-T allele 

combination was associated with 0.62 reduced risk of reporting moderate-high disability and 

combined (pain and disability). Coupled with the alternate combination, G-A, being associated 

with 1.57 and 1.50 increased risk of reporting moderate-high disability and combined (pain and 

disability). Research data for pain studies surrounding the gene-gene interactions between the 

ABCB1 and OPRM1 genes, and particularly these allele pairs, are limited. Based on these 

findings, the hypothesis here is that the ABCB1 rs1045642 A allele may act as a potentially 

important regulator of opioid distribution. The OPRM1 rs540825 T allele is reported to require 

more opioids and when inherited with the ABCB1 rs1045642 A allele, resulted in reduced 

likelihood of reporting pain and disability 557. This is further supported by the alternate allele 

combinations whereby the OPRM1 rs540825 A allele which is reported to require fewer 

opioids inherited with the ABCB1 rs1045642 G allele, was shown to have increased P-gp 

expression, an increased likelihood of reporting pain and disability was noted. This could be 

explained as nociceptive sensitization by exposure to opioids leading to opioid-induced 

hyperalgesia (OIH), the paradoxical effect that may intensify pre-existing pain 888. 

Furthermore, it is reported that up-regulation of the ABCB1 P-gp membrane protein may 

contribute to opioid tolerance 889.  
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4.4.2 In Silico Exploration of  ABCB1 – OPRM1  Gene-Gene Interaction 

Bioinformatic analyses noted a few shared functional pathways between the ABCB1 and 

OPRM1 genes using the GeneMANIA and EnrichR platforms. Noted in the GeneMANIA 

analysis, was the indirect interaction between ABCB1 and OPRM1 through secondary and 

tertiary gene-associated networks. The highlighted genes were observed to connect the ABCB1 

and OPRM1 gene set through several networks such as co-expressed (PLD2, ABCB4, 

SLC22A2), physical interaction (PLD2, SLC22A2), predicted (PLD2, ABCB4), and pathway 

(GNB1) networks. Each of the genes identified is similar in function and has roles as either a 

substrate transporter such as ABCB1 795, 890, 891, form part of the signalling cascade associated 

with GPCRs as in the case of OPRM1 892, 893 or are involved in cellular homeostasis 894. 

Interestingly, the ABCB4 and GNB1 genes were observed to share a genetic interaction with 

ABCB1 and OPRM1. The role of investigating genetic or gene-gene interactions between 

independently acting genes is vital in the understanding of a complex phenotype such as 

chronic pain, especially if the effect of one gene is modest 895. This shared gene-associated 

network, thus further supports the gene-gene interaction noted between ABCB1 and OPRM1 in 

the prevalence of chronic pain and disability.  

 

Enrichment analysis further revealed both genes are targets for transcriptional regulation 

through microRNA binding, specifically the microRNA miR-16-15p. A recent study using 

carcinogenic tissue culture has shown that miR-16-5p activity has the potential to influence 

ABCB1 expression and function 896. Similarly, studies have predicted target sites for mir-16-5p 

in the three prime untranslated regions of  OPRM1 mRNA 897. In addition, the analyses also 

noted both genes share binding domains for the STAT4 transcriptional factor (TF) which 

encodes a DNA-binding protein that is critical in the transcription process following cytokine 

stimulation 898, 899. The TF reportedly requires and will bind to the sequence 
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(T/A)TTCC(C/G)GGAA(T/A) present within the transcription region of a target gene 900. 

ABCB1 and OPRM1 may have at least one or multiple sites containing this sequence according 

to the molecular signatures database (MSigDB) on Gene set enrichment analysis (GSEA) 

(STAT4_01 (gsea-msigdb.org). Using nuclear extracts from placental cells and promoter-

binding TF profiling plate arrays, Speidel et al. (2018)901 reported that the ABCB1 promotor 

region has a strong binding affinity for the STAT4 transcription factor indicating the presence 

of multiple binding sites. Other libraries screened during the enrichment analysis were 

pathway, gene ontology (GO), and diseases, where the GO library highlighted an association 

between the gene set and stress response (GO:0080134). Endogenous opioids are expressed 

throughout the brain in response to stressful events, which modulates the response through 

various mechanisms associated with each opioid receptor, including OPRM1 902. More so, 

specifically, the OPRM1 rs1799971 A>G SNP has been found to modify and regulate stress 

responsivity and the hypothalamic-pituitary-adrenal (HPA) axis in healthy volunteers 903, 904. 

In addition, following the molecular profiling of three HPA axis components using mouse 

models and human samples, Lopez et al. (2021)905 reported that ABCB1 function is vital in the 

regulation of glucocorticoid uptake into the adrenal glands, thereby regulating stress 

adaptation. It is widely known that the HPA axis is an essential part of the brain that regulates 

the overall functionality of the system including stress response 906.  

 

Combined, the role of ABCB1 and OPRM1 in chronic pain is further highlighted through their 

relationship to stress. Stress is described as a psychological state presenting with elevated levels 

of anxiety, and depression commonly observed concerning pain, which may lead to an 

allostatic imbalance 902. The inability to manage pain and stress, especially if it is persistent, is 

thought to result the maintenance and aggravation, thereby keeping the cycle of pain and stress 

going 907. The gene set ABCB1 and OPRM1, were both associated with epilepsy (pathway and 

https://www.gsea-msigdb.org/gsea/msigdb/cards/STAT4_01.html
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rare diseases library), where ABCB1 has been associated with drug resistance of several anti-

epileptics in varying populations 493, 908-911. Whereas increasing levels of endogenous opioids 

have been reported during epileptic incidents, although the exact role of OPRM1 is unknown 

and thereby remains poorly understood 912, 913. Also observed during the screening of the drug 

libraries were that both genes are relevant in the opioid pathway as the genes are consistently 

associated with morphine drug signatures 496, 512, 734, 737, 832, 914-916.  

 

4.4.3 Exploration of the OPRM1 (rs1799971 A>G- rs540825 T>A)- COMT (rs4680 

G>A) Allele-Allele Interaction 

The next interaction investigated the allele-allele combinations between the OPRM1 and 

COMT SNPs. The gene-gene interactions between the OPRM1 rs1799971 A>G, rs540825 

T>A, and COMT (rs4680 G>A) SNPs noted a few specific allele-allele combinations 

associated with risks for reporting pain and combined symptoms. A significant interaction was 

observed for the OPRM1 (rs1799971 A>G-rs540825 T>A)-COMT (rs4680 G>A) allele-allele 

combination in the pain category. The findings noted the A-T-A allele combination was 

associated with an increased risk for moderate-high pain. In addition, the G-T-G allele 

combination, with alternate alleles for rs1799971 A>G and rs4680 G>A, was associated with 

decreased risk for moderate-high pain. This finding underlines the significant interaction 

between functional OPRM1 rs1799971 A>G and COMT rs4680 G>A SNPs that have been 

implicated in previous pain-related studies 554, 557, 680, 885, 886, 917. Studies examining various pain 

settings (for example postoperative abdominal surgery and cancer pain), that were primarily 

focussed on cohorts that are of Caucasian origin 554, 557, 680, 885, 886, 917. Thereby, warranting 

further analysis of the specific OPRM1 rs1799971 A>G - COMT rs4680 G>A allele-allele 

combination. Analyses showed the A-A allele-allele pair had a 1.35 and 1.42 increased risk for 

reporting moderate-high pain and combined (pain and disability), respectively. Whereas the 
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alternate G-G allele-allele combination pair had a 0.23 decreased risk of reporting moderate-

high pain. Although this study did not measure opioid requirements, it did measure reported 

pain scores. The findings contrasted with previous studies described in populations of European 

descent, which measured opioid requirements and rescue 554, 885, 917.  

 

A novel finding in this study is the interaction between the OPRM1 rs540825 T>A and COMT 

rs4680 G>A SNPs since no studies have yet explored the interaction between any COMT SNPs 

and the OPRM1 rs540825 T>A polymorphism. The findings of this study showed the T-G 

allele combination was associated with an equal likelihood of reporting combined symptoms. 

In contrast, the alternate A-A combination was associated with an increased likelihood of 

reporting combined symptoms. The result supports the hypothesis that alternative exon splice 

variants are notable genetic sources with the potential to influence pain variability in response 

to opioid consumption 551. The OPRM1 rs540825 T>A polymorphism has been implicated in 

mood 558, 566 and fentanyl-induced emesis 551 studies, while pain-related studies are limited. 

This nonsynonymous polymorphism, rs540825 T>A (Glu>His), is found in the alternative 

exon of OPRM1 that defines the MOR-1X protein isoform 566.  The biological significance 

attached to this polymorphism is attributed to its location in the C-termini of the isoform, 

crucial to receptor phosphorylation, internalization, and desensitization in response to µ-

agonists 550. In this interaction, assuming the functional COMT rs4680 polymorphism drives 

this interaction when breaking down genotype-phenotype data available for COMT rs4680 

G>A,  A/A carriers report higher pain but require fewer opioids 463, 918, 919. This is hypothesized 

to be the result of diminished µ-opioid receptor response to pain in addition to an increase in 

MOR receptor availability 463, 736, 920. Whereas carriers of the rs540825 A allele have previously 

been associated with requiring less opioids arguably in a response to less pain 557. However, 

SNP studies for OPRM1 rs540825 and COMT rs4680 are conflicting and limited, particularly 
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in the case of the rs540825 SNPs and therefore remain poorly understood. It could be that the 

requirement for fewer opioids may be due to agonists competing between an increase of MOR1 

receptors, rather than that of a modified MOR-1X receptor. Regan et al. (2016)553 hypothesized 

that opioids have a role in mediating cell-specific splicing and found morphine administration 

upregulated MOR-1X isoform expression. In this study, opioid requirements or receptor 

availability were not measured and therefore, these results warrant further scrutiny. When 

considering the assumption that the COMT rs4680 A allele drives this interaction, the study 

findings appear to be in line with the prior studies. The functional effect of COMT rs4680 is 

well described in various populations and associated with an increased risk of chronic pain 

after surgery 27, 557, 873, 921.  

 

4.4.4 In Silico Exploration of the OPRM1 - COMT  Gene-Gene Interaction 

Further examination of the interaction between OPRM1 and COMT noted several secondary 

gene-associated networks using the bioinformatic approach. OPRM1 and COMT were 

associated through physical and genetic interaction, co-expressed, shared protein domains, as 

well as pathway networks. The different associated networks noted here provide evidence and 

support the interactive relationship between OPRM1 and COMT. For the reason that the 

secondary genes were either a subtype of the protein family, and therefore have functional 

similarity, or interact with the primary gene as in the case of OPRD1, OPRL1 and PENK 631, 

922, 923. The enrichment analyses also highlighted interesting associations between the gene set, 

within each library screened. The gene set was associated with being found in specific cellular 

compartments that are specialized to the pain pathway and neuronal activity such as the axon, 

dendrites, and post-synaptic regions 924. These nerve cell components work together allowing 

for the transmission of signals through chemical messengers (neurotransmitters) that will either 

induce or inhibit neuronal activity 924, 925. The membrane-bound mu-opioid receptor can be 
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presynaptic which may reduce the inhibitory transmission, and postsynaptic whereby it directly 

inhibits the signal transmission 926. Whereas the role of COMT is to regulate levels of types of 

neurotransmitters. The gene set was also associated with behavioral conditions such as 

substance abuse and addiction, as well as pain-orientated diseases as in the case of mononeuritis 

multiplex, basilar migraine 927, 928. Pathway enrichment highlighted a link between this gene 

set and endometriosis, a chronic inflammatory condition that presents severe pain. Although 

the implication of the OPRM1 and COMT genes are expected given their roles in the pain 

pathway, it is reported that the genes may also potentially impact risk for BC 929.  

 

4.4.5 Exploration of the ABCB1 (rs1128503 G>A-rs1045642 G>A)- COMT 

(rs4680 G>A) Allele-Allele Interaction 

Reports of gene-gene interactions or synergistic effects between the ABCB1 and COMT genes 

are limited. This study described the novel allele-allele combinations between ABCB1 and 

COMT SNPs to be associated with pain and combined (pain and disability) symptoms. The 

ABCB1 (rs1128503 G>A - rs1045642 G>A) – COMT (rs4680 G>A) A-A-G allele-allele 

combination was associated with a reduced likelihood of reporting combined pain and 

disability symptoms. This association was further supported with two SNP pair analyses as 

noted between the individual ABCB1 rs1128503 G>A and COMT rs4680 G>A SNPs. The 

alternate alleles for each SNP, rs1128503 G and rs4680 A, were associated with an increased 

risk for pain and combined symptoms. The ABCB1 (rs1045642 G>A) - COMT (rs4680 G>A) 

construct noted the complementary allele-allele pairs, G-A and A-G, were associated with 

increased and reduced likelihoods of reporting pain and combined symptoms, respectively. 

This study is the first to report an allele-specific interaction between these genes concerning 

the prevalence of chronic shoulder pain and disability in BCS. To date, numerous studies have 

been conducted in the clinical setting to elucidate the functional significance of ABCB1 and 
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COMT SNPs, in pain- and opioid-related research with various outcomes 914, 916, 930-932. 

However, the studies aimed to clarify the role of these SNPs either individually, or in haplotype 

form and to date no combinations of alleles have been reported as far as the authors are aware. 

Other than the functional role of drug distribution and through pain modulation of the 

dopaminergic pathways, the ABCB1 and COMT genes are key players each within its 

independent pathway. As both genes are located on different chromosomes, the findings of this 

study showed the potential of allele-specific interaction across different chromosomes to 

influence the susceptibility of developing a particular phenotype.  

 

4.4.6  In Silico Exploration of the ABCB1- COMT Gene-Gene Interaction 

In the network analyses, it was observed that ABCB1 and COMT share gene-associated 

networks with the MAOA and COMTD1 genes, each having roles in the enzymatic activity of 

neurotransmitters like dopamine, but were more associated with the COMT gene (weight 

>40%); 933, 934. The enrichment analyses also highlighted several associations for the gene set, 

most of which were for the disease and drug libraries. Screening of these libraries showed that 

both genes were associated with varying cancer types (e.g. thyroid cancer, renal cell carcinoma) 

and neurological (e.g. TAU syndrome, limb dystonia) disorders 935-939. Upon the examination 

of screening the drugs library, a clear correlation emerges between diseases and drugs 

concerning each gene’s function. The drugs library noted associations for specific drugs that 

are administered as treatment in cancer and neurological disorders 940-942. These enrichment 

results displayed a clear demonstration of the genetic interaction that may exist between 

ABCB1 and COMT.  
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4.4.7 Exploration of the ABCB1 (rs1045642 G>A)- OPRM1 (rs1799971 A>G)- 

COMT (rs4680 G>A) Allele-Allele Interaction 

The collective gene-gene interaction between ABCB1, OPRM1 and COMT has not been 

previously examined. Based on a literary report indicating that the three genes form part of the 

fundamental opioid signaling and pain pathway 464, this thesis demonstrates that SNPs within 

each ABCB1, OPRM1 and COMT collectively, modulate chronic shoulder pain and disability 

in this SA BCS cohort. The results highlighted three specific allele-allele combinations formed 

by SNPs within each gene, which are associated with moderate-high pain, disability, and 

combined symptoms. These combinations include G-A-A, G-G-G and A-A-G. Notably, the 

former and latter allele-allele combinations containing the alternate forms of ABCB1 rs1045642 

G>A and COMT rs4680 G>A in combination with OPRM1 rs1799971 A revealed contrasting 

associations. Furthermore, the associations of these allele-allele combination as presented in 

Table 4.1, were reflective of the independent gene associations noted in Sections 4.3.1 and 

4.3.5.  

 

Table 4.1: ABCB1 (rs1045642)-OPRM1 (rs1799971)-COMT (rs4680) gene-gene 

interaction associations. 

ABCB1 

rs1045642 

G>A 

OPRM1 

rs1799971 

A>G 

COMT 

rs4680 

G>A 

Trend (odds) Category 

MAJOR MAJOR minor Increased 

(1.93/1.63) 

Pain/Combined 

Major minor MAJOR Reduced (0.00) Pain 

minor MAJOR MAJOR Reduced 

(0.37/0.51) 

Disability/Combined 
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4.4.8 In Silico Exploration of the ABCB1 - OPRM1 - COMT Gene-Gene 

Interaction 

In the bioinformatic analyses, the gene-associated networks for the gene set found an 

association with the MAT1A gene, a tumour suppression gene 943. This correlation is, however, 

a tertiary link displaying weak associations for which data is limited, and therefore requires 

further in-depth exploration of the network. Enrichment analyses of ABCB1, OPRM1, and 

COMT revealed an association with the myocyte enhancer factor (MEF2A). A transcription 

factor that is vital for a wide range of cellular processes including neuronal differentiation, and 

skeletal muscle regeneration 944, 945. Although significance was removed after adjusting, it 

could be hypothesized that expression of the gene set may potentially be influenced by the TF 

as it is widely distributed and vital in the brain 945. The role of MEF2A may also be argued 

through its role in muscle regeneration as reports show it influences myoblast proliferation, 

differentiation and as well as myofibrogenesis 946-949. Fibrosis is often associated with pain, 

which in theory is an associated outcome of dysregulated cellular proliferation 947, 949-951.  

 

This potential interaction is however speculative since the relationship between the gene set, 

MEF2A, and chronic pain/disability is not well established, and therefore requires further 

scrutiny. Ontology terms highlighted an association of the gene set with the GCH1 Complex 

and plasma membrane regions. The GCH1 complex term describes the various steps in the 

production of Tetrahydrobiopterin (BH4), a crucial cofactor in the synthesis of 

neurotransmitters 952. As previously highlighted, there is a significant relationship between 

OPRM1, COMT and neurotransmitters like dopamine; the enrichment findings support this 

relationship even further. Whereas the ABCB1-GCH1 Complex association comes in the form 

of its role in drug delivery for crisis pain, specifically in sickle cell disease 953. In the disease 

library, most of the enrichment correlation is observed for the gene set, with several pain and 
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movement and/or muscle-associated phenotypes. Emerging from the drugs library, the drugs 

associated, namely morphine, support the correlation between the gene set and pain phenotypes 

we have observed in the study. 
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5 CHAPTER FIVE: SUMMARY AND FUTURE 

PERSPECTIVES  

 

5.1 SUMMARY 

A growing challenge in South African (SA) healthcare is the frequency of chronic shoulder 

pain and disability among breast cancer survivors (BCS). It is theorised that genetics may 

play a role in the development of these symptoms, and more so, a lack of adequate pain relief 

during the acute postoperative period regardless of opioid therapy. Evidence suggests that 

polymorphisms within genes functioning within the opioid signalling and pain pathways have 

the potential to influence the development of chronic musculoskeletal pain and disability 

conditions. As discussed in Chapter 1, Sections 1.4.1, 1.4.2, and 1.4.3. the widely studied 

ABCB1, OPRM1, and COMT genes have consistently been implicated in these conditions 

given the biological function that the translated proteins have in the opioid signalling and pain 

pathways. This thesis therefore sought to identify potential genetic contributors to variability 

in pain response and to understand the development of chronic pain and disability in SA BCS 

of mixed ancestry background. Particularly since the SA population has a diverse genetic 

background and an increasing BCS cohort that is of mixed ancestry. 

 

The main aims of this thesis were, therefore, to evaluate the role of single nucleotide 

polymorphisms (SNPs) in candidate genes forming part of the pain-modulating pathway in a 

BCS cohort with symptoms of chronic pain and disability using the Shoulder Pain and 

Disability Index (SPADI), within a SA population of mixed ancestry. Additionally, the 

secondary aims were to explore an in-silico approach to evaluate the potential functional effects 

of the polymorphisms within the candidate genes on their encoding protein. In addition, 

highlighting potential biologically relevant pain-related pathways specific to this BCS cohort. 
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The specific objectives, therefore, were to describe the prevalence of BCS and frequencies of 

those reporting symptoms of chronic pain and disability using the Shoulder Pain and Disability 

Index (SPADI) in the SA cohort of mixed ancestry. Additionally, to conduct an exploratory 

sample analysis, evaluating the clinical profile of a subset of BCS during a 1-year treatment 

period relating to opioid administration and patient-reported outcome measures [(SPADI, 

Hospital Anxiety and Depression Scale (HADS) and Positive and Negative Affect (PANAS)]. 

 

The exploratory clinical sample analyses were a descriptive assessment that provided 

evidence of increasing levels of pain and disability during the 1-year course of BC treatment 

despite management with opioids and without clear evidence of relief. Specifically, pain, 

disability and combined symptoms scores were highest at 3 months postoperatively and noted 

a slight decline at 1 year, which are reported to be predictive of developing chronic pain. The 

clinical assessment also provided insight into the emotional and behavioural variables of 

participants during this period. Notably, anxiety, depression and negative affect increased over 

this period, while positive affect decreased. The patterns observed for these outcomes have 

been described in the literature in Chapter 1, Sections 1.2.4 and 1.3.4, and support the role of 

psychological exacerbations of chronic conditions. Although these findings were limited by 

various factors highlighted in Chapter 4, Section 5.3. The data aligned with the theory that 

polymorphisms within genes operating in the opioid signalling and pain pathway may 

contribute to inadequate relief and therefore impact the development of chronic symptoms. 

 

The specific objectives for the genetic association studies (A: independent gene association 

and B: gene-gene interaction association) were to evaluate the genotype and allele 

frequencies of eight prioritised SNPs in three candidate genes: (i) ABCB1 (rs1045642 G>A; 

rs1128503 G>A), (ii) OPRM1 (rs1799971 A>G; rs540825 T>A) and (iii) COMT (rs6269 A>G; 
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rs4633 C>T; rs4818 C>G; rs4680 G>A). Construct inferred haplotypes as a proxy for gene 

associations, and allele-allele combinations as a proxy for gene-gene associations,  with chronic 

pain and disability. Additionally, to conduct bioinformatic analyses to characterise the potential 

functional effects of the prioritised SNPs investigated, and to identify the functional associated 

networks related to the gene set explored and their potential protein network partners 

underlying pain-related associations.  

 

In the independent genetic association analyses (Table 5.1) of the eight prioritised SNPs 

evaluated in the SA BCS, two independent gene associations were noted. The ABCB1 

rs1045642 G>A SNP was associated with reducing the likelihood of reporting disability and 

combined (pain and disability) symptoms. The COMT rs4680 G>A SNP was associated with 

an increasing likelihood of reporting pain and combined (pain and disability) symptoms. 

However, all three genes were implicated in the inferred haplotype analyses, whereby ABCB1 

(G-A/ A-A) inferred haplotypes were associated with reduced disability and combined (pain 

and disability) symptoms. The OPRM1 (G-T) inferred haplotype was associated with reduced 

pain. Whereas the alternate haplotypes COMT (G-G and A-A) were associated with reduced 

and increased pain, respectively. This association was also reflected in the combined (pain and 

disability) group. Moreover, evaluation of the gene-gene interaction association analyses as 

summarised in Table 5.1 using alleles as a proxy, noted the combined genetic intervals for 

ABCB1-OPRM1-COMT were associated with pain [G-A-A (increased); G-G-G (reduced)], 

disability [A-A-G (reduced)] and combined (pain and disability); [A-A-G (reduced); G-A-A 

(increased)] groups (p<0.05). Individual gene-gene interactions were also observed and are 

listed in Table 5.1.  
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Table 5.1: Summary of independent gene associations observed in the SA BCS cohort 

Genotypes Pain Disability Combined 

ABCB1 rs1128503 G>A ─ ─ ─ 

ABCB1 rs1045642 G>A ─ A/A A/A 

OPRM1 rs1799971 A>G ─ ─ ─ 

OPRM1 rs540825 T>A ─ ─ ─ 

COMT rs6269 A>G ─ ─ ─ 

COMT rs4633 C>T ─ ─ ─ 

COMT rs4818 C>G ─ ─ ─ 

COMT rs4680 G>A A/A ─ A/A 

Inferred Haplotypes    

ABCB1 rs1128503 G>A- rs1045642 G>A ─ G-A A-A 

OPRM1 rs1799971 A>G -rs540825 T>A G-T ─ ─ 

COMT rs6269 A>G - rs4680 G>A 
G-G ─ ─ 

A-A ─ A-A 

Inferred Allele-Allele Combinations    

ABCB1 rs1045642 G>A-OPRM1 rs1799971 A>G-rs540825 T>A ─ ─ A-A-T 

ABCB1 rs1045642 G>A-OPRM1 rs1799971 A>G   A-A 

ABCB1 rs1045642 G>A-OPRM1 rs540825 T>A 
─ A-T A-T 

─ G-A G-A 

OPRM1 rs1799971 A>G -COMT rs4680 G>A 
A-A ─ A-A 

G-G ─ ─ 

OPRM1 rs540825 T>A-COMT rs4680 G>A A-A ─ ─ 

ABCB1 rs1128503 G>A- COMT rs4680 G>A G-A ─ G-A 

ABCB1 rs1045642 G>A- COMT rs4680 G>A 
G-A G-A G-A 

─ A-G A-G 

ABCB1 rs1045642 G>A-OPRM1 rs1799971 A>G- COMT rs4680 G>A 
G-A-A A-A-G G-A-A 

G-G-G ─ A-A-G 

Summarized in this table are the associations observed in the SA BCS cohorts in the categories 

of pain, disability and combined (pain and disability). All gene-gene interaction associations 

observed are shown. Minor alleles are highlighted in bold. Reduced likelihood associations are 

indicated with the green blocks. Increased likelihood associations are indicated in blue blocks. 

No associations are denoted by a dash (–).  

 

The in-silico exploration revealed that the SNPs for each gene, ABCB1, OPRM1 and COMT 

were mostly benign by SIFT, PP2 and FATHMM standards apart from the ABCB1 rs1045642 

G>A SNP, predicted to be potentially damaging in effect. Furthermore, RNA structure analyses 
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revealed that the prioritised ABCB1, OPRM1 and COMT SNPs have the potential to influence 

the structure or efficiency and impact the potential function of the translated proteins.  

 

 

Figure 5.1: The corresponding gene-associated networks observed between the ABCB1, 

OPRM1 and COMT genes.  

 

The in-silico investigation also supported the data noted in the gene-gene interaction 

analyses for the  ABCB1, OPRM1 and COMT genes (Figure 5.1), highlighting that the gene 

set has shared networks that are co-expressed, co-localised and have physical interactions. In 

addition, enrichment exploration also revealed significant associations within the biological 

framework of different pathways. For example, in the disease library, several pain phenotypes 

that were not musculoskeletal-related were associated with the gene set. Other examples were 

that the gene set is found in the same biological compartments, and associated with pathways 

that involve neurobiological conditions, and more importantly, similar drug signatures (Figure 

5.2).  
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Figure 5.2: The corresponding libraries and associated enrichment data observed 

between the ABCB1, OPRM1 and COMT genes. 

 

5.2 CONCLUSION 

The findings of this study support the hypothesis proposing that genetic variations within 

ABCB1, OPRM1, and COMT genes play an important role in shaping the emergence of chronic 

postoperative pain, particularly pain associated with movement. This thesis concluded with 

findings that demonstrated the correlation between the frequency of chronic shoulder pain and 

disability in SA BCS, and genetic variations with the ABCB1, OPRM1, and COMT genes.  

 

The findings highlight a correlation between the ABCB1 SNP, rs1045642 G>A, and the 

prevalence of disability, indicating movement-related pain. Although there is no independent 

association for the functional OPRM1 SNPs, rs1799971 A>G, and rs540825 T>A, haplotype 

analyses showed an association which supports the contributory role of OPRM1 in the opioid 

signaling and pain pathways. In addition to the independent association observed for COMT 

rs4680 G>A, gene interactions were observed highlighting the role of collective modulation in 
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pain and disability in the present cohort. Notably, the study suggests that genes influencing the 

persistence of pain and disability symptoms do not act independently; rather, they interact with 

each other. This underscores the complexity of genetic interactions in contributing to the 

development of chronic pain and related symptoms. Understanding the specific genetic factors 

that interact with and activate the development of chronic pain conditions is crucial for 

advancing therapeutic interventions. Additionally, in-silico analyses reveal strong relationships 

between the genes and important pathways and mechanisms, further strengthening and 

supporting the hypotheses presented in this study’s aims. The clinical implications of this study 

aim to assist in the understanding of the pain mechanisms and opioid pathways towards the 

development of novel and innovative therapeutics for pain in personalized medicine.  

 

5.3 LIMITATIONS 

The ethnicity in this cohort was self-reported. We acknowledge that the BCS cohort was low, 

particularly in the subset of patients we analysed. Recruitment for the BCS cohort was 

conducted at a public hospital and one of the barriers included a high participant dropout rate 

and/ or several data points over the study period were not available for analyses. In addition, 

the observed patterns of prescribed opioids in the exploratory sample may not indicate the use 

of opioids. It is plausible that individuals may not adhere to their scripts or may even deviate 

to other forms of therapy drugs. As a result, the absence of these specific details may have 

impacted the analyses, potentially leading to a failure to adequately describe or account for 

confounding variables. Moreover, the exploratory sample set was severely underpowered and 

was used as a descriptive analysis of the SA BCS cohort describing the clinical profile related 

to trends of pain, disability, anxiety, depression, affect and pain management.    

 



249 

 

The main study exclusively used one instrument, the SPADI (Shoulder Pain and Disability 

Index) index, to measure these symptoms of pain and disability. We acknowledge that 

assessment tools such as the UCLA and SST, could have offered additional perspectives on 

symptoms, potentially impacting the classification and severity grading of the condition. For 

the genetic associations, the BCS cohort was powered at <80% to detect effects sizes of OR = 

1.5 (Supplementary Table 2). The study followed a hypothesis approach in which both ABCB1 

OPRM1 and COMT polymorphisms were previously implicated in the pain phenotype. More 

than two genetic polymorphisms were assessed (family-wise error rate) and, taken together 

with the small and underpowered (<80%) sample size, multiple testing was not included. 

Increasing the sample size may also increase the power to detect significant differences in (i) 

clinically relevant variables with genotype/allele frequencies, (ii) allow us to consider clinically 

relevant confounders and (iii) identify appropriate gene-gene locus associations in the 

regression analyses.  

 

5.4 FUTURE PERSPECTIVES 

The susceptibility of chronic shoulder pain and disability is collectively modulated by specific 

genes, namely ABCB1, OPRM1, and COMT. These genetic factors, therefore, need to be 

thoroughly examined in larger-scale studies to comprehend their impact on the chronicity of 

pain and disability symptoms. The exploratory sample analyses hint towards insights into acute 

pain patterns, inadequate pain relief, and psychological distress post-treatment. Studies, 

therefore, should examine and account for clinically relevant confounders. Moreover, 

comprehensive profiling of opioid consumption in combination with the genetic profile of these 

polymorphisms should be conducted to understand how SNPs could translate into variability 

in opioid response in this cohort. The collective genetic association data are supported by the 

in-silico findings; therefore, it is feasible that protein dynamic folding should be explored to 
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unravel a hypothesis for the mechanisms underpinning the findings. Future studies should, 

therefore, examine the role of genetic factors, identify clinically relevant confounders and 

opioid use, and understand how they all contribute to chronic pain and disability. Furthermore, 

incorporating functional genomics, proteomic, and epigenetic analyses of these variants, along 

with other clinically relevant genetic variations, may facilitate the exploration of the underlying 

mechanisms. This understanding will aid in paving the way for more effective interventions 

and treatments. 
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7.1 APPENDIX A: RESEARCH DOCUMENTATION 
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7.1.2 Recruitment Form 

PARTICIPANT INFORMATION LEAFLET AND CONSENT FORM 

Date: 11/10/16 

Version: 01 

TITLE OF THE RESEARCH PROJECT: Pain management in breast cancer study 

PRINCIPAL INVESTIGATOR: Dr Delva Shamley            021 4065066 

CO-INVESTIGATORS:  A/Professor Alison September                                                                            

021 6504574  

Dr Wynand Smythe  

ADDRESS: Clinical Research Centre, University of Cape Town, Old Main Building, L51, 

Groote Schuur Hospital, Observatory, 7925; Division of Exercise Science and Sports Medicine, 

Department of Human Biology, University of Cape Town, PO Box 115, Newlands, 7725 

 

Invitation to participate: We are inviting you to partake in a research project focused on 

morphine drugs and pain management which you will experience  as you have been diagnosed 

for breast cancer  and will be treated in the future. Please read the information in this letter very 

carefully as it explains the details of the project and how you could be involved. Please ask 

your doctor to explain anything that you do not understand. Only you can decide if you want 

to take part and, if you choose to say no or to withdraw from the study at any time, it will not 

affect your medical treatment in any way, not now or in the future.  

What is the study about? Chronic pain is a side effect experienced in breast cancer survivors 

that affects 60% of women. These people develop chronic pain with reduced quality of life, 

shoulder disability, depression, and fatigue. Chronic pain is treated with many opioid drugs, 

morphine being the main one and the ability to metabolise morphine is important. It has been 

seen that each person responds differently or not at all to drugs based on their genetic 

background. There is evidence suggesting that patients who experience severe acute post-

surgery pain are at risk for developing chronic pain and this may be a predictor. This study will 

look at patients who experience severe pain during and after the breast cancer treatment. It will 

examine the genetic effect on drug metabolism by looking at changes in genes responsible for 

the drug break down. We want to see if people who are non-responders to morphine drugs may 

be at risk for developing chronic pain in breast cancer survivors.  

Ethical Approval: This study has been approved by the University of Cape Town Human 

Research Ethics Committee. This study will be carried out according to the Declaration of 

Helsinki which is a set of guidelines informing researchers working with people how to do 

their research so that the people are always treated in the best possible way. It promotes respect 

for the subjects and protects their health and their rights.  

Who will be doing the research? All the researchers and health professionals who will be 

involved are experts in their field and are based at the clinical research centre at the University 

of Cape Town and the Division of Exercise science and sports medicine, Cape Town. All new 

scientists to join the group will be trained and supervised by senior staff members.  

Who is paying for this study? The study is funded by a University of Cape Town Development 

Research Grant 
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Can we trust that there is no conflict of interest? No, there are no conflicts of interest. The 

findings of the study are purely for the benefit of the breast cancer survivors and will add to 

the knowledge of the development of chronic pain post treatment for breast cancer.  

What if something goes wrong? The University of Cape Town promises that in the event of 

you suffering in health or well-being caused directly by you participating, it will provide 

immediate medical care and assistance. This research study is covered by an insurance policy 

taken out by the University of Cape Town with Marsh Pty. Policy number: BOWLT1600031.  

Procedures and Time involved: Once we receive your reply slip, we will phone you to confirm 

your eligibility for inclusion in the study. We will then make an appointment to meet you at the 

Oncology clinic at Groote Schuur hospital, Cape Town during your pre-operative visit. This 

appointment will require about 1 hour of your time. This will start with a 15-minute information 

session about the aim of the research project. We will read through the information sheet and 

answer your questions about the project. If you are interested in taking part in our research 

project, you will be asked to read and sign a consent form. If you agree to take part, we will 

continue as follows:  

  

1. A member of the research team will assist you to complete a questionnaire related to 

your personal details, your history of breast cancer. Your history of treatment by 

physiotherapists, your history of exercising. 

2. You will fill in a short questionnaire about your current level of pain and functional 

ability of the arm and shoulder. You may not be experiencing any difficulty, but we will still 

use your data to compare to those who are having difficulty.  

3. A health professional will draw two small samples of blood (about 1-2 tablespoons, 

about 10ml) from a vein in the arm. 

4. The blood will be stored at the CRC, Groote Schuur, University of Cape Town. Aliquots 

will be transported to the Division of Exercise Science and Sports Medicine in Newlands for 

genetic analysis. DNA analysis will be carried out at the institute of ESSM.  

 

How long will my blood/DNA be stored? There is no limit as to how long the sample can be 

stored because we will constantly be screening the sample the different genes involved in the 

metabolism of opioid drugs use in treatment for breast cancer pain. However, you have the 

right to decide if you do not want your sample to be kept for a period longer than 10 years. 

Will I get results from my tests? This is a pilot study which may determine the genetic 

association with pain relief during treatment for breast cancer. It may take a few years before 

we can draw any conclusions from these results and as such, we will not be sending out any 

results to participants. 

Who can take part: To take part in this study you must be older than 18 years of age. You must 

have been diagnosed for unilateral breast cancer. You must not have a history of neck, shoulder, 

problems prior to cancer and you must not have had a mastectomy. 

Who will know that I am taking part in this project: Your identity will be kept secret, and your 

personal details will be safely stored in the office of the principal investigator, at the Clinical 

Research Centre, Groote Schuur, University of Cape Town. Your samples will be coded with a 

reference number so that your name and other details will not be known to laboratory staff and 

will not be used in any reports or publications written about this study.  

The only person who will know that you are taking part is your Oncology consultant.  
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Will I get paid for taking part: You will not be paid to take part in the study. 

Are there any risks involved in the process: Drawing blood is a standard procedure. There may 

be a little discomfort and pain and a small risk of bruising. If you are still concerned after a few 

days about a study-related injury, then please contact Dr Shamley (telephone numbers are given 

on page 1 of this document). 

What benefits are there for me: There are no direct benefits from the study. This study does not 

aim to provide a cure for chronic pain, but it may provide information and insight in pain 

management and opioid metabolism that will be useful in the future to understand what causes 

or determines the shift of acute pain to chronic pain and how to improve treatment.  

Do I have to take part? NO. It is entirely up to you if you want to take part in this study. You 

may decide that you do not want to take part or decide to withdraw from the project at any 

time. This decision will not affect any current treatment you may be receiving. 

What if I have other questions now or later about the study or my rights: If you have questions 

about the study that are not answered in these Information Sheets, please ask the interviewer 

to answer them. If you have any concerns related to this project in the future, you may contact: 

 

The study investigators at the telephone numbers given on the first page.  

Professor Marc Blockman, Chair, UCT Human Research Ethics Committee, Faculty of Health 

Sciences, may be contacted by research subjects to discuss their rights. Office Tel: 021-

4066492; Email address:marc.blockman@uct.ac.za 

Dr Shamley, Director, UCT Clinical Research Centre, may be contacted: Office Tel: 021 

4065066; Email address: delva.shamley@uct.ac.za 
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7.1.3 Consent Form  

Date:   

Version: 01 

Project Title: Pain management in breast cancer study 

AGREEMENT TO PARTICIPATE 

I, _________________________, have read (or had read to me) the Information Sheet for the 

study named ‘Opioid metabolism and pain management post treatment for breast cancer’. 

My role in the study is as a research volunteer to help the investigators collect information 

about the opioid metabolism and genes that may be involved in the development of chronic 

pain after treatment for breast cancer. I understand that the purpose of this study is not to cure 

chronic pain and the genetic information may or may not be useful in designing better ways to 

treat these complications in the future. My questions have been answered to my satisfaction in 

a language that I understood. By signing this consent form I do not waive any of my rights.  

I, ………………………………………., AGREE to take part in the study “Pain management 

in breast cancer study”. 

 

(initial  boxes where appropriate) 

I agree to give a blood sample for protein studies.  

I agree to give a blood sample for pharmacogenetic studies related to this study only.      

I agree to my DNA being stored for a maximum period of 10 years. 

I authorise my doctor to provide relevant clinical details to the  

Department of Human Biology, UCT. 

 

Research Volunteer:  

Signature: ________________________  

Date:        ________________________  

Name:      ________________________  

                             Please Print  

 

Volunteer: Please sign both copies of this page  

Interviewer Obtaining Consent:  

 

Signature: ________________________  

Date:        ________________________ Name:      ________________________  

                            Please Print  

Interviewer: Please sign both copies of this page and hand one copy back to the research 

volunteer.



315 

 

7.2 APPENDIX B: OUTCOME MEASURES 

7.2.1 Shoulder Pain and Disability Index (SPADI) 

Study no: 

Date: 

Visit No: 

 

Shoulder Pain and Disability Index 

 

Please place a mark on the line that best represents your experience during the last week 

attributable to your shoulder problem.  

 

Pain scale  

How severe is your pain?  

Circle the number that best describes your pain where: 0 = no pain and 10 = the worst pain 

imaginable.  

At its worst?  0 1 2 3 4 5 6 7 8 9 10 

When lying on the involved side?  0 1 2 3 4 5 6 7

 8 9 10 

Reaching for something on a high shelf?  0 1 2 3 4 5 6

 7 8 9 10 

Touching the back of your neck?  0 1 2 3 4 5 6 7

 8 9 10 

Pushing with the involved arm? 0 1 2 3 4 5 6 7

 8 9 10 

 

Total pain score¬¬¬¬¬¬_____ /50 x 100 = %  

(Note: If a person does not answer all questions divide by the total possible score, e.g., if 1 

question missed divide by 40)  

 

Disability scale  

How much difficulty do you have?  

Circle the number that best describes your experience where: 0 = no difficulty and 10 = so 

difficult it requires help  

Washing your hair?  0 1 2 3 4 5 6 7 8 9

 10 

Washing your back?  0 1 2 3 4 5 6 7 8 9

 10 

Putting on an undershirt or jumper?  0 1 2 3 4 5 6 7

 8 9 10 

Putting on a shirt that buttons down the front?  0 1 2 3 4 5

 6 7 8 9 10 

Putting on your pants?  0 1 2 3 4 5 6 7 8

 9 10 

Placing an object on a high shelf?  0 1 2 3 4 5 6 7

 8 9 10 

Carrying a heavy object of 10 pounds (4.5 kilograms)  0 1 2 3 4

 5 6 7 8 9 10 
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Removing something from your back pocket?  0 1 2 3 4 5

 6 7 8 9 10 

 

Total disability score: _____/ 80 x 100 = %  

(Note: If a person does not answer all questions divide by the total possible score, e.g., if 1 

question missed divide by 70)  

 

Total SPADI score: _____ 130 x 100 = %  

 

(Note: If a person does not answer all questions divide by the total possible score, e.g., if 1 

question missed divide by 120)  

 

Minimum Detectable Change (90% confidence) = 13 points  

(Change less than this may be attributable to measurement error)  

Source: Roach et al. (1991). Development of a shoulder pain and disability index.  
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7.2.2 Hospital Anxiety and Depression Scale (HADS) 

Hospital Anxiety and Depression Scale 

Study no: 

Date: 

Visit No: 

 Yes, definitely Yes sometimes No, not much No, not at all. 

1. I wake early and then sleep badly for the rest of the night. 

 3 2 1 0 

2. I get very frightened or have panic feelings for apparently no reason at all. 

 3 2 1 0 

3. I feel miserable and sad. 

 3 2 1 0 

4. I feel anxious when I go out of the house on my own. 

 3 2 1 0 

5. I have lost interest in things 

 3 2 1 0 

6. I get palpitations, or sensations of ‘butterflies’ in my stomach or chest. 

 3 2 1 0 

7. I have a good appetite. 

 0 1 2 3 

8. I feel scared or frightened. 

 3 2 1 0 

9. I feel life is not worth living. 

 3 2 1 0 

10. I still enjoy the things I used to. 

     

11. I am restless and can’t keep still 

 3 2 1 0 

12. I am more irritable than usual. 

 3 2 1 0 

13. I feel as if I have slowed down. 

 3 2 1 0 

14. Worrying thoughts constantly go through my mind. 3 2 1 0 
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7.2.3 Positive and Negative Affect Scale (PANAS) 

Positive and negative affect scale  

Study no: 

Date: 

Visit No: 

This scale consists of a number of words that describe different feelings and emotions. Read 

each item and then mark the appropriate answer in the space next to that word. Indicate to what 

extent you feel this way generally, that is, how you feel most of the time: 

 

0 1 2 3 4 5 

not at all       very slightly or a little  moderately      quite a bit               

extremely 

 

   

  _____ interested   _____ irritable. 

   

_____ distressed   _____ alert. 

 

_____ excited    _____ ashamed 

 

_____ upset    _____ inspired. 

 

_____ strong    _____ nervous 

 

_____ guilty    _____ determined. 

 

_____ scared    _____ attentive. 

 

_____ hostile    _____ jittery 

 

_____ enthusiastic   _____ active 

 

_____ proud    _____ afraid 
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7.3 APPENDIX C: DNA EXTRACTION MATERIALS 

7.3.1 DNA Extraction Reagents 

Last modified March 09/2021 

1. TKM1 Buffer (pH 7.6) 

 

 Final Conc. MW For  500ml For 1000ml 

Tris-Base* 10mM  121.00 0.6056 1.2112 

KCl 10mM 74.56 0.3728 0.7456 

MgCl2.6H2O 10mM 203.20 1.016 2.032 

EDTA 2mM 372.24 0.372 0.744 

dH2O   to 500ml To 1000ml 

• Autoclave 

• Make up 1 volume which includes 2.5% NP40 and 1 volume without NP40. 

 

 

2. TKM2 Buffer (pH 7.6) 

 

 Final Conc. MW For 200ml 

Tris-Base* 10mM  121.00 0.242 

KCl 10mM 74.56 0.149 

MgCl2.6H2O 10mM 203.20 0.406 

EDTA 2mM 372.24 0.1488 

NaCl 0.4M 58.44 4.675 

dH2O   to 200 ml 

• Autoclave 

 

 

3. 10% SDS 

 

 Final Conc. MW  For 200ml 

SDS 10%  20 

dH2O   to 200 ml 

• Autoclave 

 

 

4.1X TE buffer (pH 8.0) 

 

 Final Conc. MW For 100ml 

Tris-Base* 10mM 121.00 0.121 

EDTA 1mM 372.24 0.037 

dH2O   to 100 ml 

• Autoclave 
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5. 5M NaClO4 

 

 Final Conc. MW For 100ml 

NaClO4 5M 122.4 61.2 

dH2O   to 100 ml 

• Autoclave 

. Other Chemicals and Reagents 

• Chloroform (molecular grade) 

• NP40 

• Absolute ethanol 
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7.3.2 DNA Extraction from Whole Blood Protocol 

 

1. Draw 5mls of blood into an EDTA vacutainer tube (Purple top). 

2. Blood can be stored at 4ºC up to 1 week before the DNA is extracted. 

3. Transfer the blood to a sterile 15ml polypropylene tube. 

4. Add 2 volumes (10ml) of TKM1 buffer containing 2.5% NP40. 

5. Mix by inverting several times and incubate at room temperature for 10 

minutes in order to enhance the haemolysis of red blood cells. 

6. Centrifuge at 3000rpm (1200Xg) at room temperature for 10 minutes. 

7. Decant off the supernatant containing leaving the white pellet at the bottom 

of the tube. 

8. Add 1 volume (5ml) of TKM1 buffer (without NP40). 

9. Invert and vortex the solution. 

10. Centrifuge at 3000rpm (1200Xg) at room temperature for 10 minutes. 

11. Decant the supernatant leaving the white pellet in the bottom of the tube. 

12. Repeat steps 7-10 until the pellet in the bottom of the tube is clean and white. 

13. Add 800ul of TKM2 buffer and 50ul of the 10% SDS solution. 

14. Vortex and then mix using a blue pipette tip to assist in the lyses of the 

white blood cells. 

15. Incubate for 60 minutes at 55ºC in a water bath. Make sure the pellet is 

totally dissolved before moving on. 

16. Add 150ul of 5M NaClO4. 

17. Add 500ul of molecular biology grade chloroform. 

18. Vortex the solution. 

19. Transfer the solution to sterile 1.5ml microfuge tubes. 

20. Centrifuge at 1300rpm at room temperature for 5 minutes. 

21. Carefully transfer 500ul of the top aqueous phase to a new sterile microfuge 

tube.  

22. Add 1ml of absolute ethanol. 

23. Invert until DNA precipitates. 

24. Centrifuge at 1300rpm at room temperature for 5-10 minutes. 

25. Carefully tip off supernatant leaving the pellet in the bottom of the tube. 

26. Allow pellet to air dry completely. 

27. Add 200ul of 1XTE buffer. 

28. Incubate the tubes at 65ºC for 15 minutes in a heating block. 

29. Store DNA at 4ºC. 

 
* Tris-Base and Tris-HCL have different MW 

Reference: Lahiri et al.(1991) Nucleic acids research 19:54444 
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7.4 APPENDIX D: SUPPLEMENTARY RESULTS 

7.4.1 Genetic Association  

Supplemental Table 1: A priori power calculation to determine a sufficient sample size (n) for candidate genes with odds ratios 1.5-2.5 at 80% 

power using a literary inferred baseline risk. 

N, number of participants with Moderate – High pain, disability, and combined (pain and disability), required for 80% study power  

      Dominant   Recessive   Log Additive 

MAF OR   Pain (~37%) Disability (~34%) Combined (~45%)   Pain (~37%) Disability (~34%) Combined (~45%)   Pain (~37%) Disability (~34%) Combined (~45%) 

0,1 1,5  452 448 460  6867 6765 7076  385 381 395 

 2  154 152 159  2320 2261 2442  133 130 138 

 2,5  89 87 93  1333 1288 1426  78 76 82 

0,2 1,5  308 307 310  1777 1753 1828  221 21 225 

 2  106 105 107  602 587 631  77 76 80 

 2,5  61 61 62  346 335 369  46 45 48 

0,3 1,5  288 289 288  839 828 860  171 170 173 

 2  100 100 99  285 279 297  60 60 62 

 2,5  58 58 57  164 160 173  36 36 37 

0,4 1,5  317 319 314  515 510 526  151 151 152 

 2  110 111 108  176 173 182  54 53 54 

 2,5  63 64 62  101 99 106  32 32 32 

0,5 1,5  394 397 388  374 371 379  146 146 146 

 2  136 138 133  128 126 131  52 52 52 

  2,5   78 80 76   74 73 76   31 31 31 

Note: Abbreviations: MAF, Minor Allele Frequency; OR Odds Ratio  
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Supplemental Table 2: A priori power calculation to determine a sufficient sample size (n) for candidate genes with odds ratios 1.5-2.5 at 80% 

power using SA BCS prevalence.  

Sample size required: N, number of participants with Moderate – High pain, disability, and combined (pain and disability), required for 80% study power  

      Dominant   Recessive   Log Additive 

MAF OR   Pain (28%) Disability (17%) Combined (22%)   Pain (28%) Disability (17%) Combined (22%)   Pain (28%) Disability (17%) Combined (22%) 

0,1 1,5  441 428 434  6595 6284 6426  373 359 365 

 2  148 141 144  2162 1980 2063  126 118 121 

 2,5  84 79 81  1213 1076 1138  73 66 69 

0,2 1,5  305 301 303  1712 1636 1670  215 209 212 

 2  104 102 103  563 520 539  74 71 73 

 2,5  60 59 59  317 28 299  44 41 42 

0,3 1,5  289 290 290  811 780 794  168 165 166 

 2  100 101 101  269 251 259  59 57 58 

 2,5  58 59 58  152 138 144  35 34 34 

0,4 1,5  321 326 324  502 486 493  150 148 149 

 2  112 116 114  168 159 163  53 52 53 

 2,5  65 68 67  95 88 92  32 31 31 

0,5 1,5  402 413 408  366 358 362  146 146 146 

 2  142 149 146  124 119 121  52 52 52 

  2,5  83 89 86  71 67 69  31 31 31 

Note: Abbreviations: MAF, Minor Allele Frequency; OR Odds Ratio 

 

 

 

 



324 

 

Supplemental Table 3:  Post hoc analysis of study statistical power by literature inferred baseline risk. 

  Dominant Recessive Log Additive  Dominant Recessive Log Additive  Dominant Recessive Log Additive 

  Pain (37%) n=68  Disability (34%) n=48  Combined (45%) n=55 

ABCB1 rs1045642 A=0.3952 1,5 26% 17% 47%  19% 14% 35%  22% 15% 39% 

 2,0 60% 41% 88%  46% 31% 75%  52% 33% 80% 

 2,5 83% 62% 98%  68% 49% 93%  75% 51% 95% 

ABCB1 rs1128503 A=0.4161 1,5 25% 18% 47%  19% 14% 36%  21% 15% 40% 

 2,0 58% 44% 89%  44% 33% 76%  51% 36% 81% 

 2,5 82% 66% 98%  67% 52% 93%  74% 55% 96% 

 OPRM1 rs1799971 G=0.2234 1,5 27% 9% 37%  20% 8% 28%  22% 8% 30% 

 2,0 63% 18% 78%  48% 14% 63%  53% 15% 68% 

 2,5 85% 28% 94%  72% 22% 85%  76% 23% 88% 

OPRM1 rs540825 A=0.1178 1,5 21% 6% 24%  16% 6% 19%  18% 6% 20% 

 2,0 50% 9% 57%  38% 8% 44%  41% 8% 47% 

 2,5 74% 12% 80%  59% 10% 66%  63% 10% 69% 

COMT rs6269 G=0.3568 1,5 27% 15% 45%  20% 12% 34%  23% 13% 38% 

 2,0 62% 36% 87%  48% 27% 74%  54% 29% 79% 

 2,5 85% 55% 98%  71% 43% 92%  77% 45% 95% 

COMT rs4633 T=0.3716 1,5 26% 16% 46%  20% 13% 35%  22% 14% 38% 

 2,0 61% 38% 88%  47% 29% 75%  53% 31% 80% 

 2,5 84% 1% 98%  70% 45% 92%  77% 48% 95% 

COMT rs4818 G=0.2969 1,5 27% 0% 42%  21% 10% 32%  23% 11% 35% 

 2,0 64% 27% 84%  49% 21% 71%  55% 22% 75% 

 2,5 86% 43% 97%  72% 33% 90%  78% 35% 93% 

COMT rs4680 A=0.3692 1,5 26% 16% 46%  20% 13% 35%  22% 15% 39% 



325 

 

 2,0 61% 37% 88%  47% 28% 75%  52% 33% 80% 

 2,5 84% 58% 98%  70% 45% 92%  75% 52% 95% 

Notes: *Frequencies were reported from the NCBI portal (National Centre for Biotechnology Information [http://www.ncbi.nlm.nih.gov/]). The 

number of unmatched participants in the no – low category per participant in the moderate – high category was 2. Abbreviations: SNP, Single 

nucleotide polymorphism; MAF, Minor Allele Frequency; OR, Odds Ratio; n, number of participants with moderate – high pain, disability and 

combined (pain and disability). 
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Supplemental Table 4: Post hoc analysis of study statistical power by SA BCS prevalence. 

  Dominant Recessive Log Additive  Dominant Recessive Log Additive  Dominant Recessive Log Additive 

  Pain (28%) n=68  Disability (17%) n=48  Combined (22%) n=55 

ABCB1 rs1045642 A=0.3952 1,5 25% 18% 47%  19% 14% 36%  21% 15% 40% 

 2,0 59% 42% 89%  44% 33% 77%  50% 36% 82% 

 2,5 82% 65% 98%  66% 53% 94%  72% 58% 96% 

ABCB1 rs1128503 A=0.4161 1,5 25% 19% 47%  18% 15% 36%  21% 16% 40% 

 2,0 57% 45% 89%  43% 35% 77%  48% 39% 82% 
 

2,5 80% 68% 98%  64% 56% 94%  71% 61% 96% 

OPRM1 rs1799971 G=0.2234 1,5 27% 10% 37%  21% 8% 29%  23% 9% 32% 

 2,0 63% 19% 79%  49% 16% 66%  54% 17% 71% 

 2,5 86% 30% 95%  72% 25% 88%  78% 27% 91% 

OPRM1 rs540825 A=0.1178 1,5 21% 6% 25%  17% 6% 20%  18% 6% 21% 

 2,0 52% 9% 60%  40% 8% 48%  44% 8% 52% 

 2,5 75% 12% 82%  63% 11% 72%  68% 11% 76% 

COMT rs6269 G=0.3568 1,5 26% 16% 46%  20% 13% 35%  22% 14% 39% 

 2,0 61% 37% 88%  46% 29% 76%  52% 32% 81% 

 2,5 84% 58% 98%  68% 48% 93%  75% 51% 96% 

COMT rs4633 T=0.3716 1,5 26% 16% 46%  20% 13% 35%  22% 14% 39% 

 2,0 61% 39% 88%  46% 31% 76%  51% 34% 81% 

 2,5 83% 61% 98%  67% 50% 93%  74% 54% 96% 

COMT rs4818 G=0.2969 1,5 27% 13% 43%  21% 11% 33%  23% 11% 36% 

 2,0 64% 29% 85%  49% 23% 73%  55% 25% 78% 

 2,5 86% 46% 97%  72% 37% 92%  78% 40% 94% 

COMT rs4680 A=0.3692 1,5 26% 16% 46%  20% 13% 35%  22% 14% 39% 
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 2,0 61% 39% 88%  46% 31% 76%  51% 33% 81% 

 2,5 83% 60% 98%  68% 50% 93%  74% 53% 96% 
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Supplemental Table 5: Clinical characteristics of a subset of South African Breast Cancer Survivors. 

Patient Age BMI (Kg/m2) 

Surgery 

type Lymph node surgery Neo-CT 

Adjuvant 

CT 

Adjuvant 

RT  

Adjuvant 

HT 

Treatment 

given 

 53.3±13.2  33.1 (27.6-38.3) 
       

SW p 0.704 0.022        

1 38 28,08 MTX ALND Yes No Yes Yes Tamoxifen 

2 57 37,88 WLE SLNB No No Yes Yes Tamoxifen 

3 76 25,33 MTX ALND No No No Yes Tamoxifen 

4 48 34,24 WLE ALND Yes No Yes No None 

5 42 38,27 WLE SLNB No No Yes Yes Tamoxifen 

6 73 33,11 WLE SLNB No No Yes Yes Tamoxifen 

7 64 44,92 WLE SLNB No No Yes Yes Tamoxifen 

8 63 41,02 MTX None No No No Yes Tamoxifen 

9 47 26,45 WLE SLNB No No Yes Yes Tamoxifen 

10 59 26,13 WLE SLNB No No No Yes Tamoxifen 

11 47 62,47 WLE SLNB No No Yes Yes Tamoxifen 

12 46 27,58 MTX ALND No No No Yes Tamoxifen 

13 33 31,63 MTX SLNB Yes No No Yes Tamoxifen 
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Supplemental Table 6: Normality distribution for quantitative variables for the subset samples analyses. 

Variable Shapiro-Wilk test P value Kolmogorov-Smirnov test P value 

Age 0,957 0,704 0,195 >0,1000 

BMI(Kg/m2) 0,841 0,022 0,17 >0,1000 

Total Tramadol (MME) Dose 0,85 0,029 0,226 0,069 

Total Paracetamol (g) Dose 0,882 0,077 0,211 >0,1000 

Pain (T1) 0.482 <0.001 0.372 <0.001 

Disability (T1) 0.586 <0.001 0.381 <0.001 

Combined (T1) 0.556 <0.001 0.372 <0.001 

Pain (T2) 0,926 0,339 0,144 >0,1000 

Disability (T2) 0,924 0,316 0,194 >0,1000 

Combined Pain and Disability (T2) 0,95 0,638 0,126 >0,1000 

Pain (T3) 0,852 0,031 0,179 >0,1000 

Disability (T3) 0,825 0,014 0,209 >0,1000 

Combined Pain and Disability (T3) 0,84 0,021 0,228 0,063 

Anxiety (T1) 0,915 0,214 0,279 0,007 

Depression (T1) 0,953 0,651 0,149 >0,1000 

Anxiety (T2) 0,845 0,032 0,202 >0,1000 

Depression (T2) 0,909 0,205 0,224 0,098 

Anxiety (T3) 0,891 0,099 0,138 >0,1000 

Depression (T3) 0,897 0,122 0,217 0,096 

Positive Affect (T1) 0,929 0,333 0,142 >0,1000 

Negative Affect (T1) 0,884 0,080 0,17 >0,1000 

Positive Affect (T2) 0,985 0,997 0,101 >0,1000 

Negative Affect (T2) 0,859 0,047 0,259 0,026 
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Positive Affect (T3) 0,9 0,134 0,208 >0,1000 

Negative Affect (T3)  0,917 0,231 0,155 >0,1000 

Notes: T1,Pre-operative, T2, 3 months post-operative; T3, 1 year post-operative; P-values (P) in bold typeset indicate significance (P<0.05).BMI, 

Body Mass Index. 
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Supplemental Table 7: Normality distribution for quantitative variables in the full SA BCS cohort. 

Quantitative variables N Mean±SD Range (min-max) 

Kolmogorov-Smirnov p 

value Lilliefors p value Shapiro-Wilk W p value 

Age at surgery 242 
54,0±9,8 22,0-74,0 >0,20 p<0,10 0,014 

Time since surgery(yr.) 240 
3,4±2,5 0,4-10,0 <0,01 <0,01 0,000 

Total number of nodes examined 221 
10,2±6,1 0,0-34,0 >0,20 <0,01 0,000 

Total number of nodes involved 121 
3,4±3,5 0,0-14,0 <0,01 <0,01 0,000 

Pain Score 252 
20,5±24,2 0,0-100,0 <0,01 <0,01 0,000 

Disability Score 252 
13,2±20,5 0,0-100,0 <0,01 <0,01 0,000 

SPADI Score 252 
16,0±21,2 0,0-100,0 <0,01 <0,01 0,000 
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Supplemental Table 8: Breast cancer survivors’ quantitative variables between no-low and moderate-high groups of pain, disability, and the 

combined (pain and disability) categories. 

   Pain   Disability   Combined 

Variables No-Low Mod-High   P    No-Low Mod-High P        No-Low Mod-High P 

N=252 73,0 (184) 27 (68)   81 (204) 19 (48)   78 (197) 22 (55)  

            

Age at surgery 55,3±9,2 50,7±10,7 0,002  54,8±9,3 50,6±11,3 0,011  55,0±9,3 50,5±10,9 0,003 

Time since surgery 

(yr.) 3,5±2,5 3,1±2,4 
0,116  

3,5±2,5 3,2±2,3 
0,482  3,5±2,5 

3,1±2,5 0,133 

Total nodes 

examined 10,5±6,0 9,5±6,3 
0,155  

10,5±6,3 8,9±5,1 
0,177  10,6±6,3 

8,6±5,2 0,066 

Total nodes involved 3,6±3,7 2,8±3,1 0,145  3,7±3,7 2,1±2,5 0,025  3,7±3,7 2,3±2,7 0,034 

                        

Notes: Data presented as mean±standard deviation (Mean±SD) or % (n). P-values (P) in bold typeset indicate significance (P<0.05). Tests used for 

comparative analysis include the Mann-Whitney U test (Independent sample T-test); Fisher’s exact test (*when n <10); Chi-squared test Abbreviations: 

Mod-High: Moderate-High 
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Supplemental Table 9: Amplification success rates for the ABCB1, OPRM1 and COMT SNPs evaluated. 

Gene  SNP Success rate % (n=252) 

ABCB1 

 rs1128503 G>A 98,4 (248) 

 rs1045642 G>A 98,4 (248) 

OPRM1 

 rs1799971 A>G 98,4 (248) 

 rs540825 A>T 93,7 (236) 

COMT 

 rs6269 A>G 98,4 (248) 

 rs4633 C>T 98,4 (248) 

 rs4818 C>G 96,8 (244) 

 rs4680 G>A 97,6 (246) 
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Supplemental Table 10: Unadjusted- Genotype and minor allele frequency distributions, of the ABCB1 (rs1128503 G>A, rs1045642 G>A) 

polymorphisms between pain, disability, and combined (pain and disability) categories. 

  Pain      Disability          Pain and Disability    
  

Polymorphism No-Low Mod -High 
 

No-Low Mod-High    No-Low Mod-High    

 SA BCS  (n=184)  (n=68) OR (95% CI)  (n= 204)  (n=48) OR (95% CI)      (n=197)  (n=55) OR (95% CI) 
  

rs1128503 G>A (n=181) (n=67)  (n=200) (n=48)    (n=193) (n=55)    

G/G 35,3 (65) 35,8 (24) 1 (0,00-0,00) 36,3 (73) 33,3 (16) 1 (0,00-0,00) 
  

36,3 (70) 34,5 (19) 1 (0,00-0,00) 
  

A/G 47,4 (85) 50,7 (34) 1,08 (0,59-2,00) 46,4 (93) 54,2 (26) 1,28 (0,64-2,55) 
  

46,1 (89) 54,5 (30) 1,24 (0,65-2,39) 
  

A/A 17,1 (31) 13,4 (9) 0,79 (0,33-1,89) 17,1 (34) 12,5 (6) 0,81 (0,29-2,24) 
  

17,6 (34) 10,9 (6) 0,65 (0,24-1,78) 
  

An Allele  40,6 (147) 38,8 (52) 0,93 (0,60-1,42) 40,3 (161) 39,6 (38) 0,97 (0,60-1,57) 
  

40,7 (157) 38,2 (42) 0,90 (0,57-1,42) 
  

P value1 0,750  0,581    0,376    

An Allele P value2  0,757  1,000    0,661    

HWE 0,758 0,765   0,66 0,545       0,551 0,39     

rs1045642 G>A (n=181) (n=67)  (n=200) (n=48)    (n=193) (n=55)    

G/G 40,4 (74) 49,3 (33) 1 (0,00-0,00) 40,4 (80) 56,2 (27) 1 (0,00-0,00) 0,042 243.6 38,9 (75) 58,2 (32) 1 (0,00-0,00) 0,011 260.0 

A/G 46,4 (84) 38,8 (26) 0,69 (0,38-1,27) 45,4 (91) 39,6 (19) 0,62 (0,32-1,20) 0,457 247.1 46,6 (90) 36,4 (20) 0,52 (0,28-0,98) 0,174 264.6 

A/A 12,1 (23) 11,9 (8) 0,78 (0,32-1,92) 14,1 (29) 4,2 (2) 0,20 (0,05-0,91) 0,031 243.0 14,5 (28) 5 (5,3) 0,25 (0,07-0,89) 0,053 262.7 

An Allele 35,9 (130) 31,3 (42) 0,82 (0,52-1,27) 37,3 (149) 24,0 (23) 0,53 (0,30-0,90) 
  

37,8 (146) 23,6 (26) 0,51 (0,30-0,84) 
  

P value1 0,484  0,034   243,0 0,019   260,6 

An Allele P value2  0,396  0,017    0,006    

HWE 1.000 0,405   0,762 0,709       0,879 1.000     

Notes: Genotype and allele frequencies are expressed as a percentage (%) with the number of participants (n) in parentheses. Global P values1 for 

genotype between groups and P values2 for allele between groups; P-values in bold indicate significance (P<0.05). P values for logistic regression 

analysis are listed for the dominant a, over-dominant b, and  recessive c models. P-values for the exact test of Hardy–Weinberg equilibrium for each 

of the categories are included in the Table; Abbreviations: AIC: Akaike information criterion score; Mod-High: Moderate-High; HWE: Hardy–

Weinberg equilibrium.  
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Supplemental Table 11: Inferred ABCB1 rs1128503 G>A – rs1045642 G>A haplotype analyses for the pain, disability and combined (pain, 

and disability) categories. 

 ABCB1 Frequency %     Unadjusted   *Adjusted     

  No-Low Mod-High HS Global P Specific P Global P Specific P OR (95%CI) 

 Pain  (n=184)  (n=68)             

G-G 53,2 56,9 0,71 0,784 0,479 0,798 0,391 1 (0,00-0,00) 

A-A 29,7 27,1 -0,62 
 

0,534 
 

0,406 0,85 (0,53-1,36) 

A-G 10,9 11,7 0,3 
 

0,763 
 

0,872 1,00 (0,53-1,87) 

G-A 6,2 4,3 -0,77   0,441   0,630 0,67 (0,25-1,79) 

Disability   (n= 204)  (n=48) 
      

G-G 52,8 60,4 1,2 0,025 0,23 0,027 0,186 1 (0,00-0,00) 

A-A 30,3 29,6 -1,42 
 

0,156 
 

0,091 0,70 (0,41-1,2) 

A-G 9,9 15,6 1,76 
 

0,078 
 

0,076 1,32 (0,70-2,48) 

G-A 6,9 0 -2,38   0,017   0,029 0 (0,00-0,00) 

Pain and Disability  (n=197)  (n=55) 
      

G-G 52,4 60,7 1,44 0,020 0,15 0,019 0,107 1 (0,00-0,00) 

A-A 30,9 22,5 -1,86 
 

0,063 
 

0,029 0,63 (0,37-1,06) 

A-G 9,7 15,7 1,83 
 

0,066 
 

0,068 1,33 (0,72-2,46) 

G-A 6,9 1,1 -2,14   0,032   0,057 0,16 (0,02-1,18) 
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Supplemental Table 12: Unadjusted- Genotype and minor allele frequency distributions, of the OPRM1 (rs1799971 A>G, rs540825 T>A) 

polymorphisms between pain, disability, and combined (pain and disability) categories. 

Polymorphisms Pain   
 

Disability   
 

Pain and Disability  
 

 No-Low Mod -High 
 

No-Low Mod-High 
 

No-Low Mod-High 
 

SA BCS  (n=184)  (n=68) OR (95% CI)  (n= 204)  (n=48) OR (95% CI)  (n=197)  (n=55) OR (95% CI) 

rs1799971 A>G  (n=181) (n=67)  (n=200) (n=48)  (n=193) (n=55)  

A/A 64,6 (116) 74,6 (50) 1 (0,00-0,00) 68,6 (136) 62,5 (30) 1 (0,00-0,00) 66,8 (129) 67,3 (37) 1 (0,00-0,00) 

A/G 30,3 (56) 23,9 (16) 0,66 (0,35-1,27) 27,2 (55) 35,4 (17) 1,40 (0,72-2,74) 28,5 (55) 30,9 (17) 1,08 (0,56-2,08) 

G/G 5,5 (9) 1,5 (1) 0,26 (0,03-2,09) 4,4 (9) 2,1 (1) 0,50 (0,06-4,13) 4,7 (9) 1,8 (1) 0,39 (0,05-3,16) 

G allele 79,6 (288) 86,6 (116) 0,60 (0,32-1,08) 18,3 (73) 19,8 (19) 1,11 (0,59-1,98) 18,9 (73) 17,3 (19) 0,90 (0,48-1,60) 

P value1 0,178  0,443  0,574  

G Allele P value2 0,090  0,770  0,782  

HWE 0,496 1.000   0,244 0,663   0,346 1.000   

rs540825 T>A  (n=172) (n=64)  (n=190) (n=46)  (n=183) (n=53)  

T/T 59,5 (102) 60,9 (39) 1 (0,00-0,00) 60,6 (115) 56,5 (26) 1 (0,00-0,00) 60,1 (110) 58,5 (31) 1 (0,00-0,00) 

A/T 36,3 (63) 34,4 (22) 0,91 (0,50-1,68) 36,3 (69) 34,8 (16) 1,03 (0,51-2,05) 36,6 (67) 34,0 (18) 0,95 (0,49-1,84) 

A/A 4,4 (7) 4,7 (3) 1,12 (0,28-4,55) 3,3 (6) 8,7 (4) 2,95 (0,78-11,20) 3,3 (6) 7,5 (4) 2,37 (0,63-8,91) 

An allele 22,4 (77) 21,9 (28) 0,97 (0,57-1,62) 21,3 (81) 26,1 (24) 1,30 (0,73-2,26) 21,6 (79) 24,5 (26) 1,18 (0,68-2,01) 

P value1 0,938  0,309  0,441  

An Allele P value2 1.000  0,330  0,510  

HWE 0.660 1.000   0,385 0,464   0.381 0.481   

Notes: Genotype and allele frequencies are expressed as a percentage (%) with the number of participants (n) in parentheses. Global P values1 for 

genotype between groups and P values2 for allele between groups; P-values in bold indicate significance (P<0.05). P values for logistic regression 

analysis are listed for the dominant a, over-dominant b, and recessive c models. P-values for the exact test of Hardy–Weinberg equilibrium for each of 

the categories are included in the Table; Abbreviations: AIC: Akaike information criterion score; Mod-High: Moderate-High; HWE: Hardy–Weinberg 

equilibrium.  
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Supplemental Table 13: Inferred OPRM1 (rs1799971 A>G - rs540825 T>A) haplotype analyses for the pain, disability and combined (pain, 

and disability) categories. 

OPRM1 Frequency %     Unadjusted   *Adjusted     

  No-Low Mod-High HS Global P Specific P Global P Specific P OR (95%CI) 

 Pain  (n=184)  (n=68)            

A-T 61,2 71,4 1,77 0,049 0,076 0,040 0,569 1 (0,00-0,00) 

A-A 18,4 15,2 -0,33  0,741  0,100 0,64 (0,34-1,21) 

G-T 16,4 6,9 -2,30  0,022  0,019 0,33 (0,14-0,75) 

G-A 4,0 6,5 0,36   0,720   0,808 1,70 (0,57-4,99) 

Disability   (n= 204)  (n=48)             

A-T 64,4 61,9 -0,67 0,447 0,505 0,173 0,531 1 (0,00-0,00) 

A-A 17,4 18,3 0,49  0,623  0,466 1,05 (0,52-2,11) 

G-T 14,3 11,9 -0,31  0,756  0,455 0,82 (0,36-1,83) 

G-A 3,9 7,9 1,47   0,143   0,064 2,28 (0,75-6,86) 

Pain and Disability  (n=197)  (n=55)             

A-T 63,5 65,1 0,09 0,515 0,925 0,239 0,994 1 (0,00-0,00) 

A-A 17,6 17,6 0,32  0,751  0,589 0,94 (0,48-1,80) 

G-T 14,9 0,0 -0,94  0,348  0,219 0,64 (0,28-1,41) 

G-A 4,0 7,0 0,92   0,355   0,207 1,89 (0,63-5,63) 
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Supplemental Table 14: Unadjusted- Genotype and minor allele frequency distributions, of the COMT (rs6269 A>G, rs4633 C>T, rs4818 

C>G, rs4680 G>A) polymorphisms between pain, disability, and combined (pain and disability) categories. 

 Pain     Disability     Pain and Disability    

 No-Low Mod -High 
 

No-Low Mod-High   No-Low Mod-High   

Polymorphisms  (n=184)  (n=68) OR (95% CI)  (n= 204)  (n=48) OR (95% CI)  (n=197)  (n=55) OR (95% CI) 

rs6269 A>G  (n=182) (n=66)    (n=201)  (n=47)    (n=194)  (n=54)    

G/G 39,3 (71) 36,4 (24) 1 (0.00-0.00) 38,3 (78) 36,2 (17) 1 (0.00-0.00) 38,1 (74) 38,9 (21) 1 (0.00-0.00) 

A/G 45,4 (82) 45,5 (30) 1,08 (0,58-2,02) 44,4 (90) 46,8 (22) 1,12 (0,56-2,26) 45,9 (89) 42,6 (23) 0,91 (0,47-1,77) 

A/A 15,1 (29) 18,2 (12) 1,22 (0,54-2,77) 16,1 (33) 17,0 (8) 1,11 (0,44-2,83) 16,0 (31) 18,5 (10) 1,14 (0,48-2,69) 

G allele 61,5 (224) 59,1 (78) 1,11 (0,72-1,69) 61,2 (246) 59,6 (56) 1,07 (0,66-1,73) 61,1 (237) 60,2 (65) 1,04 (0,65-1,64) 

P value1 0,889  0,945  0,874  

G Allele P value2 0,677  0,815  0,911  

HWE 0,532 0,617  0,457 1  0,651 0,406  

rs4633 C>T (n=182) (n=66)  (n=201) (n=47)  (n=194) (n=54)  

T/T 33,3 (61) 28,8 (19) 1 (0.00-0.00) 34,3 (69) 23,4 (11) 1 (0.00-0.00) 34,5 (67) 24,1 (13) 1 (0.00-0.00) 

C/T 46,4 (85) 47,0 (31) 1,17 (0,61-2,26) 44,4 (89) 57,4 (27) 1,90 (0,88-4,10) 45,4 (88) 51,9 (28) 1,64 (0,79-3,40) 

C/C 19,1 (36) 24,2 (16) 1,43 (0,65-3,12) 21,2 (43) 19,1 (9) 1,31 (0,50-3,43) 20,1 (39) 24,1 (13) 1,72 (0,72-4,08) 

T allele 56,9 (207) 52,3 (69) 1,20 (0,79-1,83) 56,5 (227) 52,1 (49) 1,19 (0,74-1,92) 57,2 (222) 50,0 (54) 1,34 (0,85-2,10) 

P value1 0,674  0,228  0,331  

T Allele P value2 0,413  0,490  0,190  

HWE 0,546 0,628  0,154 0,389  0,307 1  
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rs4818 C>G (n=178)  (n=66)    (n=198)  (n=46)    (n=191)  (n=53)    

C/C 52,5 (93) 53,0 (35) 1 (0.00-0.00) 52,5 (103) 54,3 (25) 1 (0.00-0.00) 51,3 (98) 56,6 (30) 1 (0.00-0.00) 

C/G 42,4 (76) 42,4 (28) 0,98 (0,55-1,75) 42,4 (85) 41,3 (19) 0,92 (0,48-1,79) 43,5 (83) 39,6 (21) 0,83 (0,44-1,55) 

G/G 5,5 (9) 4,5 (3) 0,89 (0,23-3,46) 5,5 (10) 4,3 (2) 0,82 (0,17-4,00) 5,2 (10) 3,8 (2) 0,65 (0,14-3,15) 

G allele 26,4 (94) 25,8 (34) 0,97 (0,59-1,55) 26,5 (105) 25,0 (23) 0,92 (0,52-1,59) 27,0 (103) 23,6 (25) 0,84 (0,48-1,50) 

P value1 0,984   0,951   0,758   

G Allele P value2 0,908   0,895   0,534   

HWE 0,247 0,526   0,201 0,702   0,199 0,707   

rs4680 G>A  (n=180) (n=66)    (n=199)  (n=47)    (n=192)  (n=54)    

G/G 40,4 (72) 27,3 (18) 1 (0.00-0.00) 39,3 (78) 25,5 (12) 1 (0.00-0.00) 40,1 (77) 24,1 (13) 1 (0.00-0.00) 

A/G 46,4 (83) 50,0 (33) 1,59 (0,83-3,06) 45,4 (90) 55,3 (26) 1,88 (0,89-3,97) 45,8 (88) 51,9 (28) 1,88 (0,91-3,89) 

A/A 13,1 (25) 22,7 (15) 2,40 (1,05-5,46) 15,1 (31) 19,1 (9) 1,89 (0,72-4,92) 14,1 (27) 24,1 (13) 2,85 (1,18-6,91) 

A allele 36,9 (133) 47,7 (63) 1,83 (1,19-2,82) 38,2 (152) 46,8 (44) 1,42 (0,88-2,30) 37,0 (142) 50,0 (54) 1,70 (1,08-2,68) 

P value1 0,101   0,203   0,051   

A Allele P value2 0,004   0,130   0,019   

HWE 0,874 1   0,55 0,564   0,877 1   

Notes: Genotype and allele frequencies are expressed as a percentage (%) with the number of participants (n) in parentheses. Global P values1 for 

genotype between groups and P values2 for allele between groups; P-values in bold indicate significance (P<0.05). P values for logistic regression 

analysis are listed for the dominant a, over-dominant b, and recessive c models. P-values for the exact test of Hardy–Weinberg equilibrium for each of 

the categories are included in the Table; Abbreviations: AIC: Akaike information criterion score; Mod-High: Moderate-High; HWE: Hardy–Weinberg 

equilibrium.  
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Supplemental Table 15: Inferred COMT (rs6269 A>G-rs4633 C>T-rs4818 C>G-rs4680 

G>A) haplotype analyses for the pain, disability and combined (pain, and disability) 

categories. 

COMT Frequency %   Unadjusted  *Adjusted   

  No-Low Mod-High HS Global P Specific P 
 

Global P 
Specific 

P 
OR (95%CI) 

 rs6269 A>G-rs4633 C>T-rs4818 C>G-rs4680 G>A 

 Pain  (n=184)  (n=68)    
 

   

G-C-C-A 34,0 9,0 1,05 0,154 0,294  0,076 0,122 1 (0,00-0,00) 

A-T-G-G 22,3 0,5 -0,39  0,700  
 0,225 0,81 (0,45-1,47) 

G-T-C-G 19,7 4,5 -1,39  0,166  
 0,081 0,63 (0,33-1,18) 

A-T-C-G 11,9 0,6 -0,91  0,361  
 0,727 0,63 (0,31-1,31) 

G-C-C-G 3,9 0,5 -0,90  0,367  
 0,383 0,39 (0,10-1,52) 

G-C-G-G 2,6 0,2     
  1,50 (0,80-2,82) 

A-T-C-A 1,6 0,7     
  1,50 (0,80-2,82) 

A-C-C-G 1,5 0,9     
  1,50 (0,80-2,82) 

G-T-G-T 1,4 0,1     
  1,50 (0,80-2,82) 

A-C-C-A 1,2 0,0     
  1,50 (0,80-2,82) 

A-C-G-G 0,0 0,2     
  1,50 (0,80-2,82) 

G-C-G-A              

Disability   (n= 204)  (n=48)    
 

   

G-C-C-A 34,8 7,4 0,57 0,556 0,569  0,461 0,418 1 (0,00-0,00) 

A-T-G-G 22,4 9,3 -0,61  0,545  
 0,471 0,80 (0,41-1,58) 

G-T-C-G 19,4 4,1 -1,24  0,214  
 0,162 0,65 (0,31-1,35) 

A-T-C-G 11,3 0,4 -0,29  0,775  
 0,894 0,82 (0,37-1,80) 

G-C-C-G 3,9 0,1 0,01  0,992  
 0,833 0,78 (0,23-2,58) 

A-T-C-A 2,2 0,9     
  1,37 (0,69-2,70) 

G-C-G-G 1,9       
  1,37 (0,69-2,70) 

G-T-G-G 1,2 0,4     
  1,37 (0,69-2,70) 

A-C-C-A 1,0 0,5     
  1,37 (0,69-2,70) 

A-C-C-G 0,9 0,0     
  1,37 (0,69-2,70) 

A-C-G-G 0,9 0,2     
  1,37 (0,69-2,70) 

G-C-G-A 0,0 0          
Pain and 

Disability 
 (n=197)  (n=55) 

   

 

   

G-C-C-A 34,0 9,9 1,22 0,139 0,222  0,073 0,112 1 (0,00-0,00) 

A-T-G-G 22,9 7,7 -1,15  0,251  
 0,194 0,64 (0,33-1,23) 

G-T-C-G 19,8 3,2 -1,63  0,102  
 0,065 0,54 (0,27-1,09) 

A-T-C-G 11,4 0,1 -0,46  0,643  
 0,747 0,72 (0,34-1,52) 

G-C-C-G 3,4 0,5 -0,29  0,772  
 0,587 0,55 (0,16-1,89) 

G-C-G-G 2,7 0,4     
  1,41 (0,73-2,70) 

A-T-C-A 1,8 0,9     
  1,41 (0,73-2,70) 

A-C-C-G 1,7 0,0     
  1,41 (0,73-2,70) 

G-T-G-G 1,3 0,2     
  1,41 (0,73-2,70) 

A-C-C-A 1,0 0,2     
  1,41 (0,73-2,70) 

A-C-G-G 0,0 0,0     
  1,41 (0,73-2,70) 

G-C-G-A              
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Supplemental Table 16: Inferred COMT (rs4633 C>T-rs4818 C>G-rs4680 G>A) 

haplotype analyses for the pain, disability and combined (pain, and disability) categories. 

COMT Frequency %   Unadjusted *Adjusted   

  No-Low Mod-High HS Global P Specific P Global P 
Specifi

c P 
OR (95%CI) 

rs4633 C>T-rs4818 C>G-rs4680 G>A 

 Pain  (n=184)  (n=68) 
      

C-C-A 35,3 0,2 1,13 0,033 0,256 0,018 0,106 1 (0,00-0,00) 

T-C-G 31,5 3,7 -1,72  0,085  0,046 0,65 (0,38-1,09) 

T-G-G 23,8 1,0 -0,55  0,580  0,180 0,77 (0,44-1,38) 

C-C-G 5,4 0,8 -1,08  0,281  0,606 0,39 (0,12-1,29) 

C-G-G 2,5 0,7      1,82 (0,90-3,68) 

T-C-A 1,5 0,5      1,82 (0,90-3,68) 

C-G-A 0,0 0,0         

Disability   (n= 204)  (n=48) 
      

C-C-A 35,9 9,6 0,79 0,345 0,428 0,301 0,298 1 (0,00-0,00) 

T-C-G 30,6 4,2 -1,24  0,216  0,203 0,71 (0,39-1,27) 

T-G-G 23,7 0,8 -0,55  0,581  0,517 0,79 (0,41-1,52) 

C-C-G 4,9 0,1 -0,36  0,720  0,599 0,64 (0,21-2,00) 

C-G-G 2,8 0,2      1,47 (0,71-3,05) 

T-C-A 2,2 0,2      1,47 (0,71-3,05) 

C-G-A 0,0 0,0         
Pain and 

Disability 
 (n=197)  (n=55) 

            

C-C-A 35,1 1,7 1,40 0,036 0,160 0,023 0,076 1 (0,00-0,00) 

T-C-G 31,2 2,9 -1,70  0,090  0,073 0,61 (0,35-1,07) 

T-G-G 24,3 8,8 -1,14  0,253  0,204 0,64 (0,34-1,20) 

C-C-G 5,1 0,5 -0,64  0,522  0,401 0,47 (0,15-1,52) 

C-G-G 2,6 0,8      1,64 (0,81-3,30) 

T-C-A 1,7 0,3      1,64 (0,81-3,30) 

C-G-A 0,0 0,0         
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Supplemental Table 17: Inferred COMT (rs4818 C>G-rs4680 G>A),  (rs4633 C>T-rs4680 

G>A) and (rs6269 A>G-rs4680 G>A) haplotype analyses for the pain, disability and 

combined (pain, and disability) categories. 

COMT Frequency %   Unadjusted *Adjusted   

  No-Low 
Mod-

High 
HS Global P Specific P Global P Specific P OR (95%CI) 

rs4818 C>G-rs4680 G>A 

 Pain  (n=184)  (n=68) 
      

C-A 36,9 7,7 2,16 0,056 0,031 0,013 0,007 1 (0,00-0,00) 

C-G 36,8 6,5 -2,17  0,030  0,009 0,56 (0,34-0,90) 

G-G 26,3 5,8 -0,13  0,893  0,828 0,77 (0,46-1,29) 

G-A 0,0 0,0         

Disability   (n= 204)  (n=48)             

C-A 38,1 6,8 1,53 0,274 0,125 0,162 0,062 1 (0,00-0,00) 

C-G 35,4 8,2 -1,34  0,180  0,139 0,65 (0,38-1,12) 

G-G 26,5 5,0 -0,32  0,746  0,616 0,78 (0,43-1,39) 

G-A 0,0 0,0         
Pain and 

Disability 
 (n=197)  (n=55) 

            

C-A 36,9 0,0 2,44 0,045 0,015 0,014 0,004 1 (0,00-0,00) 

C-G 36,2 6,4 -1,92  0,055  0,032 0,54 (0,32-0,91) 

G-G 26,9 3,6 -0,75  0,456  0,335 0,65 (0,37-1,14) 

G-A 0,0 0,0         

rs4633 C>T-rs4680 G>A 

 Pain  (n=184)  (n=68) 
      

T-G 55,3 44,8 -1,91 0,036 0,056 0,014 0,033 1 (0,00-0,00) 

C-A 35,3 40,2 1,13  0,256  0,106 1,43 (0,92-2,23) 

C-G 7,9 7,5 -0,27  0,787  0,533 1,11 (0,58-2,13) 

T-A 1,5 7,5        3,09 (1,25-7,64) 

Disability   (n= 204)  (n=48)         

T-G 54,3 44,9 -1,5 0,208 0,137 0,133 0,111 1 (0,00-0,00) 

C-A 35,8 39,6 0,8  0,428  0,297 1,35 (0,82-2,22) 

C-G 7,7 8,3 0,0  1,000  0,815 1,18 (0,58-2,40) 

T-A 2,2 7,2        2,32 (0,97-5,53) 

Pain and 

Disability 
 (n=197)  (n=55) 

      

T-G 55,5 41,7 -2,33 0,019 0,020 0,007 0,012 1 (0,00-0,00) 

C-A 35,1 41,7 1,40  0,160  0,076 1,61 (1,00-2,61) 

C-G 7,7 8,3 -0,02  0,981  0,763 1,28 (0,65-2,52) 

T-A 1,7 8,3        3,22 (1,33-7,81) 
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Table Continued..... 1 

 

 

 

 

 

 

 

 

 

 

 

 

 

rs6269 A>G-rs4680 G>A 

 Pain  (n=184)  (n=68) 
      

A-G 35,4 30,2 -0,79 0,031 0,432 0,010 0,447 0,77 (0,47-1,25) 

G-A 33,8 37,0 0,97  0,334  0,146 1(0,00-0,00) 

G-G 27,7 22,1 -1,64  0,101  0,026 0,67 (0,38-1,18) 

A-A 3,1 10,7 2,60   0,009   0,007 2,09 (0,89-4,88) 

Disability   (n= 204)  (n=48) 
      

A-G 35,1 28,0 -0,8 0,107 0,399 0,068 0,398 0,79 (0,45-1,38) 

G-A 34,4 34,4 0,5  0,637  0,472 1(0,00-0,00) 

G-G 26,8 25,2 -0,9  0,390  0,236 0,83 (0,44-1,59) 

A-A 3,7 12,4 2,3   0,020   0,014 2,09 (0,88-5,00) 

Pain and 

Disability 
 (n=197)  (n=55) 

      

A-G 35,7 27,4 -1,23 0,014 0,218 0,005 0,207 0,68 (0,40-1,15) 

G-A 33,7 37,6 1,15  0,249  0,125 1(0,00-0,00) 

G-G 27,4 22,6 -1,48  0,140  0,058 0,66 (0,36-1,23) 

A-A 3,2 12,4 2,83   0,005   0,003 2,18 (0,92-5,17) 
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Supplemental Table 18: Inferred ABCB1 (rs1045642 G>A) - OPRM1 (rs1799971 A>G-

rs540825 T>A) allele-allele combination analyses for the pain, disability and combined 

(pain and disability) categories. 

  Frequency %   Unadjusted *Adjusted   

  No-Low Mod-High HS Global P Specific P Global P 
Specific 

P 
OR (95%CI) 

ABCB1 (rs1045642 G>A) - OPRM1  (rs1799971 A>G-rs540825 T>A)  

 Pain  (n=184)  (n=68) 
      

G-A-T 38,6 48,4 1,77 0,133 0,077 0,106  1 (0,00-0,00) 

A-A-T 22,6 23,1 -0,09  0,928  0,868 0,83 (0,47-1,46) 

G-G-T 11,7 4,2 -2,11  0,035  0,027 0,25 (0,08-0,81) 

G-A-A 11,6 11,9 0,31  0,758   0,76 (0,35-1,63) 

A-A-A 6,8 3,2 -1,11  0,267  0,281 0,32 (0,08-1,31) 

A-G-T 4,7 2,7 -1,25  0,212  0,211 0,44 (0,10-1,99) 

G-G-A 2,1 4,1      1,58 (0,51-4,88) 

A-G-A 1,9 2,3        1,58 (0,51-4,88) 

Disability   (n= 204)  (n=48)             

G-A-T 40,0 45,7 1,16 0,123 0,245 0,053  1 (0,00-0,00) 

A-A-T 24,4 16,0 -2,14  0,032  0,026 0,60 (0,30-1,18) 

G-A-A 10,6 18,5 1,60  0,109   1,42 (0,67-2,97) 

G-G-T 10,0 8,4 -0,06  0,949  0,760 0,67 (0,23-1,94) 

A-A-A 6,8 0,0 -1,56  0,120  0,146 0,00 (0,00-0,00) 

A-G-T 4,3 4,1 -0,44  0,662  0,522 0,82 (0,18-3,73) 

G-G-A 2,2 3,5      1,73 (0,52-5,78) 

A-G-A 1,8 3,9        1,73 (0,52-5,78) 

Pain and 

Disability 
 (n=197)  (n=55) 

      

G-A-T 39,1 48,2 1,84 0,061 0,066 0,027  1 (0,00-0,00) 

A-A-T 24,4 16,7 -2,08  0,038  0,029 0,58 (0,31-1,09) 

G-G-T 10,5 7,2 -0,64  0,525  0,396 0,51 (0,18-1,45) 

G-A-A 10,3 17,8 1,63  0,103   1,29 (0,63-2,63) 

A-A-A 7,3 0,0 -1,93  0,054  0,066 0,00 (0,00-0,00) 

A-G-T 4,4 3,5 -0,80  0,425  0,317 0,64 (0,14-2,85) 

G-G-A 2,3 3,2      1,41 (0,43-4,67) 

A-G-A 1,7 3,4        1,41 (0,43-4,67) 
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Supplemental Table 19: Inferred ABCB1 (rs1045642 G>A) - OPRM1 (rs1799971 A>G) 

and ABCB1 (rs1045642 G>A) - OPRM1  (rs540825 T>A allele-allele combination analyses 

for the pain, disability and combined (pain and disability) categories. 

COMT 
Frequency % 

  
  Unadjusted   *Adjusted     

  No-Low Mod-High HS Global P Specific P Global P 
Specific 

P 
OR (95%CI) 

ABCB1 (rs1045642 G>A)-OPRM1  (rs1799971 A>G)  

 Pain  (n=184)  (n=68) 
      

G-A 50,1 60,1 1,82 0,234 0,069 0,244 0,068 1 (0,00-0,00) 

A-A 29,4 26,5 -0,48  0,634  0,588 0,76 (0,47-1,24) 

G-G 13,9 8,6 -1,52  0,128  0,138 0,52 (0,22-1,24) 

A-G 6,5 4,8 -1,22  0,222  0,245 0,64 (0,20-2,11) 

Disability    (n= 204)   (n=48) 
      

G-A 50,5 63,2 1,97 0,096 0,049 0,077 0,035 1 (0,00-0,00) 

A-A 31,3 17,0 -2,48  0,013  0,011 0,46 (0,24-0,88) 

G-G 12,3 12,8 0,65  0,513  0,549 0,87 (0,38-1,99) 

A-G 6,0 7,0 -0,31  0,757  0,672 0,89 (0,27-2,88) 

Pain and 

Disability 
  (n=197)   (n=55) 

      

G-A 49,3 65,2 2,64 0,041 0,008 0,028 0,005 1 (0,00-0,00) 

A-A 31,8 17,6 -2,59  0,010  0,008 0,44 (0,24-0,80) 

G-G 12,8 11,2 -0,02  0,988  0,962 0,69 (0,30-1,56) 

A-G 6,1 6,1 -0,76   0,445   0,380 0,73 (0,23-2,31) 

ABCB1 (rs1045642 G>A) - OPRM1 (rs540825 T>A) 

 Pain   (n=184)   (n=68) 
      

G-T 50,2 52,3 0,60 0,708 0,549 0,684 0,594 1 (0,00-0,00) 

A-T 27,3 25,8 -0,57  0,566  0,515 0,91 (0,55-1,51) 

G-A 13,8 16,3 0,48  0,630  0,517 1,14 (0,59-2,18) 

A-A 8,6 5,5 -0,97  0,335   0,372 0,59 (0,20-1,69) 

Disability    (n= 204)   (n=48) 
      

G-T 49,9 54,6 1,08 0,050 0,280 0,026 0,328 1 (0,00-0,00) 

A-T 28,8 19,3 -2,16  0,031  0,019 0,62 (0,33-1,16) 

G-A 12,9 21,4 2,00  0,046  0,021 1,57 (0,80-3,10) 

A-A 8,5 4,7 -1,11   0,267   0,337 0,46 (0,12-1,84) 

Pain and 

Disability 
  (n=197)   (n=55) 

      

G-T 49,5 55,7 1,44 0,028 0,149 0,014 0,168 1 (0,00-0,00) 

A-T 28,9 19,8 -2,24  0,025  0,014 0,62 (0,35-1,10) 

G-A 12,7 20,7 1,86  0,063  0,030 1,50 (0,78-2,86) 

A-A 9,0 3,8 -1,57   0,117   0,150 0,34 (0,08-1,37) 
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Supplemental Table 20: Inferred OPRM1  (rs1799971 A>G-rs540825 T>A)- COMT  

(rs4680 G>A) allele-allele combination analyses for the pain, disability and combined 

(pain and disability) categories. 

  Frequency %   Unadjusted *Adjusted   

  No-Low Mod-High HS Global P Specific P Global P Specific P OR (95%CI) 

OPRM1  (rs1799971 A>G-rs540825 T>A)- COMT  (rs4680 G>A) 

 Pain  (n=184)  (n=68) 
      

A-T-G 39,6 40,7 -0,36 0,031 0,721 0,014 0,494 1 (0,00-0,00) 

A-T-A 21,5 30,7 2,44  0,015  0,008 1,36 (0,77-2,41) 

A-A-G 12,1 8,7 -0,85  0,394  0,222 0,64 (0,24-1,75) 

G-T-G 9,6 0,0 -3,02  0,003  0,004 0,00 (0,00-0,00) 

G-T-A 6,9 7,0 -0,42  0,677  0,574 0,93 (0,36-2,35) 

A-A-A 6,4 6,5 0,53  0,599  0,208 0,88 (0,31-2,53) 

G-A-A 2,1 3,6      2,13 (0,63-7,26) 

G-A-G 1,8 2,9      2,13 (0,63-7,26) 

Disability   (n= 204)  (n=48)             

A-T--G 40,3 37,8 -1,05 0,348 0,293 0,231 0,207 1 (0,00-0,00) 

A-T--A 24,1 23,9 0,41  0,682  0,575 1,11 (0,56-2,22) 

A-A--G 11,0 12,1 0,15  0,882  0,949 1,13 (0,39-3,26) 

G-T--G 8,3 1,6 -1,64  0,101  0,111 0,18 (0,02-1,52) 

A-A--A 6,4 6,3 0,71  0,480  0,120 1,10 (0,34-3,57) 

G-T--A 6,1 10,6 1,18  0,239  0,495 1,82 (0,69-4,83) 

G-A--G 2,2 1,8      2,57 (0,71-9,35) 

G-A--A 1,7 5,8        2,57 (0,71-9,35) 

Pain and 

Disability 
 (n=197)  (n=55) 

      

A-T-G 41,1 35,5 -1,50 0,200 0,133 0,063 0,075 1 (0,00-0,00) 

A-T-A 22,4 29,4 1,81  0,071  0,043 1,55 (0,82-2,93) 

A-A-G 11,3 11,0 -0,31  0,758  0,570 1,09 (0,39-3,04) 

G-T-G 8,4 1,6 -2,02  0,044  0,048 0,19 (0,02-1,61) 

G-T-A 6,5 8,9 0,60  0,547  0,867 1,58 (0,60-4,21) 

A-A-A 6,3 6,7 0,99  0,323  0,059 1,24 (0,42-3,69) 

G-A-G 2,2 1,9      2,44 (0,69-8,65) 

G-A-A 1,8 4,9        2,44 (0,69-8,65) 
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Supplemental Table 21: Inferred OPRM1 (rs1799971 A>G)- COMT (rs4680 G>A) and  

OPRM1  (rs540825 T>A)- COMT  (rs4680 G>A) allele-allele combination analyses for the 

pain, disability and combined (pain and disability) categories. 

  Frequency %    Unadjusted   *Adjusted     

  No-Low Mod-High HS Global P Specific P Global P Specific P OR (95%CI) 

OPRM1  (rs1799971 A>G)-COMT  (rs4680 G>A) 

 Pain  (n=184)  (n=68)             

A-G 51,7 49,7 -0,77 0,026 0,442 0,011 0,193 1 (0,00-0,00) 

A-A 27,9 36,9 2,36  0,018  0,004 1,35 (0,85-2,15) 

G-G 11,4 2,6 -2,64  0,008  0,010 0,23 (0,05-1,03) 

G-A 9,0 10,8 -0,05  0,964  0,992 1,27 (0,63-2,58) 

Disability    (n= 204)   (n=48)             

A-G 51,3 50,1 -0,90 0,094 0,370 0,135 0,219 1 (0,00-0,00) 

A-A 30,4 30,2 0,65  0,514  0,267 1,05 (0,61-1,80) 

G-G 10,5 3,3 -1,31  0,191  0,216 0,33 (0,07-1,54) 

G-A 7,8 16,5 1,76   0,078   0,116 2,07 (1,02-4,20) 

Pain and 

Disability 
  (n=197)   (n=55) 

      

A-G 52,4 46,7 -1,55 0,061 0,121 0,027 0,046 1 (0,00-0,00) 

A-A 28,7 36,0 2,00  0,046  0,010 1,42 (0,85-2,35) 

G-G 10,7 3,4 -1,78  0,075  0,085 0,36 (0,08-1,66) 

G-A 8,3 13,9 1,11   0,266   0,336 1,87 (0,91-3,81) 

OPRM1  (rs540825 T>A) - COMT  (rs4680 G>A)  

 Pain   (n=184)   (n=68) 
      

T-G 49,1 40,2 -1,77 0,198 0,077 0,052 0,040 1 (0,00-0,00) 

T-A 28,5 37,9 1,99  0,047  0,032 1,61 (0,95-2,71) 

A-G 13,9 12,0 -0,81  0,420  0,248 1,04 (0,44-2,46) 

A-A 8,4 9,9 0,77   0,444   0,112 1,44 (0,63-3,26) 

Disability    (n= 204)   (n=48) 
      

T-G 48,6 38,8 -1,76 0,343 0,078 0,079 0,048 1 (0,00-0,00) 

T-A 30,1 35,1 0,95  0,343  0,394 1,46 (0,79-2,70) 

A-G 13,2 14,4 0,24  0,809  0,942 1,40 (0,54-3,63) 

A-A 8,1 11,7 1,45   0,147   0,014 1,81 (0,76-4,31) 

Pain and 

Disability 
  (n=197)   (n=55) 

      

T-G 49,5 36,6 -2,38 0,096 0,017 0,016 0,008 1 (0,00-0,00) 

T-A 28,9 38,8 1,93  0,054  0,053 1,81 (1,02-3,22) 

A-G 13,5 13,3 -0,30  0,765  0,603 1,35 (0,54-3,41) 

A-A 8,0 11,2 1,48   0,138   0,012 1,89 (0,81-4,38) 
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Supplemental Table 22: Inferred ABCB1 (rs1045642 G>A- rs1128503 G>A) - COMT 

(rs4680 G>A) allele-allele combination analyses for the pain, disability and combined 

(pain and disability) categories. 

  Frequency %   Unadjusted *Adjusted   

  No-Low Mod-High HS Global P Specific P 
Global 

P 
Specific P OR (95%CI) 

ABCB1 (rs1045642 G>A- rs1128503 G>A) - COMT (rs4680 G>A)  

 Pain  (n=184)  (n=68) 
      

G-G-G 33,5 25,2 -1,46 0,207 0,144 0,102 0,112 1 (0,00-0,00) 

G-G-A 19,6 31,7 2,54  0,011   2,22 (1,15-4,28) 

A-A-G 17,1 17,4 -0,55  0,583  0,306 1,44 (0,69-3,01) 

A-A-A 12,6 9,7 -0,28  0,782  0,991 0,99 (0,44-2,21) 

G-A-G 7,7 6,6 -0,36  0,718  0,512 1,13 (0,42-3,06) 

A-G-G 4,7 3,2 -0,85  0,395  0,554 0,84 (0,22-3,15) 

G-A-A 3,2 5,1     0,181 2,08 (0,64-6,71) 

A-G-A 1,5 1,1      2,08 (0,64-6,71) 

Disability   (n= 204)  (n=48)             

G-G-G 31,4 31,7 -0,09 0,097 0,925 0,087 0,936 1 (0,00-0,00) 

G-G-A 21,4 28,7 1,67  0,094  0,116 1,30 (0,65-2,59) 

A-A-G 18,9 10,4 -1,93  0,054  0,019 0,57 (0,21-1,54) 

A-A-A 11,4 13,5 0,12  0,908  0,778 1,13 (0,51-2,50) 

G-A-G 6,4 10,9 1,51  0,130  0,178 1,65 (0,67-4,07) 

A-G-G 5,2 0,0 -2,28  0,023  0,036 0,00 (0,00-0,00) 

G-A-A 3,6 4,7      0,95 (0,24-3,72) 

A-G-A 1,8 0,0        0,95 (0,24-3,72) 

Pain and 

Disability 
 (n=197)  (n=55) 

      

G-G-G 32,5 28,0 -0,83 0,031 0,404 0,008 0,378 1 (0,00-0,00) 

G-G-A 20,0 32,7 2,79  0,005   1,90 (0,97-3,71) 

A-A-G 19,0 10,5 -2,26  0,024  0,006 0,68 (0,27-1,71) 

A-A-A 11,9 12,0 -0,14  0,890  0,977 1,12 (0,50-2,50) 

G-A-G 6,5 10,3 1,24  0,214  0,303 1,81 (0,72-4,50) 

A-G-G 5,0 1,1 -1,92  0,054  0,090 0,26 (0,03-2,14) 

G-A-A 3,3 5,4     0,028 1,37 (0,39-4,80) 

A-G-A 1,9 0,0        1,37 (0,39-4,80) 
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Supplemental Table 23: Inferred ABCB1 (rs1045642 G>A) - COMT (rs4680 G>A) and 

ABCB1 (rs1128503 G>A) - COMT (rs4680 G>A) allele-allele combination analyses for the 

pain, disability and combined (pain and disability) categories. 
 Frequency 

% 
  Unadjusted  *Adjusted   

 No-Low Mod-High HS Global P Specific P Global P 
Specific 

P 
OR (95%CI) 

ABCB1 (rs1128503 G>A) – COMT (rs4680 G>A) 

Pain (n=184) (n=68)       

G-G 38,3 28,6 -1,71 0,092 0,087 0,030 0,079 1 (0,00-0,00) 

G-A 24,8 23,8 -0,76  0,448  0,172 1,31 (0,68-2,53) 

A-G 21,1 32,6 2,33  0,02  0,005 2,08 (1,12-3,84) 

A-A 15,9 15 0,36   0,721   0,519 1,30 (0,69-2,45) 

Disability (n= 204) (n=48)       

G-G 36,6 31,4 -1 0,505 0,318 0,311 0,364 1 (0,00-0,00) 

G-A 25,2 21,8 -0,78  0,435  0,206 1,02 (0,48-2,17) 

A-G 23,1 29 1,25  0,213  0,145 1,47 (0,74-2,89) 

A-A 15,1 17,8 0,74   0,456   0,325 1,37 (0,70-2,68) 

Pain and 

Disability 
(n=197) (n=55) 

      

G-G 37,5 29,2 -1,56 0,092 0,119 0,028 0,128 1 (0,00-0,00) 

A-G 25,5 20,9 -1,27  0,203  0,066 1,07 (0,51-2,22) 

G-A 21,8 32,6 2,29  0,022  0,008 1,94 (1,02-3,69) 

A-A 15,2 17,3 0,8   0,422   0,293 1,48 (0,77-2,84) 

ABCB1 (rs1045642 G>A) – COMT (rs4680 G>A) 

Pain (n=184) (n=68)       

G-G 41,1 31,9 -1,54 0,032 0,123 0,008 0,068 1 (0,00-0,00) 

A-G 23 36,8 2,85  0,004  0,001 2,27 (1,25-4,10) 

G-A 22 20,6 -0,88  0,377  0,244 1,30 (0,69-2,47) 

A-A 13,9 10,8 -0,37   0,713   0,951 0,95 (0,45-1,98) 

Disability (n= 204) (n=48)       

G-G 37,6 42,8 0,69 0,044 0,493 0,019 0,523 1 (0,00-0,00) 

A-G 25,1 33,2 2,09  0,037  0,018 1,16 (0,62-2,15) 

G-A 24,2 10,2 -2,72  0,007  0,003 0,38 (0,15-0,98) 

A-A 13,1 13,8 -0,38   0,701   0,864 0,92 (0,43-1,94) 

Pain and 

Disability 
(n=197) (n=55) 

      

G-G 38,9 38,2 -0,14 0,004 0,888 0,001 0,786 1 (0,00-0,00) 

A-G 24,2 11,8 -2,85  0,004  0,002 0,53 (0,24-1,20) 

G-A 23,3 38,2 3,35  0,001  0 1,75 (0,97-3,18) 

A-A 13,7 11,8 -0,65  0,514  0,659 0,84 (0,39-1,83) 
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Supplemental Table 24: Inferred ABCB1 (rs1045642 G>A)- OPRM1 (rs1799971 A>G) -

COMT (rs4680 G>A) allele combination analyses for the pain, disability and combined 

(pain and disability) categories. 

  Frequency %   Unadjusted *Adjusted   

  No-Low Mod-High HS Global P Specific P Global P Specific P OR (95%CI) 

ABCB1 (rs1045642 G>A)- OPRM1 (rs1799971 A>G) -COMT (rs4680 G>A)  

 Pain  (n=184)  (n=68) 
      

G-A-G 33,4 32,0 -0,60 0,027 0,58 0,011 0,392 1 (0,00-0,00) 

A-A-G 18,2 18,3 -0,40  0,726  0,511 1,12(2,16-5,84) 

G-A-A 16,8 28,8 3,20  0,001  0,000 1,93(1,01-3,69) 

A-A-A 11,1 7,5 -0,40  0,719  0,933 6,91(1,70-2,81) 

G-G-G 7,6 0,0 -2,50  0,014  0,019 0,00(0,00-0,00) 

G-G-A 6,2 7,9 0,00  0,97  0,978 1,56(4,18-5,80) 

A-G-G 3,8 2,3      9,35(2,92-3,00) 

A-G-A 2,8 0,2      9,35(2,92-3,00) 

Disability   (n= 204)  (n=48)             

G-A-G 30,4 40,6 1,10 0,043 0,272 0,047 0,328 1 (0,00-0,00) 

A-A-G 20,9 9,3 -2,43  0,015  0,008 0,37(0,13-1,01) 

G-A-A 19,9 22,6 1,43  0,152  0,064 0,89(0,43-1,83) 

A-A-A 10,5 7,7 -0,87  0,383  0,522 0,66(0,25-1,78) 

G-G-G 7,2 2,2 -0,89  0,373  0,476 0,20(0,02-1,75) 

G-G-A 5,2 10,6 1,95  0,052  0,076 1,87(0,66-5,34) 

A-G-G 3,2 1,2      0,78(0,19-3,21) 

A-G-A 2,6 5,8           0,78(0,19-3,21) 

Pain and 

Disability 
 (n=197)  (n=55) 

      

G-A-G 31,6 35,6 0,42 0,022 0,677 0,008 0,813 1 (0,00-0,00) 

A-A-G 20,7 11,1 -2,47  0,014  0,006 0,51(0,22-1,20) 

G-A-A 17,7 29,3 3,17  0,002  0,000 1,60(0,81-3,19) 

A-A-A 11 6,6 -0,97  0,33  0,463 0,58(0,21-1,64) 

G-G-G 7,2 2,7 -1,34  0,182  0,235 0,27(0,03-2,24) 

G-G-A 5,6 8,7 1,26  0,208  0,268 1,66(0,56-4,90) 

A-G-G 3,4 0,7      0,88(0,24-3,27) 

A-G-A 2,6 5,2           0,88(0,24-3,27) 
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7.4.2 Bioinformatics 

Supplemental Table 25: A summarised list of genes that form part of the functionally 

associated network for the ABCB1 and OPRM1 genes, obtained by GeneMANIA. 

Gene 1 Gene 2 Weight (%) Network group Network  

ABCB1 ABCB4 2,06 Co-expression Innocenti-Brown-2011 

 ABCB4 3,93 Co-expression Alizadeh-Staudt-2000 

 ABCB4 1,11 Co-expression Boldrick-Relman-2002 

 NEDD4 0,42 Co-expression Arijs-Rutgeerts-2009 

 EGR2 1,53 Co-expression Perou-Botstein-2000 

 ABCB4 1,87 Co-expression Rosenwald-Staudt-2001 

 PLD2 1,98 Co-expression Rosenwald-Staudt-2001 

 GNB1 0,09 Genetic Interactions Lin-Smith-2010 

 EGR2 12,70 Pathway Wu-Stein-2010 

 SLC22A3 38,59 Physical Interactions IREF-reactome 

 SLC22A1 38,59 Physical Interactions IREF-reactome 

 SLC22A2 16,64 Physical Interactions IREF-reactome 

 SLC22A3 38,59 Physical Interactions Vastrik-Stein-2007 

 SLC22A1 38,59 Physical Interactions Vastrik-Stein-2007 

 SLC22A2 16,64 Physical Interactions Vastrik-Stein-2007 

 NEDD4 33,03 Physical Interactions IREF-quickgo 

 NEDD4 1,79 Physical Interactions 

BIOGRID-SMALL-SCALE-

STUDIES 

 ABCB4 70,53 Predicted Wu-Stein-2010 

 ABCC1 21,13 Predicted Wu-Stein-2010 

 ABCB4 2,42 Shared protein domains INTERPRO 

 ABCC1 2,37 Shared protein domains INTERPRO 

 ABCB4 2,55 Shared protein domains PFAM 

 ABCC1 2,55 Shared protein domains PFAM 

ABCB4 ABCC1 2,37 Shared protein domains INTERPRO 

 ABCC1 2,55 Shared protein domains PFAM 

GNB1 GNAO1 0,08 Pathway Wu-Stein-2010 

 GNAO1 0,31 Physical Interactions IREF-reactome 

 GNAO1 0,31 Physical Interactions Vastrik-Stein-2007 

 GNAO1 10,33 Predicted I2D-BioGRID-Mouse2Human 

GNG2 FLNA 2,22 Co-expression Alizadeh-Staudt-2000 

 FLNA 2,03 Co-expression Rosenwald-Staudt-2001 

 GNB1 0,08 Pathway Wu-Stein-2010 

 GNAO1 0,18 Pathway Wu-Stein-2010 

 GNB1 4,40 Pathway REACTOME 

 GNB1 0,04 Physical Interactions IREF-reactome 

 GNAO1 0,87 Physical Interactions IREF-reactome 

 GNB1 0,04 Physical Interactions Vastrik-Stein-2007 

 GNAO1 0,87 Physical Interactions Vastrik-Stein-2007 

 GNB1 15,05 Physical Interactions IREF-dip 
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 GNB1 1,45 Physical Interactions 

BIOGRID-SMALL-SCALE-

STUDIES 

 GNB1 45,11 Physical Interactions IREF-bind-translation 

 GNB1 60,78 Physical Interactions IREF-bind 

 GNB1 1,90 Physical Interactions IREF-biogrid 

 GNB1 16,58 Predicted I2D-BioGRID-Mouse2Human 

 GNAO1 21,25 Predicted I2D-BioGRID-Mouse2Human 

GRK2 FLNA 0,90 Co-expression Jiang-de Kok-2017 

 GNG2 0,34 Pathway Wu-Stein-2010 

 GNB1 0,15 Pathway Wu-Stein-2010 

 GNG2 0,29 Physical Interactions IREF-reactome 

 GNB1 0,10 Physical Interactions IREF-reactome 

 GNG2 0,29 Physical Interactions Vastrik-Stein-2007 

 GNB1 0,10 Physical Interactions Vastrik-Stein-2007 

 NEDD4 10,94 Physical Interactions Persaud-Rotin-2009 A 

 GNB1 0,94 Physical Interactions 

BIOGRID-SMALL-SCALE-

STUDIES 

 GNB1 1,21 Physical Interactions IREF-biogrid 

 GNG2 21,28 Predicted I2D-BioGRID-Mouse2Human 

 GNB1 10,34 Predicted I2D-BioGRID-Mouse2Human 

NEDD4 PLD2 0,09 Genetic Interactions Lin-Smith-2010 

OPRD1 PLD2 1,13 Co-localization Johnson-Shoemaker-2003 

 RANBP9 0,08 Genetic Interactions Lin-Smith-2010 

 NEDD4 0,08 Genetic Interactions Lin-Smith-2010 

 ABCC1 0,10 Genetic Interactions Lin-Smith-2010 

 GRK2 1,49 Pathway Wu-Stein-2010 

 PENK 4,50 Pathway Wu-Stein-2010 

 GNG2 0,78 Pathway Wu-Stein-2010 

 GNB1 0,34 Pathway Wu-Stein-2010 

 GNAO1 0,80 Pathway Wu-Stein-2010 

 PENK 36,83 Pathway IMID 

 GNAO1 13,77 Pathway IMID 

 PENK 0,51 Physical Interactions IREF-reactome 

 GNG2 0,23 Physical Interactions IREF-reactome 

 GNB1 0,08 Physical Interactions IREF-reactome 

 PENK 0,51 Physical Interactions Vastrik-Stein-2007 

 GNG2 0,23 Physical Interactions Vastrik-Stein-2007 

 GNB1 0,08 Physical Interactions Vastrik-Stein-2007 

 GNAO1 5,93 Physical Interactions 

BIOGRID-SMALL-SCALE-

STUDIES 

 GNAO1 52,87 Predicted I2D-BIND-Mouse2Human 

OPRL1 OPRD1 0,73 Co-expression Roth-Zlotnik-2006 

 OPRD1 1,18 Co-localization Johnson-Shoemaker-2003 

 GRK2 1,57 Pathway Wu-Stein-2010 

 GNG2 0,82 Pathway Wu-Stein-2010 

 GNB1 0,36 Pathway Wu-Stein-2010 

 GNAO1 0,84 Pathway Wu-Stein-2010 
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 PENK 36,83 Pathway IMID 

 GNAO1 13,77 Pathway IMID 

 OPRD1 0,51 Physical Interactions IREF-reactome 

 PENK 0,51 Physical Interactions IREF-reactome 

 GNG2 0,23 Physical Interactions IREF-reactome 

 GNB1 0,08 Physical Interactions IREF-reactome 

 OPRD1 0,51 Physical Interactions Vastrik-Stein-2007 

 PENK 0,51 Physical Interactions Vastrik-Stein-2007 

 GNG2 0,23 Physical Interactions Vastrik-Stein-2007 

 GNB1 0,08 Physical Interactions Vastrik-Stein-2007 

 OPRD1 9,29 Shared protein domains INTERPRO 

 OPRD1 0,35 Shared protein domains PFAM 

OPRM1 GRK2 0,58 Co-expression Burington-Shaughnessy-2008 

 SLC22A2 1,89 Co-expression Wu-Garvey-2007 

 WLS 0,13 Genetic Interactions Lin-Smith-2010 

 ABCB4 0,11 Genetic Interactions Lin-Smith-2010 

 PENK 6,60 Pathway Wu-Stein-2010 

 GNG2 1,15 Pathway Wu-Stein-2010 

 GNB1 0,50 Pathway Wu-Stein-2010 

 GNAO1 1,17 Pathway Wu-Stein-2010 

 STAT6 22,78 Pathway NCI_NATURE 

 GNG2 23,22 Pathway REACTOME 

 GNB1 23,22 Pathway REACTOME 

 GRK2 43,78 Pathway IMID 

 PENK 23,19 Pathway IMID 

 GNAO1 8,67 Pathway IMID 

 OPRL1 0,50 Physical Interactions IREF-reactome 

 PENK 0,50 Physical Interactions IREF-reactome 

 GNG2 0,23 Physical Interactions IREF-reactome 

 GNB1 0,08 Physical Interactions IREF-reactome 

 GNAO1 1,86 Physical Interactions IREF-reactome 

 OPRL1 0,50 Physical Interactions Vastrik-Stein-2007 

 PENK 0,50 Physical Interactions Vastrik-Stein-2007 

 GNG2 0,23 Physical Interactions Vastrik-Stein-2007 

 GNB1 0,08 Physical Interactions Vastrik-Stein-2007 

 GNAO1 1,86 Physical Interactions Vastrik-Stein-2007 

 WLS 32,74 Physical Interactions IREF-uniprotpp 

 RANBP9 64,36 Physical Interactions IREF-uniprotpp 

 FLNA 38,27 Physical Interactions IREF-uniprotpp 

 WLS 13,84 Physical Interactions 

BIOGRID-SMALL-SCALE-

STUDIES 

 VAPA 3,68 Physical Interactions 

BIOGRID-SMALL-SCALE-

STUDIES 

 OPRL1 11,03 Physical Interactions 

BIOGRID-SMALL-SCALE-

STUDIES 

 OPRD1 4,77 Physical Interactions 

BIOGRID-SMALL-SCALE-

STUDIES 
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 RANBP9 1,36 Physical Interactions 

BIOGRID-SMALL-SCALE-

STUDIES 

 PLD2 4,19 Physical Interactions 

BIOGRID-SMALL-SCALE-

STUDIES 

 GNAO1 3,96 Physical Interactions 

BIOGRID-SMALL-SCALE-

STUDIES 

 WLS 9,55 Physical Interactions IREF-mint 

 VAPA 9,77 Physical Interactions IREF-mint 

 FLNA 18,83 Physical Interactions IREF-matrixdb 

 OPRL1 27,08 Predicted Wu-Stein-2010 

 OPRD1 31,48 Predicted Wu-Stein-2010 

 PLD2 12,04 Predicted Wu-Stein-2010 

 WLS 74,82 Predicted I2D-IntAct-Mouse2Human 

 VAPA 24,74 Predicted I2D-IntAct-Mouse2Human 

 WLS 66,16 Predicted I2D-BioGRID-Mouse2Human 

 VAPA 54,24 Predicted I2D-BioGRID-Mouse2Human 

 WLS 57,65 Predicted I2D-IntAct-Rat2Human 

 PLD2 33,03 Predicted I2D-IntAct-Rat2Human 

 OPRL1 9,29 Shared protein domains INTERPRO 

 OPRD1 9,29 Shared protein domains INTERPRO 

 OPRL1 0,35 Shared protein domains PFAM 

 OPRD1 0,35 Shared protein domains PFAM 

PENK EGR2 1,29 Co-expression Bild-Nevins-2006 B 

 RANBP9 0,08 Genetic Interactions Lin-Smith-2010 

 GNG2 1,03 Pathway Wu-Stein-2010 

 GNB1 0,45 Pathway Wu-Stein-2010 

 GNAO1 1,06 Pathway Wu-Stein-2010 

 GNG2 0,23 Physical Interactions IREF-reactome 

 GNB1 0,08 Physical Interactions IREF-reactome 

 GNG2 0,23 Physical Interactions Vastrik-Stein-2007 

 GNB1 0,08 Physical Interactions Vastrik-Stein-2007 

SLC22A1 ABCB4 0,69 Co-expression Roth-Zlotnik-2006 

 OPRD1 2,58 Co-expression Burington-Shaughnessy-2008 

 PLD2 0,20 Genetic Interactions Lin-Smith-2010 

 SLC22A2 2,35 Shared protein domains INTERPRO 

 SLC22A2 2,92 Shared protein domains PFAM 

SLC22A2 PLD2 0,08 Genetic Interactions Lin-Smith-2010 

SLC22A3 GRK2 0,45 Co-expression Burington-Shaughnessy-2008 

 OPRD1 0,07 Genetic Interactions Lin-Smith-2010 

 SLC22A1 1,96 Shared protein domains INTERPRO 

 SLC22A2 1,93 Shared protein domains INTERPRO 

STAT6 FLNA 1,09 Co-expression Rieger-Chu-2004 

 EGR2 2,44 Pathway Wu-Stein-2010 

 EGR2 3,54 Pathway NCI_NATURE 

VAPA EGR2 1,88 Co-expression Wang-Cheung-2015 

 GNG2 0,13 Genetic Interactions Lin-Smith-2010 

 NEDD4 0,11 Genetic Interactions Lin-Smith-2010 
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 OPRD1 5,50 Physical Interactions 

BIOGRID-SMALL-SCALE-

STUDIES 

WLS PLD2 1,31 Co-localization Johnson-Shoemaker-2003 

 PLD2 0,08 Genetic Interactions Lin-Smith-2010 

 GNAO1 0,07 Genetic Interactions Lin-Smith-2010 

  OPRD1 20,71 Physical Interactions 

BIOGRID-SMALL-SCALE-

STUDIES 
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Supplemental Table 26: A summarised list of genes that form part of the functionally 

associated network for the OPRM1 and COMT genes, obtained by GeneMANIA. 

Gene 1 Gene 2 Weight (%) Network group Network 

AHCY PPA2 1,24 Co-expression Perou-Botstein-2000 

 PENK 0,07 Genetic Interactions Lin-Smith-2010 

AP000812.4 COMTD1 2,51 Shared protein domains INTERPRO 

 COMTD1 42,69 Shared protein domains PFAM 

COMT RIN1 0,72 Co-expression Arijs-Rutgeerts-2009 

 MAOA 41,95 Physical Interactions IREF-reactome 

 MAT1A 22,13 Physical Interactions IREF-reactome 

 MAT2B 18,77 Physical Interactions IREF-reactome 

 MAT2A 18,77 Physical Interactions IREF-reactome 

 AHCY 13,19 Physical Interactions IREF-reactome 

 MAOA 41,95 Physical Interactions Vastrik-Stein-2007 

 MAT1A 22,13 Physical Interactions Vastrik-Stein-2007 

 MAT2B 18,77 Physical Interactions Vastrik-Stein-2007 

 MAT2A 18,77 Physical Interactions Vastrik-Stein-2007 

 AHCY 13,19 Physical Interactions Vastrik-Stein-2007 

 FGF2 50,26 Physical Interactions Hein-Mann-2015 

 PPA2 35,85 Physical Interactions Hein-Mann-2015 

 RIN1 35,85 Physical Interactions Hein-Mann-2015 

 FGF2 4,24 Physical Interactions IREF-biogrid 

 PPA2 2,80 Physical Interactions IREF-biogrid 

 RIN1 4,60 Physical Interactions IREF-biogrid 

 AP000812.4 3,02 Shared protein domains INTERPRO 

 COMTD1 3,22 Shared protein domains INTERPRO 

 AP000812.4 42,69 Shared protein domains PFAM 

 COMTD1 42,69 Shared protein domains PFAM 

FGF2 PENK 0,46 Co-expression Dobbin-Giordano-2005 

 OPRD1 0,08 Genetic Interactions Lin-Smith-2010 

GNG2 GNB1 0,08 Pathway Wu-Stein-2010 

 GNB1 4,40 Pathway REACTOME 

 GNB1 0,04 Physical Interactions IREF-reactome 

 GNB1 0,04 Physical Interactions Vastrik-Stein-2007 

 GNB1 15,05 Physical Interactions IREF-dip 

 GNB1 1,45 Physical Interactions BIOGRID-SMALL-SCALE-STUDIES 

 GNB1 45,11 Physical Interactions IREF-bind-translation 

 GNB1 60,78 Physical Interactions IREF-bind 

 GNB1 1,90 Physical Interactions IREF-biogrid 

 GNB1 16,58 Predicted I2D-BioGRID-Mouse2Human 

GRK2 GNG2 0,34 Pathway Wu-Stein-2010 

 GNB1 0,15 Pathway Wu-Stein-2010 

 GNG2 0,29 Physical Interactions IREF-reactome 

 GNB1 0,10 Physical Interactions IREF-reactome 

 GNG2 0,29 Physical Interactions Vastrik-Stein-2007 
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 GNB1 0,10 Physical Interactions Vastrik-Stein-2007 

 GNB1 0,94 Physical Interactions BIOGRID-SMALL-SCALE-STUDIES 

 GNB1 1,21 Physical Interactions IREF-biogrid 

 GNG2 21,28 Predicted I2D-BioGRID-Mouse2Human 

 GNB1 10,34 Predicted I2D-BioGRID-Mouse2Human 

MAOA MAT1A 0,74 Co-expression Innocenti-Brown-2011 

 FGF2 0,12 Genetic Interactions Lin-Smith-2010 

MAT1A AHCY 0,84 Co-expression Jiang-de Kok-2017 

 OPRL1 0,87 Co-expression Wu-Garvey-2007 

 MAT2A 32,78 Physical Interactions Havugimana-Emili-2012 

 MAT2B 43,97 Physical Interactions Huttlin-Harper-2017 

 MAT2A 43,97 Physical Interactions Huttlin-Harper-2017 

 MAT2B 70,71 Physical Interactions IREF-corum 

 MAT2B 41,76 Physical Interactions Huttlin-Gygi-2015 

 MAT2A 41,76 Physical Interactions Huttlin-Gygi-2015 

 MAT2A 79,62 Physical Interactions IREF-huri 

 MAT2B 9,58 Physical Interactions IREF-biogrid 

 MAT2A 7,24 Physical Interactions IREF-biogrid 

 MAT2A 87,65 Predicted Wu-Stein-2010 

 AHCY 1,13 Predicted Stuart-Kim-2003 

 MAT2A 100,00 Shared protein domains INTERPRO 

 MAT2A 100,00 Shared protein domains PFAM 

MAT2A AHCY 1,95 Co-expression Ross-Perou-2001 

 AHCY 1,13 Predicted Stuart-Kim-2003 

MAT2B PPA2 1,51 Co-expression Dobbin-Giordano-2005 

 MAT2A 3,13 Co-localization Johnson-Shoemaker-2003 

 MAT2A 57,64 Pathway Wu-Stein-2010 

 MAT2A 19,54 Physical Interactions IREF-reactome 

 MAT2A 19,54 Physical Interactions Vastrik-Stein-2007 

 MAT2A 7,70 Physical Interactions Kristensen-Foster-2012 

 MAT2A 100,00 Physical Interactions IREF-quickgo 

 MAT2A 20,02 Physical Interactions Wan-Emili-2015 

 MAT2A 53,33 Physical Interactions BIOGRID-SMALL-SCALE-STUDIES 

 MAT2A 55,05 Physical Interactions Huttlin-Harper-2017 

 MAT2A 70,71 Physical Interactions IREF-corum 

 MAT2A 55,05 Physical Interactions Huttlin-Gygi-2015 

 MAT2A 3,72 Physical Interactions IREF-biogrid 

 AHCY 1,03 Shared protein domains INTERPRO 

OPRD1 RANBP9 0,08 Genetic Interactions Lin-Smith-2010 

 GRK2 1,49 Pathway Wu-Stein-2010 

 PENK 4,50 Pathway Wu-Stein-2010 

 GNG2 0,78 Pathway Wu-Stein-2010 

 GNB1 0,34 Pathway Wu-Stein-2010 

 PENK 36,83 Pathway IMID 

 PENK 0,51 Physical Interactions IREF-reactome 
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 GNG2 0,23 Physical Interactions IREF-reactome 

 GNB1 0,08 Physical Interactions IREF-reactome 

 PENK 0,51 Physical Interactions Vastrik-Stein-2007 

 GNG2 0,23 Physical Interactions Vastrik-Stein-2007 

 GNB1 0,08 Physical Interactions Vastrik-Stein-2007 

OPRL1 OPRD1 0,73 Co-expression Roth-Zlotnik-2006 

 RIN1 0,97 Co-expression Burington-Shaughnessy-2008 

 OPRD1 1,18 Co-localization Johnson-Shoemaker-2003 

 RIN1 1,11 Co-localization Johnson-Shoemaker-2003 

 GRK2 1,57 Pathway Wu-Stein-2010 

 GNG2 0,82 Pathway Wu-Stein-2010 

 GNB1 0,36 Pathway Wu-Stein-2010 

 PENK 36,83 Pathway IMID 

 OPRD1 0,51 Physical Interactions IREF-reactome 

 PENK 0,51 Physical Interactions IREF-reactome 

 GNG2 0,23 Physical Interactions IREF-reactome 

 GNB1 0,08 Physical Interactions IREF-reactome 

 OPRD1 0,51 Physical Interactions Vastrik-Stein-2007 

 PENK 0,51 Physical Interactions Vastrik-Stein-2007 

 GNG2 0,23 Physical Interactions Vastrik-Stein-2007 

 GNB1 0,08 Physical Interactions Vastrik-Stein-2007 

 OPRD1 9,29 Shared protein domains INTERPRO 

 OPRD1 0,35 Shared protein domains PFAM 

OPRM1 GRK2 0,58 Co-expression Burington-Shaughnessy-2008 

 WLS 0,13 Genetic Interactions Lin-Smith-2010 

 PENK 6,60 Pathway Wu-Stein-2010 

 GNG2 1,15 Pathway Wu-Stein-2010 

 GNB1 0,50 Pathway Wu-Stein-2010 

 STAT6 22,78 Pathway NCI_NATURE 

 GNG2 23,22 Pathway REACTOME 

 GNB1 23,22 Pathway REACTOME 

 GRK2 43,78 Pathway IMID 

 PENK 23,19 Pathway IMID 

 OPRL1 0,50 Physical Interactions IREF-reactome 

 PENK 0,50 Physical Interactions IREF-reactome 

 GNG2 0,23 Physical Interactions IREF-reactome 

 GNB1 0,08 Physical Interactions IREF-reactome 

 OPRL1 0,50 Physical Interactions Vastrik-Stein-2007 

 PENK 0,50 Physical Interactions Vastrik-Stein-2007 

 GNG2 0,23 Physical Interactions Vastrik-Stein-2007 

 GNB1 0,08 Physical Interactions Vastrik-Stein-2007 

 WLS 32,74 Physical Interactions IREF-uniprotpp 

 RANBP9 64,36 Physical Interactions IREF-uniprotpp 

 WLS 13,84 Physical Interactions BIOGRID-SMALL-SCALE-STUDIES 

 VAPA 3,68 Physical Interactions BIOGRID-SMALL-SCALE-STUDIES 
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 OPRL1 11,03 Physical Interactions 

BIOGRID-SMALL-SCALE-

STUDIES 

 OPRD1 4,77 Physical Interactions 

BIOGRID-SMALL-SCALE-

STUDIES 

 RANBP9 1,36 Physical Interactions BIOGRID-SMALL-SCALE-STUDIES 

 WLS 9,55 Physical Interactions IREF-mint 

 VAPA 9,77 Physical Interactions IREF-mint 

 OPRL1 27,08 Predicted Wu-Stein-2010 

 OPRD1 31,48 Predicted Wu-Stein-2010 

 WLS 74,82 Predicted I2D-IntAct-Mouse2Human 

 VAPA 24,74 Predicted I2D-IntAct-Mouse2Human 

 WLS 66,16 Predicted I2D-BioGRID-Mouse2Human 

 VAPA 54,24 Predicted I2D-BioGRID-Mouse2Human 

 WLS 57,65 Predicted I2D-IntAct-Rat2Human 

 OPRL1 9,29 Shared protein domains INTERPRO 

 OPRD1 9,29 Shared protein domains INTERPRO 

 OPRL1 0,35 Shared protein domains PFAM 

 OPRD1 0,35 Shared protein domains PFAM 

PENK RANBP9 0,08 Genetic Interactions Lin-Smith-2010 

 GNG2 1,03 Pathway Wu-Stein-2010 

 GNB1 0,45 Pathway Wu-Stein-2010 

 GNG2 0,23 Physical Interactions IREF-reactome 

 GNB1 0,08 Physical Interactions IREF-reactome 

 GNG2 0,23 Physical Interactions Vastrik-Stein-2007 

 GNB1 0,08 Physical Interactions Vastrik-Stein-2007 

RIN1 STAT6 0,78 Co-expression Ross-Perou-2001 

 STAT6 0,91 Shared protein domains INTERPRO 

VAPA GNG2 0,13 Genetic Interactions Lin-Smith-2010 

 OPRD1 5,50 Physical Interactions BIOGRID-SMALL-SCALE-STUDIES 

WLS OPRD1 20,71 Physical Interactions BIOGRID-SMALL-SCALE-STUDIES 
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Supplemental Table 27: A summarised list of genes that form part of the functionally 

associated network for the ABCB1 and COMT genes, obtained by GeneMANIA.   

Gene 1 Gene 2 Weight (%) Network group Network 

ABCB1 MAOA 1,28 Co-expression Mallon-McKay-2013 

 ABCB4 2,06 Co-expression Innocenti-Brown-2011 

 ABCB4 3,93 Co-expression Alizadeh-Staudt-2000 

 ABCB4 1,11 Co-expression Boldrick-Relman-2002 

 NEDD4 0,42 Co-expression Arijs-Rutgeerts-2009 

 EGR2 1,53 Co-expression Perou-Botstein-2000 

 ABCB4 1,87 Co-expression Rosenwald-Staudt-2001 

 MAT2B 0,09 Genetic Interactions Lin-Smith-2010 

 COMTD1 0,10 Genetic Interactions Lin-Smith-2010 

 EGR2 12,70 Pathway Wu-Stein-2010 

 SLC22A3 38,59 Physical Interactions IREF-reactome 

 SLC22A1 38,59 Physical Interactions IREF-reactome 

 SLC22A2 16,64 Physical Interactions IREF-reactome 

 SLC22A3 38,59 Physical Interactions Vastrik-Stein-2007 

 SLC22A1 38,59 Physical Interactions Vastrik-Stein-2007 

 SLC22A2 16,64 Physical Interactions Vastrik-Stein-2007 

 NEDD4 33,03 Physical Interactions IREF-quickgo 

 NEDD4 1,79 Physical Interactions BIOGRID-SMALL-SCALE-STUDIES 

 ABCB4 70,53 Predicted Wu-Stein-2010 

 ABCC1 21,13 Predicted Wu-Stein-2010 

 ABCB4 2,42 Shared protein domains INTERPRO 

 ABCC1 2,37 Shared protein domains INTERPRO 

 ABCB4 2,55 Shared protein domains PFAM 

 ABCC1 2,55 Shared protein domains PFAM 

ABCB4 MAT2B 0,10 Genetic Interactions Lin-Smith-2010 

 VCP 0,07 Genetic Interactions Lin-Smith-2010 

 ABCC1 2,37 Shared protein domains INTERPRO 

 ABCC1 2,55 Shared protein domains PFAM 

ABCC1 VCP 3,21 Physical Interactions Wan-Emili-2015 

 VCP 0,39 Physical Interactions IREF-biogrid 

AHCY ABCC1 0,79 Co-expression Wang-Maris-2006 

 VCP 0,94 Co-expression Mallon-McKay-2013 

 PPA2 1,24 Co-expression Perou-Botstein-2000 

AP000812.4 COMTD1 2,51 Shared protein domains INTERPRO 

 COMTD1 42,69 Shared protein domains PFAM 

COMT RIN1 0,72 Co-expression Arijs-Rutgeerts-2009 

 VCP 5,98 Physical Interactions Yu-Chow-2013 

 MAOA 41,95 Physical Interactions IREF-reactome 

 MAT1A 22,13 Physical Interactions IREF-reactome 

 MAT2B 18,77 Physical Interactions IREF-reactome 

 MAT2A 18,77 Physical Interactions IREF-reactome 

 AHCY 13,19 Physical Interactions IREF-reactome 
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 MAOA 41,95 Physical Interactions Vastrik-Stein-2007 

 MAT1A 22,13 Physical Interactions Vastrik-Stein-2007 

 MAT2B 18,77 Physical Interactions Vastrik-Stein-2007 

 MAT2A 18,77 Physical Interactions Vastrik-Stein-2007 

 AHCY 13,19 Physical Interactions Vastrik-Stein-2007 

 FGF2 50,26 Physical Interactions Hein-Mann-2015 

 PPA2 35,85 Physical Interactions Hein-Mann-2015 

 RIN1 35,85 Physical Interactions Hein-Mann-2015 

 COL1A2 22,44 Physical Interactions Hein-Mann-2015 

 XRN2 31,81 Physical Interactions IREF-bind-translation 

 XRN2 31,66 Physical Interactions IREF-bind 

 XRN2 37,15 Physical Interactions Rual-Vidal-2005 

 XRN2 26,34 Physical Interactions IREF-spike 

 FGF2 4,24 Physical Interactions IREF-biogrid 

 PPA2 2,80 Physical Interactions IREF-biogrid 

 RIN1 4,60 Physical Interactions IREF-biogrid 

 COL1A2 5,43 Physical Interactions IREF-biogrid 

 VCP 0,39 Physical Interactions IREF-biogrid 

 AP000812.4 3,02 Shared protein domains INTERPRO 

 COMTD1 3,22 Shared protein domains INTERPRO 

 AP000812.4 42,69 Shared protein domains PFAM 

 COMTD1 42,69 Shared protein domains PFAM 

EGR2 COL1A2 1,03 Co-expression Dobbin-Giordano-2005 

MAOA MAT1A 0,74 Co-expression Innocenti-Brown-2011 

 COL1A2 0,67 Co-localization Schadt-Shoemaker-2004 

 FGF2 0,12 Genetic Interactions Lin-Smith-2010 

 COL1A2 0,07 Genetic Interactions Lin-Smith-2010 

 SLC22A2 25,89 Physical Interactions IREF-reactome 

 SLC22A2 25,89 Physical Interactions Vastrik-Stein-2007 

MAT1A ABCB4 1,42 Co-expression Mallon-McKay-2013 

 ABCB4 0,48 Co-expression Dobbin-Giordano-2005 

 AHCY 0,84 Co-expression Jiang-de Kok-2017 

 ABCB4 1,35 Co-localization Johnson-Shoemaker-2003 

 MAT2A 32,78 Physical Interactions Havugimana-Emili-2012 

 MAT2B 43,97 Physical Interactions Huttlin-Harper-2017 

 MAT2A 43,97 Physical Interactions Huttlin-Harper-2017 

 MAT2B 70,71 Physical Interactions IREF-corum 

 MAT2B 41,76 Physical Interactions Huttlin-Gygi-2015 

 MAT2A 41,76 Physical Interactions Huttlin-Gygi-2015 

 MAT2A 79,62 Physical Interactions IREF-huri 

 MAT2B 9,58 Physical Interactions IREF-biogrid 

 MAT2A 7,24 Physical Interactions IREF-biogrid 

 MAT2A 87,65 Predicted Wu-Stein-2010 

 AHCY 1,13 Predicted Stuart-Kim-2003 

 MAT2A 100,00 Shared protein domains INTERPRO 
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 MAT2A 100,00 Shared protein domains PFAM 

MAT2A ABCC1 0,51 Co-expression Bild-Nevins-2006 B 

 XRN2 1,22 Co-expression Chen-Brown-2002 

 AHCY 1,95 Co-expression Ross-Perou-2001 

 ABCC1 1,81 Co-expression Ross-Perou-2001 

 AHCY 1,13 Predicted Stuart-Kim-2003 

MAT2B PPA2 1,51 Co-expression Dobbin-Giordano-2005 

 MAT2A 3,13 Co-localization Johnson-Shoemaker-2003 

 MAT2A 57,64 Pathway Wu-Stein-2010 

 MAT2A 19,54 Physical Interactions IREF-reactome 

 MAT2A 19,54 Physical Interactions Vastrik-Stein-2007 

 MAT2A 7,70 Physical Interactions Kristensen-Foster-2012 

 MAT2A 100,00 Physical Interactions IREF-quickgo 

 MAT2A 20,02 Physical Interactions Wan-Emili-2015 

 MAT2A 53,33 Physical Interactions BIOGRID-SMALL-SCALE-STUDIES 

 MAT2A 55,05 Physical Interactions Huttlin-Harper-2017 

 MAT2A 70,71 Physical Interactions IREF-corum 

 MAT2A 55,05 Physical Interactions Huttlin-Gygi-2015 

 MAT2A 3,72 Physical Interactions IREF-biogrid 

 AHCY 1,03 Shared protein domains INTERPRO 

NEDD4 XRN2 0,16 Genetic Interactions Lin-Smith-2010 

SLC22A1 MAT1A 0,75 Co-expression Mallon-McKay-2013 

 MAT1A 0,28 Co-expression Roth-Zlotnik-2006 

 ABCB4 0,69 Co-expression Roth-Zlotnik-2006 

 MAT1A 0,36 Co-expression Dobbin-Giordano-2005 

 MAT1A 0,57 Co-localization Johnson-Shoemaker-2003 

 SLC22A2 2,35 Shared protein domains INTERPRO 

 SLC22A2 2,92 Shared protein domains PFAM 

SLC22A2 FGF2 1,88 Co-expression Wu-Garvey-2007 

SLC22A3 MAT1A 0,64 Co-expression Jiang-de Kok-2017 

 XRN2 0,12 Genetic Interactions Lin-Smith-2010 

 SLC22A1 1,96 Shared protein domains INTERPRO 

  SLC22A2 1,93 Shared protein domains INTERPRO 
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Supplemental Table 28: A summarised list of genes that form part of the functionally 

associated network for the ABCB1, OPRM1 and COMT genes, obtained by GeneMANIA. 

Gene 1 Gene 2 Weight (%) Network group Network 

ABCB1 MAOA 1,28 Co-expression Mallon-McKay-2013 

 ABCB4 2,06 Co-expression Innocenti-Brown-2011 

 ABCB4 3,93 Co-expression Alizadeh-Staudt-2000 

 ABCB4 1,11 Co-expression Boldrick-Relman-2002 

 ABCB4 1,87 Co-expression Rosenwald-Staudt-2001 

 MAT2B 0,09 Genetic Interactions Lin-Smith-2010 

 COMTD1 0,10 Genetic Interactions Lin-Smith-2010 

 SLC22A3 38,59 Physical Interactions IREF-reactome 

 SLC22A1 38,59 Physical Interactions IREF-reactome 

 SLC22A2 16,64 Physical Interactions IREF-reactome 

 SLC22A3 38,59 Physical Interactions Vastrik-Stein-2007 

 SLC22A1 38,59 Physical Interactions Vastrik-Stein-2007 

 SLC22A2 16,64 Physical Interactions Vastrik-Stein-2007 

 ABCB4 70,53 Predicted Wu-Stein-2010 

 ABCB4 2,42 Shared protein domains INTERPRO 

 ABCB4 2,55 Shared protein domains PFAM 

ABCB4 MAT2B 0,10 Genetic Interactions Lin-Smith-2010 

AHCY PENK 0,07 Genetic Interactions Lin-Smith-2010 

AP000812.4 COMTD1 2,51 Shared protein domains INTERPRO 

 COMTD1 42,69 Shared protein domains PFAM 

COMT MAOA 41,95 Physical Interactions IREF-reactome 

 MAT1A 22,13 Physical Interactions IREF-reactome 

 MAT2B 18,77 Physical Interactions IREF-reactome 

 MAT2A 18,77 Physical Interactions IREF-reactome 

 AHCY 13,19 Physical Interactions IREF-reactome 

 MAOA 41,95 Physical Interactions Vastrik-Stein-2007 

 MAT1A 22,13 Physical Interactions Vastrik-Stein-2007 

 MAT2B 18,77 Physical Interactions Vastrik-Stein-2007 

 MAT2A 18,77 Physical Interactions Vastrik-Stein-2007 

 AHCY 13,19 Physical Interactions Vastrik-Stein-2007 

 FGF2 50,26 Physical Interactions Hein-Mann-2015 

 FGF2 4,24 Physical Interactions IREF-biogrid 

 AP000812.4 3,02 Shared protein domains INTERPRO 

 COMTD1 3,22 Shared protein domains INTERPRO 

 AP000812.4 42,69 Shared protein domains PFAM 

 COMTD1 42,69 Shared protein domains PFAM 

FGF2 PENK 0,46 Co-expression Dobbin-Giordano-2005 

 OPRD1 0,08 Genetic Interactions Lin-Smith-2010 

GRK2 GNG2 0,34 Pathway Wu-Stein-2010 

 GNG2 0,29 Physical Interactions IREF-reactome 

 GNG2 0,29 Physical Interactions Vastrik-Stein-2007 

 GNG2 21,28 Predicted I2D-BioGRID-Mouse2Human 



364 

 

MAOA MAT1A 0,74 Co-expression Innocenti-Brown-2011 

 FGF2 0,12 Genetic Interactions Lin-Smith-2010 

 SLC22A2 25,89 Physical Interactions IREF-reactome 

 SLC22A2 25,89 Physical Interactions Vastrik-Stein-2007 

MAT1A ABCB4 1,42 Co-expression Mallon-McKay-2013 

 ABCB4 0,48 Co-expression Dobbin-Giordano-2005 

 AHCY 0,84 Co-expression Jiang-de Kok-2017 

 OPRL1 0,87 Co-expression Wu-Garvey-2007 

 ABCB4 1,35 Co-localization Johnson-Shoemaker-2003 

 MAT2A 32,78 Physical Interactions Havugimana-Emili-2012 

 MAT2B 43,97 Physical Interactions Huttlin-Harper-2017 

 MAT2A 43,97 Physical Interactions Huttlin-Harper-2017 

 MAT2B 70,71 Physical Interactions IREF-corum 

 MAT2B 41,76 Physical Interactions Huttlin-Gygi-2015 

 MAT2A 41,76 Physical Interactions Huttlin-Gygi-2015 

 MAT2A 79,62 Physical Interactions IREF-huri 

 MAT2B 9,58 Physical Interactions IREF-biogrid 

 MAT2A 7,24 Physical Interactions IREF-biogrid 

 MAT2A 87,65 Predicted Wu-Stein-2010 

 AHCY 1,13 Predicted Stuart-Kim-2003 

 MAT2A 100,00 Shared protein domains INTERPRO 

 MAT2A 100,00 Shared protein domains PFAM 

MAT2A AHCY 1,95 Co-expression Ross-Perou-2001 

 AHCY 1,13 Predicted Stuart-Kim-2003 

MAT2B MAT2A 3,13 Co-localization Johnson-Shoemaker-2003 

 MAT2A 57,64 Pathway Wu-Stein-2010 

 MAT2A 19,54 Physical Interactions IREF-reactome 

 MAT2A 19,54 Physical Interactions Vastrik-Stein-2007 

 MAT2A 7,70 Physical Interactions Kristensen-Foster-2012 

 MAT2A 100,00 Physical Interactions IREF-quickgo 

 MAT2A 20,02 Physical Interactions Wan-Emili-2015 

 MAT2A 53,33 Physical Interactions BIOGRID-SMALL-SCALE-STUDIES 

 MAT2A 55,05 Physical Interactions Huttlin-Harper-2017 

 MAT2A 70,71 Physical Interactions IREF-corum 

 MAT2A 55,05 Physical Interactions Huttlin-Gygi-2015 

 MAT2A 3,72 Physical Interactions IREF-biogrid 

 AHCY 1,03 Shared protein domains INTERPRO 

OPRD1 RANBP9 0,08 Genetic Interactions Lin-Smith-2010 

 GRK2 1,49 Pathway Wu-Stein-2010 

 PENK 4,50 Pathway Wu-Stein-2010 

 GNG2 0,78 Pathway Wu-Stein-2010 

 PENK 36,83 Pathway IMID 

 PENK 0,51 Physical Interactions IREF-reactome 

 GNG2 0,23 Physical Interactions IREF-reactome 

 PENK 0,51 Physical Interactions Vastrik-Stein-2007 
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 GNG2 0,23 Physical Interactions Vastrik-Stein-2007 

OPRL1 OPRD1 0,73 Co-expression Roth-Zlotnik-2006 

 OPRD1 1,18 Co-localization Johnson-Shoemaker-2003 

 GRK2 1,57 Pathway Wu-Stein-2010 

 GNG2 0,82 Pathway Wu-Stein-2010 

 PENK 36,83 Pathway IMID 

 OPRD1 0,51 Physical Interactions IREF-reactome 

 PENK 0,51 Physical Interactions IREF-reactome 

 GNG2 0,23 Physical Interactions IREF-reactome 

 OPRD1 0,51 Physical Interactions Vastrik-Stein-2007 

 PENK 0,51 Physical Interactions Vastrik-Stein-2007 

 GNG2 0,23 Physical Interactions Vastrik-Stein-2007 

 OPRD1 9,29 Shared protein domains INTERPRO 

 OPRD1 0,35 Shared protein domains PFAM 

OPRM1 GRK2 0,58 Co-expression Burington-Shaughnessy-2008 

 SLC22A2 1,89 Co-expression Wu-Garvey-2007 

 WLS 0,13 Genetic Interactions Lin-Smith-2010 

 ABCB4 0,11 Genetic Interactions Lin-Smith-2010 

 PENK 6,60 Pathway Wu-Stein-2010 

 GNG2 1,15 Pathway Wu-Stein-2010 

 GNG2 23,22 Pathway REACTOME 

 GRK2 43,78 Pathway IMID 

 PENK 23,19 Pathway IMID 

 OPRL1 0,50 Physical Interactions IREF-reactome 

 PENK 0,50 Physical Interactions IREF-reactome 

 GNG2 0,23 Physical Interactions IREF-reactome 

 OPRL1 0,50 Physical Interactions Vastrik-Stein-2007 

 PENK 0,50 Physical Interactions Vastrik-Stein-2007 

 GNG2 0,23 Physical Interactions Vastrik-Stein-2007 

 WLS 32,74 Physical Interactions IREF-uniprotpp 

 RANBP9 64,36 Physical Interactions IREF-uniprotpp 

 WLS 13,84 Physical Interactions BIOGRID-SMALL-SCALE-STUDIES 

 VAPA 3,68 Physical Interactions BIOGRID-SMALL-SCALE-STUDIES 

 OPRL1 11,03 Physical Interactions BIOGRID-SMALL-SCALE-STUDIES 

 OPRD1 4,77 Physical Interactions BIOGRID-SMALL-SCALE-STUDIES 

 RANBP9 1,36 Physical Interactions BIOGRID-SMALL-SCALE-STUDIES 

 WLS 9,55 Physical Interactions IREF-mint 

 VAPA 9,77 Physical Interactions IREF-mint 

 OPRL1 27,08 Predicted Wu-Stein-2010 

 OPRD1 31,48 Predicted Wu-Stein-2010 

 WLS 74,82 Predicted I2D-IntAct-Mouse2Human 

 VAPA 24,74 Predicted I2D-IntAct-Mouse2Human 

 WLS 66,16 Predicted I2D-BioGRID-Mouse2Human 

 VAPA 54,24 Predicted I2D-BioGRID-Mouse2Human 

 WLS 57,65 Predicted I2D-IntAct-Rat2Human 
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 OPRL1 9,29 Shared protein domains INTERPRO 

 OPRD1 9,29 Shared protein domains INTERPRO 

 OPRL1 0,35 Shared protein domains PFAM 

 OPRD1 0,35 Shared protein domains PFAM 

PENK RANBP9 0,08 Genetic Interactions Lin-Smith-2010 

 GNG2 1,03 Pathway Wu-Stein-2010 

 GNG2 0,23 Physical Interactions IREF-reactome 

 GNG2 0,23 Physical Interactions Vastrik-Stein-2007 

SLC22A1 MAT1A 0,75 Co-expression Mallon-McKay-2013 

 MAT1A 0,28 Co-expression Roth-Zlotnik-2006 

 ABCB4 0,69 Co-expression Roth-Zlotnik-2006 

 MAT1A 0,36 Co-expression Dobbin-Giordano-2005 

 OPRD1 2,58 Co-expression Burington-Shaughnessy-2008 

 MAT1A 0,57 Co-localization Johnson-Shoemaker-2003 

 SLC22A2 2,35 Shared protein domains INTERPRO 

 SLC22A2 2,92 Shared protein domains PFAM 

SLC22A2 FGF2 1,88 Co-expression Wu-Garvey-2007 

SLC22A3 GRK2 0,45 Co-expression Burington-Shaughnessy-2008 

 MAT1A 0,64 Co-expression Jiang-de Kok-2017 

 OPRD1 0,07 Genetic Interactions Lin-Smith-2010 

 SLC22A1 1,96 Shared protein domains INTERPRO 

 SLC22A2 1,93 Shared protein domains INTERPRO 

VAPA GNG2 0,13 Genetic Interactions Lin-Smith-2010 

 OPRD1 5,50 Physical Interactions BIOGRID-SMALL-SCALE-STUDIES 

WLS OPRD1 20,71 Physical Interactions BIOGRID-SMALL-SCALE-STUDIES 
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Background: Chronic shoulder pain/disability is a well-recognized side effect of treatment for breast
cancer, with ∼40% of patients experiencing this, despite receiving pain management. To manage acute
and chronic pain, several opioids are commonly prescribed. Pharmacogenomics have implicated genes
within the opioid signaling pathway, including ABCB1 and OPRM1, to contribute to an individual’s variable
response to opioids. Aim: To evaluate ABCB1 (rs1045642 G>A, rs1128503 G>A) and OPRM1 (rs1799971
A>G, rs540825 T>A) single-nucleotide polymorphisms (SNPs) in chronic shoulder pain/disability in BCS.
Materials and methods: TaqManTM assays were used to genotype ABCB1 and OPRM1 SNPs within the
BCS (N = 252) cohort. The Shoulder Pain and Disability Index was used to evaluate pain and disability
features associated with shoulder pathologies. Participants end scores for each feature (pain, disability and
combined [pain and disability]) were categorized into no-low (>30%) and moderate-high (≥30%) scores.
Statistical analysis was applied, and significance was accepted at p < 0.05. Results: 27.0, 19.0 and
22.0% of participants reported moderate-high pain, disability and combined (pain and disability) scores,
respectively. ABCB1:rs1045642-(A/A) genotype was significantly associated with disability (p = 0.028: no-
low [14.9%] vs mod-high [4.3%]) and combined (pain and disability) (p = 0.011: no-low [15.9%] vs mod-
high [5.7%]). The ABCB1:rs1045642-(A) allele was significantly associated with disability (p = 0.015: no-low
[37.9%] vs mod-high [23.9%]) and combined (pain and disability) (p = 0.003: no-low [38.5%] vs mod-high
[23.6%]). The inferred ABCB1 (rs1045642 G>A-rs1128503 G>A): A-G (p = 0.029; odds ratio [OR]: 0.0; 95%
CI: 0.0-0.0) and the OPRM1 (rs1799971 A>G – rs540825 T>A): G-T (p = 0.019; OR: 0.33; 95% CI: 0.14-
0.75) haplotypes were associated with disability and pain, respectively. Gene–gene interactions showed
the ABCB1 (rs1045642 G>A) – OPRM1 (rs540825 T>A) combinations, (A-T) (p = 0.019; OR: 0.62; 95% CI:
0.33-1.16) and (G-A) (p = 0.021; OR: 1.57; 95% CI: 0.30-3.10) were associated with disability. Conclusion:
The study implicated ABCB1 with shoulder pain and disability; and haplotype analyses identified specific
genetic intervals within ABCB1 and OPRM1 to associate with chronic shoulder pain and disability. Evidence
suggests that potentially gene–gene interactions between ABCB1 and OPRM1 contribute to chronic
shoulder pain and disability experienced in this SA cohort.
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The term ‘breast cancer survivors’ (BCSs) is used to describe individuals with cancer ‘from the point of diagnosis
through the balance of his/her life’ [1–3]. In BCS, 30–50% of survivors develop postoperative chronic shoulder
pain and dysfunction, leading to reduced function and poor quality of life that can persist for 6–8 years after
breast cancer (BC) treatment [4–8]. Chronic pain is multifactorial with biological, psychological, social and cultural
contributors [9,10]. Risk factors for chronic postoperative pain in BCS include age at surgery, axillary lymph
node dissection (ALND), adjuvant therapies, preoperative and severe acute postoperative pain and genetics [11,12].
Opioids are clinically used to treat both acute and chronic pain, and some of the common drugs administered for
pain control in BCSs are morphine, codeine, oxycodone, tramadol, methadone and fentanyl, among others [13]. To
date, several genes have been implicated to contribute to the variable response to opioids, specifically with regard
to the different phases in drug pharmacology [14]. This study focused on the ABCB1 and OPRM1 genes that are
well described to be essential in the distribution and signaling of opioids [14]

The ABCB1 gene, also known as MDR1, is involved in cellular homeostasis and the ATP-dependent translocation
of substrates [15,16]. The gene encodes a P-glycoprotein (P-gp) present in a variety of human tissues and is the major
determinant of opioid bioavailability into the brain [17,18]. P-gp is a ubiquitous membrane transporter, with an
affinity for several substrates, including opioids (e.g., morphine, methadone and fentanyl), all clinically used to treat
moderate to severe pain. These substrates also have a high binding affinity to the OPRM1 receptor, thus activating
pain inhibition via the G-protein coupled receptor (GPCR) cascade.

At the blood–brain barrier (BBB), P-gp is found in the endothelial cells surrounding the lumen of the brain
vasculature. P-gp function is to export opioids from the blood into the endothelial cells, and also diffusing it back
into circulation. This mechanism ensures the protection against neurotoxicity but also the distribution of opioids
to the central nervous system (CNS) [19,20]. Additionally, knockout studies have shown that analgesic effects vary
between mdr1(-/-) and mdr1(+/+ and +/-) mice [21,22].

The rs1045642 G>A, rs2032852 T>G/A and rs1128503 G>A polymorphisms remain the most frequently
studied ABCB1 polymorphisms in pharmacogenetic studies [23–25]. Using immunohistochemistry and Western blot
analysis, Hoffmeyer et al. [26] found the ABCB1 rs1045642 (A/A) genotype correlated with a twofold reduction
in P-gp intestinal expression. To test the effects of the rs1045642 single-nucleotide polymorphism (SNP) on
P-gp activity, the authors measured duodenum plasma concentrations before and after administration of digoxin
and found a greater than fourfold difference between (A/A) carriers (higher levels) and (G/G) carriers (lower
levels), [26,27]. The results indicating that the ABCB1 rs1045642 (G>A) polymorphism influences both P-gp
expression and activity. Subsequent acute pain-related studies have shown the rs1045642 (A) allele to be associated
with neuropathic, cancer and postoperative pediatric pain [28–31]. However, the consensus on these associations and
functions of the P-gp remain inconclusive [26,32].

The OPRM1 gene, is a GPCR that facilitates the pharmacological effects of opioids through the inhibition of cell
signaling [18]. The gene encodes the mu-opioid receptor protein (MOR-1), which is widely distributed in the brain
and spinal cord and acts as the primary binding site for both endogenous and exogenous opioids [28,33]. OPRM1
rs1799971 (A118G), the most studied polymorphism, involves an asparagine to aspartate substitution (Asn40Asp),
resulting in the loss of an N-linked glycosylation site in the extracellular receptor region [34–36]. The substitution
thereby effects the protein stability, expression and signaling efficiency [28,37]. OPRM1 rs540825 involves a histidine
to glutamine (His > Glu) substitution within the C-terminal, intracellular domain of the receptor [38].

To date, two non cancer-related studies have shown an association between the ABCB1 and OPRM1 genes and
risk for chronic pain [39,40]. No studies have explored the relationship between these polymorphisms and shoulder
pain/disability. Understanding the genetic contribution of these polymorphisms could assist in the identification
of potential predictive markers for the development of chronic postoperative shoulder pain and dysfunction.

The present study aimed to assess nongenetic and genetic risk factors for chronic shoulder pain and disability
in a South African cohort of mixed-ancestry BCSs. The study objectives were to determine the genotype/allele
frequency distributions for the polymorphisms in ABCB1 and OPRM1, analyze inferred haplotypes between the
polymorphism for each gene and investigate the gene–gene interactions between ABCB1 and OPRM1.
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Materials & methods
Study design
A cross-sectional study was conducted in accordance with the STREGA reporting recommendations for the
reporting of genetic association studies [41]. The study forms part of a larger ongoing project that aims to investigate
the association between genetic polymorphisms within the opioid metabolic pathway and the clinical phenotype
of chronic shoulder pain and dysfunction in BCSs.

Participants & setting
A total of 252 women were randomly recruited from a tertiary hospital in South Africa. Volunteers were considered
eligible if they were >18 years, diagnosed with unilateral BC, had undergone BC surgery ≥1 year before recruitment
and self-identified as mixed race. The mixed-ancestry population in South Africa is a unique population characterized
by its diversity descending from Africa, Asia and European populations [42]. Volunteers with any history of
shoulder/neck pathology before diagnoses and treatment for BC, any connective tissue disorders, renal insufficiency,
diabetes mellitus, hypercholesteremia, diagnoses of local recurrences or lymphedema were excluded.

Study procedure
After receiving informed consent, relevant demographic and clinical data for each participant was obtained from the
medical records and participants completed the Shoulder Pain and Disability Index (SPADI). Blood samples were
drawn (10 ml) from the unaffected arm using appropriately labelled EDTA vacutainer tubes and stored at -20◦C.
The standard DNA extraction protocol described by Lahiri and Nurnberger [43] was employed, followed by DNA
quantitation using the Take 2 plate with the BioTek HT SynergyTM (Agilent Technologies, CA, USA) multi-plate
reader. DNA purity and concentrations ranged from 1.2 to 2.165 (A260/A280 ratio) and 24 ng/μl to 389 ng/μl,
respectively. Deidentified DNA samples were stored for genotyping analysis at -20◦C.

Study outcome measures
Self-reported outcome measure: SPADI

The SPADI index, a self-reported outcome measure, was used to assess pain and disability associated with mus-
culoskeletal pathologies of the shoulder. The index has two domains – namely, pain and disability, each with
five and eight items (total of 13 items), that describe daily activities. For each domain, the items are scored on
a scale of 0 (no pain/difficulty) to 10 (worst pain/difficulty), then added and converted to a percentage as a
representation of pain or disability. Furthermore, for each domain the end score (in %) was used to categorize
participants into no-low (scores >30%) and moderate-high (scores ≥30%) groups. Previous literature has shown
that SPADI scores of >30% can affect the activities of day-to-day living of individuals and are associated with
cases presenting moderate-high pain on the visual analogue scale (VAS) scale, and for that reason, we used these
parameters to categorize our groups [44–46]. Reliability and validity studies show that the SPADI index have excellent
reliability (test–retest ICC: ∼0.89) with factor analysis indicating the items to represent both pain and disability
characteristics observed in shoulder pathologies [45,47,48]. In this study, we evaluated pain, disability and combined
(pain and disability) related to the shoulder in BCSs.

SNP selection & genotyping

The candidate genes ABCB1 (rs1045642 G>A, rs1128503 G>A) and OPRM1 (rs1799971 A>G, rs540825A>T),
which have previously been associated with the opioid signaling (pain inhibition) pathway, were included in this
study [17,31,49]. Samples were genotyped for the polymorphisms in 96-well plates using the TaqManTM SNP
genotyping assays (Thermo Fisher Scientific, Applied Biosystems, CA, USA) according to the manufacturer’s
instructions. Accordingly, ABCB1 TaqManTM SNPs are classified as drug metabolizing enzyme (DME) assays,
whereas OPRM1 SNPS are classified as standard assays (non-DME). Non-DME SNP: each sample well contained
0.2 μl of TaqMan specific primer (final concentrations of 1X), 4 μl of TaqMan genotype master mix, 2.8 μl of
dH2O and 1 μl of DNA template (template [DNA] 1–10 ng) to a final volume of 8 μl. DME SNP: In these wells,
each sample contained 0.4 μl of TaqMan specific primer (final concentrations of 1x), 4 μl of TaqMan genotype
master mix, 2.6 μl of dH2O and 1 μl of DNA template (template [DNA] 1–10 ng). Negative controls (no
DNA template) and technical replicates were used for quality control purposes. The standard PCR conditions for
the OPRM1 SNPs were activation at 95◦C for 10 min (1 cycle), followed with denaturation at 92◦C for 15 s
and annealing/extend/acquisition at 60◦C for 60 s (40 cycles), and holding at 60◦C for 10 min. PCR conditions
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for the ABCB1 SNPs were activation at 95◦C for 10 min (1 cycle), followed with denaturation at 95◦C for 15 s
and annealing/extend/acquisition at 60◦C for 90 s (50 cycles), and holding at 60◦C for 10 min. The PCR reactions
were performed using the Quant studio 3 real-time PCR (Thermo Fisher Scientific, Applied Biosystems, CA, USA)
system and genotypes were automatically called and analyzed using the Thermo Fisher Cloud genotyping analysis
Software version 3.3.0-SR2-build 21. Successful genotyping was considered if the sample was amplified for all
polymorphisms, except when failing to amplify after two PCR reruns. A success rate of 99% was observed for
ABCB1 rs1045642 G>A, rs1128503 G>A and OPRM1 rs1799971 A>G, with 94% call for OPRM1 rs540825
A>T, including the repeat typing. All laboratory work was conducted at HPALS, University of Cape Town (South
Africa).

Clinical risk factors

Known clinical risk factors for chronic postoperative shoulder pain and disability were assessed for associations [46,50].
These included participants’ age at the time of surgery, surgical date and type, lymph node surgery type, adjuvant
therapies and BC pathology

Statistical analysis
Sample size requirement for this study was calculated using the QUANTO v 1.2.4.49 software, with an assumed,
literature inferred, baseline risk of 40% for chronic pain (∼36%) and disability (∼30%) in BCSs [7,51–58]. A total
sample of 150 participants was calculated as an effective size for the detection of an odds ratio ≥2 with an 80%
power for allele frequencies of 0.1–0.5 in the dominant model (Supplementary Table 1). For the log additive and
recessive models, our sample size was adequate to reach odds of 2–2.5 and 2.5 with 80% power for the minor allele
frequencies 0.1–0.5 and >0.4, respectively.

Comparative analysis of demographic and clinical data was assessed using Statistica V13.5.0.17 [59]. Basic
descriptive statistics were analyzed using independent sample t-test, Pearson’s χ2 and Fisher’s exact tests (if n < 10)
for pain, disability and combined (pain and disability) between the no-low and moderate-high groups. The R studio
V1.3.1056 running R V4.0.4 language and programming environment (www.r-project.org) was used to analyze
all genotype data [60]. Differences in genotype/allele and inferred haplotype frequency distribution were compared
using Pearson’s χ2 and Fisher’s exact tests. By using the ‘genetics’ v1.3.8.1.3 package, Hardy–Weinberg equilibrium
(HWE) probabilities and linkage disequilibrium (LD) was determined [61]. Logistic regression analysis evaluating
the association between the genotype and pain/disability characteristics was assessed using the ‘SNPassoc’ v2.0.2
packages [62].

To evaluate the ABCB1 (rs1045642 G>A and rs1128503 G>A) and OPRM1 (rs1799971 A>G and rs540825
T>A) genetic intervals, inferred haplotypes were constructed for each gene using the individual genotype data.
In addition, as a proxy for gene–gene interactions, five stepwise inferred allele–allele combination constructs were
generated between the ABCB1 and OPRM1 genes. Analysis of inferred haplotype/allelic combination frequency
distribution and association between no-low and moderate-high groups was determined using the ‘haplo.stats’
v1.8.6. package [63,64]. Furthermore, genotype effects were evaluated on the clinical variables, age, time since
surgery, total number of nodes involved and examined, invasive ductal carcinoma (IDC), tumor grade, surgery
types (mastectomy [MTX] vs wide local excision [WLE]) and lymph node surgery (axillary lymph node dissection
[ALND] vs sentinel lymph node biopsy [SLNB]).

Bioinformatic analysis was conducted to explore gene-associated networks and interactions between and for
ABCB1 and OPRM1 using the GeneMANIA and Enrichr platforms. Also, using an online tool, Software for
Statistical Folding of Nucleic Acids and Studies of Regulatory RNAs (SFOLD), the 2D RNA structures for the
genetic intervals containing the ABCB1 and OPRM1 polymorphisms were predicted. All software and online
programs used in this study can be downloaded from the respective sites reported in the reference list. Data are
presented as either means ± standard deviation, median (interquartile range [IQR]), or as percentage (n values).
All logistic regression analyses were covaried for age at surgery (including odds ratios [OR] and confidence intervals
[CI] at 95%) and statistical significance was accepted a p < 0.05.

Results
Demographical & clinical characteristics for pain, disability & combined (pain & disability)
Table 1 summarizes the comparative analysis for demographic and clinical data with 27.0%, 19.0% and 22.0% of
individuals reporting moderate-high pain, disability and combined (pain and disability), respectively. Age differed
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Table 1. Clinical characteristics between pain, disability and the combined (pain and disability) categories.
Characteristics Pain Disability Pain and disability

No-low Mod-high p-value No-low Mod-high p-value No-low Mod-high p-value

n = 252 73.0 (184) 27 (68) 81 (204) 19 (48) 78 (197) 22 (55)

Age at surgery 55.3 ± 9.2 50.7 ± 10.7 0.002 54.8 ± 9.3 50.6 ± 11.3 0.011 55.0 ± 9.3 50.5 ± 10.9 0.003

Time since surgery (years) 3.5 ± 2.5 3.1 ± 2.4 0.116 3.5 ± 2.5 3.2 ± 2.3 0.482 3.5 ± 2.5 3.1 ± 2.5 0.133

Total nodes examined 10.5 ± 6.0 9.5 ± 6.3 0.155 10.5 ± 6.3 8.9 ± 5.1 0.177 10.6 ± 6.3 8.6 ± 5.2 0.066

Total nodes involved 3.6 ± 3.7 2.8 ± 3.1 0.145 3.7 ± 3.7 2.1 ± 2.5 0.025 3.7 ± 3.7 2.3 ± 2.7 0.034

Side of primary Left 49.2 (90) 57.4 (39) 0.250 49.8 (101) 58.3 (28) 0.285 49.5 (97) 58.2 (32) 0.254

Right 50.8 (93) 42.6 (29) 50.3 (102) 41.7 (20) 50.5 (99) 41.8 (23)

Invasive ductal carcinoma Yes 78.7 (144) 80.9 (55) 0.768 79.8 (162) 77.1 (37) 0.913 79.1 (155) 80.0 (44) 0.985

No 3.3 (6) 4.4 (3) 3.5 (7) 4.2 (2) 3.6 (7) 3.6 (2)

Not done 18.0 (33) 14.7 (10) 16.8 (34) 18.8 (9) 17.4 (34) 16.4 (9)

Lymphovascular invasion Yes 35.7 (55) 29.8 (17) 0.423 35.6 (62) 27.0 (10) 0.316 35.7 (60) 27.9 (12) 0.335

No 64.3 (99) 70.2 (40) 64.4 (112) 73.0 (27) 64.3 (108) 72.1 (31)

Tumor grade I 26.7 (43) 27.6 (16) 0.914 25.6 (46) 33.3 (13) 0.379 26.0 (45) 30.4 (14) 0.132

II 49.7 (80) 48.3 (28) 51.1 (92) 41.0 (16) 51.5 (89) 41.3 (19)

III 21.7 (35) 20.7 (12) 21.7 (39) 20.5 (8) 21.4 (37) 21.7 (10)

Not known 1.9 (3) 3.5 (2) 1.7 (3) 5.1 (2) 1.2 (2) 6.5 (3)

Data presented as mean ± standard deviation or % (n).
p-values are unadjusted and values in bold indicate significance (p � 0.05).
Tests used for comparative analysis includes Mann-Whitney U test (independent sample t-test); Fisher’s exact test (when n � 10); � 2 test.
Mod-high: Moderate-high.

significantly within pain (p = 0.002), disability (p = 0.007) and combined (pain and disability) (p = 0.002) groups.
Younger participants were noted to report moderate-high pain, disability and combined (pain and disability).
Younger participants also reported to having fewer number of nodes involved in the disability (p = 0.027) and
combined (pain and disability) (p = 0.025) groups. No significant difference was observed for breast and lymph
node surgery, or adjuvant treatments between no-low and moderate-high groups for pain, disability, or combined
(pain and disability), p > 0.05 (Supplementary Table 3).

Genotype effects of the ABCB1 & OPRM1 polymorphisms on quantitative & categorial clinical
characteristics
Genotype effect was evaluated for all clinical variables and noted associations for ABCB1 rs1045642 G>A
(p = 0.022), ABCB1 rs1128503 G>A (p = 0.022) and OPRM1 rs540825 T>A (p = 0.015; Supplementary
Tables 5 & 7).

The ABCB1 rs1045642 G>A polymorphism was associated with ‘time since surgery’, where the median (IQR)
time that had passed were 3.0 (2.0–4.0) years for (G/G) and (A/A) carriers compared with 2.0 (2.0–4.0) years for
(A/G) carriers (Supplementary Table 5). The ABCB1 rs1128503 G>A polymorphism was associated with ‘age at
surgery’, where the median (IQR) age was 56 (49–63) years for (A/G) carriers, compared with 54 (47–61) and 54
(48–2) years for (G/G) and (A/A) carriers respectively, rendering a possible sample bias (Supplementary Table 5).

The OPRM1 rs540825 T>A polymorphism was associated with lymph node surgery, where the (A/A) (3.6% and
3.2%) genotype was less frequently observed in the ALND and SLNB surgeries, compared to the (T/T) (59.2% and
51.6%) and (A/T) (37.3% and 45.2%) genotypes, respectively (Supplementary Table 7).

No associations were observed between OPRM1 rs1799971 A>G and the clinical variables (Supplementary
Tables 5 & 7).

Genotype & allele frequency distribution of ABCB1 & OPRM1 polymorphisms
Table 2 summarizes the differences in the genotype and allele frequency distribution patterns between the no-low
and moderate-high pain, disability and combined (pain and disability) groups.
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Table 2. Genotype and minor allele frequency distributions, of the ABCB1 (rs1045642 G>A, rs1128503 G>A) and OPRM1
(rs1799971 A>G and rs540825 A>T) polymorphisms among pain, disability and combined (pain and disability) categories.
SNP Pain Disability Pain and disability

No-low
(n = 184)

Mod-high
(n = 68)

No-low
(n = 204)

Mod-high
(n = 48)

No-low
(n = 197)

Mod-high
(n = 55)

Drug transporter

ABCB1 rs1045642

G/G 40.2 (70) 48.5 (32) 39.2 (76) 56.5 (26) 38.0 (71) 58.5 (31)

A/G 46.6 (81) 39.4 (26) 45.9 (89) 39.1 (18) 47.1 (88) 35.8 (19)

A/A 13.2 (23) 12.1 (8) 14.9 (29) 4.3 (2) 15.0 (28) 5.7 (3)

A allele 36.5 (127) 31.8 (42) 37.9 (147) 23.9 (22) 38.5 (144) 23.6 (25)

p-value1 0.367 0.028 0.011

A allele p-value2 0.392 0.015 0.003

HWE 1.000 0.405 0.762 0.709 0.879 1.000

ABCB1 rs1128503

G/G 35.1 (61) 34.8 (23) 35.6 (69) 32.6 (15) 35.3 (66) 34.0 (18)

A/G 47.1 (82) 51.5 (34) 46.9 (91) 54.3 (25) 46.5 (87) 54.7 (29)

A/A 17.8 (31) 13.6 (9) 17.5 (34) 13.0 (6) 18.2 (34) 11.3 (6)

A allele 41.4 (144) 39.4 (52) 41.0(159) 40.2 (37) 41.4 (155) 38.7 (41)

p-value1 0.783 0.812 0.552

A allele p-value2 0.755 0.907 0.655

HWE 0.758 0.765 0.660 0.545 0.551 0.390

Opioid receptor

OPRM1 rs1799971

A/A 64.4 (112) 75.8 (50) 68.0 (132) 65.2 (30) 66.8 (125) 69.8 (37)

A/G 30.5 (53) 22.7 (15) 27.3 (53) 32.6 (15) 28.3 (53) 28.3 (15)

G/G 5.2 (9) 1.5 (1) 4.6 (9) 2.2 (1) 4.8 (9) 1.9 (1)

G allele 20.4 (71) 12.9 (17) 18.3 (71) 18.5(17) 19.0 (71) 16.0 (17)

p-value1 0.199 0.497 0.587

G allele p-value2 0.064 1.000 0.570

HWE 0.496 1.000 0.244 0.663 0.346 1.000

OPRM1 rs540825

T/T 60.0 (99) 60.3 (38) 61.4 (113) 54.5 (24) 61.0 (108) 56.9 (29)

A/T 35.8 (59) 34.9 (22) 35.3 (65) 36.4 (16) 35.6 (63) 35.3 (18)

A/A 4.2 (7) 4.8 (3) 3.3 (6) 9.1 (4) 3.4 (6) 7.8 (4)

A allele 22.1 (73) 22.2 (28) 20.9 (77) 27.3 (24) 21.2 (75) 25.5 (26)

p-value1 0.990 0.275 0.435

A allele p-value2 1.000 0.201 0.347

HWE 0.660 1.000 0.385 0.464 0.381 0.481

p-values1 for genotype between groups.
p-values2 for allele between groups.
p-values in bold indicate significance (p � 0.05).
p-values for the exact test of Hardy–Weinberg equilibrium for each of the categories are included in the table.
Genotype and allele frequencies are expressed as a percentage (%) with the number of participants (n) in parentheses.
HWE: Hardy–Weinberg equilibrium; Mod-high: Moderate-high.

ABCB1

In the evaluation of pain, no associations for ABCB1 rs1045642 G>A (p = 0.367) and rs1128503 G>A (p =
0.783) were noted (Table 2). For disability, significant frequency differences were noted for ABCB1 rs1045642
G>A where the (A/A) genotype (p = 0.028; OR = 0.21; 95% CI: 0.05–0.93) was overrepresented in the no-
low (14.9%) group compared with the moderate-high (4.3%) group (Table 2). Logistic regression showed the
rs1045642 (A/A) genotype (dominant: p = 0.022; OR: 0.46; 95% CI: 0.24–0.90; recessive: p = 0.045; OR:
0.28; 95% CI: 0.06–1.21), was associated with reduced likelihood of reporting disability. In addition, the ABCB1
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rs1045642 (A) allele (p = 0.015; OR: 0.52; 95% CI: 0.29–0.89) was overrepresented in the no-low group (37.9%),
compared with the moderate-high group (23.9%), and associated with reduced likelihood of reporting disability
(Table 2). ABCB1 rs1128503 G>A showed no differences in genotype or allele frequency distribution between the
no-low and moderate-high groups (p = 0.812; Table 2).

Evaluation of combined (pain and disability) showed significant differences for ABCB1 rs1045642 G>A where
the (A/A) genotype (p = 0.011; OR: 0.25; 95% CI: 0.07–0.89) was overrepresented in the no-low (15.0%) group
compared with the moderate-high (5.7%) group (Table 2). Logistic regression showed the (A/A+A/G) (dominant;
p = 0.004; OR: 0.40; 95% CI: 0.21-0.75) genotypes were associated with a reduced likelihood of reporting
moderate-high combined (pain and disability). Once more, the ABCB1 rs1045642 (A) (p = 0.003; OR: 0.50; 95%
CI: 0.29–0.83) was overrepresented in the no-low (38.5%) group compared with the moderate-high (23.6%) group
and was associated with a reduced likelihood of reporting moderate-high combined (pain and disability) (Table 2).
No differences were detected for ABCB1 rs1128503 G>A, between the no-low and moderate-high combined (pain
and disability) (p = 0.552) groups.

OPRM1

Evaluating pain, we noted no significant differences in the genotype/allele frequency distribution for OPRM1
rs1799971 A>G (p = 0.199) and rs540825 T>A (p = 0.990) between the no-low and moderate-high groups
(Table 2). Although the OPRM1 rs1799971 (G) allele (p = 0.064; OR: 0.58; 95% CI: 0.30–1.04) showed a trend
toward an association.

Furthermore, when disability and combined (pain and disability) were evaluated, no significant associations
were noted for OPRM1 rs1799971 A>G (p = 0.497 and p = 0.587) and rs540825 T>A (p = 0.275 and
p = 0.435; Table 2). All groups were in HWE for all polymorphisms when pain, disability and combined (pain and
disability) were evaluated (Table 2).

Inferred haplotypes for ABCB1 & OPRM1 polymorphisms
Haplotypes were inferred and constructed for the ABCB1 (rs1045642 G>A, rs1128503 G>A) and OPRM1
(rs1799971 A>G, rs540825 T>A) genes, using the individual genotype data for the polymorphisms, in the pain,
disability and combined (pain and disability) categories.

ABCB1 (rs1045642 G>A-rs1128503 G>A)

The inferred ABCB1 rs1045642 G>A-rs1128503 G>A haplotype, yielded four combinations (G-G, A-A, G-A
and A-G) (Figure 1A–C). For pain (p = 0.798), no significant differences were noted between the no-low and
moderate-high groups (Figure 1A). For disability (p = 0.027), the (A-G) haplotype (p = 0.029; OR: 0.00; 95% CI:
0.00–0.00) was noted to be absent in the moderate-high (0.0%) group compared with the no-low group (6.9%)
and significantly associated with reduced likelihood of reporting moderate-high disability (Figure 1B). Evaluating
combined (pain and disability) (p = 0.019), the (A-A) haplotype was overrepresented in the no-low (30.9%) group
compared with the moderate-high (22.5%) group and was associated with reduced likelihood (p = 0.029; OR:
0.63; 95% CI: 0.37–1.06) of reporting moderate-high combined (pain and disability) (Figure 1C).

OPRM1 (rs1799971 A>G-rs540825 T>A)

The inferred OPRM1 rs1799971 A>G-OPRM1 rs540825 T>A haplotype analyses generated four combinations,
(A-T, A-A, G-T and G-A) (Figure 1D–F). For pain (p = 0.040) the inferred (G-T) haplotype (p = 0.019; OR:
0.33; 95% CI: 0.14-0.75) was overrepresented in the no-low (16.4%) group compared with the moderate-high
(6.9%) group and was associated with a reduced likelihood for reporting moderate-high pain (Figure 1D). On the
contrary, no differences in haplotype frequency distribution patterns were noted for disability (p = 0.173) or the
combined (pain and disability) (p = 0.239; Figure 1E & F).

Stepwise allele-allele interaction between ABCB1 & OPRM1 polymorphisms
Individual genotype data for the ABCB1 (rs1045642 G>A-rs1128503 G>A) and OPRM1 (rs1799971 A>G-
rs540525 T>A) polymorphisms were used to construct allele–allele combinations for ABCB1 and OPRM1 as a
proxy for potential gene–gene interactions.

ABCB1 (rs1045642 G>A-rs1128503 G>A)–OPRM1 (rs1799971 A>G-rs540525 T>A) generated 16 combi-
nations, of which eight yielded frequencies >3%. Evaluation of the allele–allele combination frequencies noted no
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Figure 1. The inferred frequency distributions for the ABCB1 (rs1045642 G>A–rs1128503 G>A) and OPRM1
(rs1799971 A>G-rs540825 T>A) haplotypes in the no-low (black bars) and moderate-high (white bars) groups. For (A
& D) pain, (B & E), disability and (C & F) combined (pain and disability) in South African breast cancer survivors.
Depicted are statistically significant differences in the inferred haplotype frequencies between the two groups with
the number of participants in parenthesis (n) and (-) presenting no frequency detected for a haplotype.
All p-values shown are adjusted for age.

significant differences between the no-low and moderate-high groups for pain, disability and combined (pain and
disability) (p > 0.05; Supplementary Figure 1). Next, the ABCB1 (rs1045642 G>A-rs1128503 G>A)–OPRM1
(rs540525 T>A) generated eight allele–allele combinations of which six combinations yielded frequencies >5%;
however, no significant differences were noted between the no-low and moderate-high pain, disability and combined
(pain and disability) groups (Supplementary Figure 2).
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Figure 2. The inferred frequency distributions for the ABCB1 (rs1045642 G>A)–OPRM1 (rs1799971 A>G-rs540825
T>A) allele–allele combinations in the no-low (black bars) and moderate-high (white bars) groups. (A) Pain in South
African breast cancer survivors. (B) Disability in South African breast cancer survivors. (C) Combined (pain and
disability) in South African breast cancer survivors. Depicted are statistically significant differences in the inferred
haplotype frequencies between the two groups with the number of participants in parenthesis (n) and (-) presenting
no frequency detected for a haplotype.
All p-values shown are adjusted for age.

ABCB1 (rs1045642 G>A)–OPRM1 (rs1799971 A>G-rs540825 T>A) generated six (G-A-T, A-A-T, G-G-T,
G-A-A, A-A-A and A-G-T) allele combinations with frequencies >5% (Figure 2). No significant differences in the
frequency distribution patterns were noted for these allele–allele combinations when pain scores were evaluated
(p = 0.106; Figure 2A). In the disability (p = 0.053) and combined (pain and disability) scores (p = 0.027), the
(A-A-T) combination was overrepresented in the no-low (24.4% and 24.4%) compared with the moderate-high
(16.0% and 16.7%) groups, respectively (Figure 2B & C). Furthermore, the (A-A-T) combination was associated
with a reduced likelihood of reporting moderate-high disability (p = 0.026; OR: 0.60; 95% CI: 0.30–1.18) and
combined (pain and disability) scores (p = 0.029; OR: 0.58; 95% CI: 0.18–1.45).

Evaluation of ABCB1 (rs1045642 G>A) – OPRM1 (rs1799971 A>G) generated four combinations, (G-A,
G-G, A-G and A-A) (Figure 3A–C). No significant differences were noted for either pain (p = 0.244) or disability
(p = 0.077) (Figure 3A & B). For combined (pain and disability) (p = 0.028), the (G-A) combination was
underrepresented in the no-low (49.3%) compared with the moderate-high (65.2%) group (Figure 3C). The (A-
A) combination was also overrepresented in the no-low (31.8%) compared with the moderate-high (17.6%) group
(Figure 3C). Moreover, the (G-A) (p = 0.005; OR: 1.00) and (A-A) (p = 0.008; OR: 0.44; 95% CI: 0.24–0.80)
combinations were associated with equal odds and reduced likelihoods of reporting moderate-high combined (pain
and disability), respectively.

Evaluation of the ABCB1 (rs1045642 G>A) – OPRM1 (rs540825 T>A) identified four allele–allele com-
binations (G-T, A-T, G-A and A-A) (Figure 3D–F). No significant differences in allele-frequencies were noted
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Figure 3. The inferred frequency distributions for the ABCB1 (rs1045642 G>A)–OPRM1 (rs1799971 A>G) and ABCB1
(rs1045642 G>A)–OPRM1 (rs540825 T>A) allele–allele combinations in the no-low (black bars) and moderate-high
(white bars) groups. (A & D) Pain in South African breast cancer survivors. (B & E) Disability in South African breast
cancer survivors. (C & F) Combined (pain and disability) in South African breast cancer survivors. Depicted are
statistically significant differences in the inferred haplotype frequencies between the two groups with the number of
participants in parenthesis (n).
All p-values shown are adjusted for age.
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between the no-low and moderate-high groups for pain (p = 0.684; Figure 3D). For disability (p = 0.026) the
(A-T) combination (p = 0.019; OR: 0.62; 95% CI: 0.33–1.16) was overrepresented in the no-low (28.8%) group
compared with the moderate-high (19.3%) group and associated with reduced likelihoods of reporting disability
(Figure 3E). The (G-A) combination (p = 0.021; OR: 1.57; 95% CI: 0.30–3.10) was underrepresented in the
no-low (12.9%) compared with the moderate-high (21.4%) group and associated with increased likelihood for
reporting disability (Figure 3E). For combined (pain and disability), the frequencies for the (A-T) (p = 0.014;
OR: 0.62; 95% CI: 0.35–1.10) and (G-A) (p = 0.030; OR: 1.50; 95% CI: 0.78–2.86) allele combinations in the
no-low (28.9% and 12.7%) and moderate-high (19.8% and 20.7%) groups were comparable to the frequencies
observed in the disability category (Figure 3F). Once more, the (A-T) and (G-A) combinations were associated
with a reduced and increased likelihoods of reporting combined (pain and disability).

Bioinformatic analysis
GeneMANIA analysis for ABCB1 and OPRM1, found no direct associated networks; however, we identified three
secondary gene-associated networks (Supplementary Table 8) [65]. The analysis showed the ABCB4, GNB1 and
SLC22A2 genes each shared co-expressed, predicted, shared protein domains, genetic interactions, pathway and
physical interaction networks with ABCB1 and OPRM1 (Figure 4).

The Enrichr web-based application was used to screen ABCB1 and OPRM1 against several libraries of gene sets
for transcriptional and regulatory factors, biological processes, pathways, diseases/drugs and phenotypes [66]. In
the transcription library, the results showed ABCB1 and OPRM1 are both predicted targets for the microRNA-
875-5p (Targetscan microRNA 2017; Supplementary Table 9). In the pathway library, the ABCB1 and OPRM1
gene products are associated with T-cell receptor regulation of apoptosis (Bioplanet 2019 Pathways) and Epilepsi
(Elsevier Pathways Collection; Supplementary Table 9). Gene ontology (GO) libraries showed both genes are
associated with the regulation of response to stress (GO0080134, Biological Process 2021; Supplementary Table
9). In addition, in the library for diseases and drugs, the genes are shown to be associated with Huntington’s disease,
a neurodegenerative disease (HDsigDB Human 2021; Supplementary Table 9).

SFOLD analysis of ABCB1 rs1045642 G>A indicated that compared to the (G) allele, the (A) allele resulted in
the loss of a hydrogen bond at nucleotide position 44 in the 5′-3′ direction and resulted in a predicted increased
multibranch loop (Supplementary Figure 3). In addition, the substitution noted a 3-point (-20.10 to -17.10)
change in the energy reaction representing protein stability. Analysis of the rs1128503 SNP containing structure
indicated no distinct changes, however, the reaction showed a changed in energy between the (G) and (A) alleles
(Supplementary Figure 3). SFOLD analysis of OPRM1 rs1799971 A>G showed that compared with the (A) allele,
the (G) allele resulted in the loss of an internal loop (Supplementary Figure 4). Furthermore, the A>G substitution
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resulted in predicted 5-point change (�G◦37 = -33.20 to -38.10) in the energy reaction, with the (G) allele noting
a more negative �G◦37, compared with the (A) allele. The secondary predicted changes for OPRM1 rs540825
T>A, indicated no structural differences between these two alleles; however, a change in the energy reaction was
noted (�G◦37 = -22.70 to -19.70; Supplementary Figure 4).

Discussion
This study is the first to evaluate associations between polymorphisms in genes involved in the opioid metabolism
and pain pathway, and chronic shoulder pain and dysfunction in BCSs of mixed ancestry from South Africa. The
findings of our study confirms that age is a risk factor, and infers that polymorphisms in the ABCB1 and OPRM1
genes may play a role in the development of chronic shoulder pain and dysfunction in BCSs.

Younger age was associated with an increased likelihood for reporting moderate-high pain, disability and com-
bined (pain and disability) (Table 1). This result is in alignment with previous research reporting the association
between age and persistent pain in BCSs [12,67]. It is proposed that changes in pain perception is age related;
compared with older adults (>65 years), younger adults (18–44 years) report greater pain due to psychological
stress [68]. Younger adults with chronic pain suffer physiological and mental health issues, and the disruption of
daily routines, including the ability to work full time that can lead to a financial burden [69,70].

With more than 70% of participants having received an ALND, it was noteworthy that no significant association
was found between ALND and shoulder pain, disability or combined (pain and disability). ALND is the surgical
removal of lymph nodes in the axilla, which is a secondary measure to the detection of a tumor positive sentinel
lymph node [71,72]. Moreover, it has been described as a risk factor for the development of persistent pain post-surgery
for BC [12].

Evaluation of the genetic contribution of ABCB1 gene polymorphisms in modulating shoulder disability and
movement-related pain in this BCS cohort showed that the ABCB1 rs1045642 (A/A) genotype and (A) al-
lele were significantly associated with 80/75% and 48/50% reduced likelihood of reporting moderate-high
disability/combined (pain and disability), respectively. Haplotype analyses further highlighted the ABCB1 ge-
netic locus in modulating pain and disability where the ABCB1 (rs1045642 G>A – rs1128503 G>A) inferred
(A-G) haplotype was associated with reduced likelihood of reporting disability. The (A-G) haplotype was absent in
the moderate-high group, which inferred a reduced (100%) likelihood for reporting disability. The findings of our
study are correlative to other studies reporting lower pain, although there are few data on postoperative pain [28,73,74].
The functional rs1045642 (A) and rs1128503 (A) alleles have steadily been associated with requiring fewer opioids
compared with (G) allele carriers and with rs1045642 (A) carriers regarded as ‘good responders’ [17,29,35,75,76].
It is reported that the rs1045642 (A/A) genotype and (A) allele is associated with decreased protein functions
and are at greater risk of opioid-related side effects that includes sweating, muscular tension, stress and sedation,
compared with (G/G) and (A/G) carriers [26,77,78]. Furthermore, given its implication in opioid requirements and
response studies, it is hypothesized that the (A/A) genotype have lower P-gp expression that may result in less
efflux of opioids at the BBB level and therefore individuals with that genotype profile, may need fewer opioids to
control pain. This hypothesis is supported by the findings of Hoffmeyer et al. [26], who showed a reduction in P-gp
expression and altered activity related to the (A/A) genotype. More recently, allelic-specific expression analysis of
liver autopsy samples noted the rs1045642 (A) allele was associated lower mRNA levels compared with the (G)
allele [79].

Analyses of the OPRM1 genetic locus showed that although no independent associations were noted for the
individual polymorphisms investigated, the inferred haplotypes implicate the genetic interval spanning these poly-
morphisms in modulating chronic shoulder pain and disability. The OPRM1 (rs1799971 A>G – rs540825 T>A)
inferred (G-T) haplotype was associated with a 67% reduced likelihood of reporting pain (Figure 2A). Research data
for the OPRM1 (rs1799971 A>G – rs540825 T>A) locus in postoperative pain is limited. A study conducted by
De Gregori et al [80] analyzing seven OPRM1 polymorphisms, including both rs1799971 A>G and rs540827 T>A,
observed that haplotype carriers containing the (G) and (T) alleles required more postoperative analgesia (POA)
than haplotype carriers containing the (A) and (A) alleles, respectively. This observation suggests that the rs1799971
(G) and rs540825 (T) allele, in combination, required more POA may be in response to experiencing greater pain.
It has been shown that the rs1799971 (G) allele increases the receptor binding affinity threefold for endogenous
opioids yet reduces the expression of the receptor and leads to high morphine requirements [81]. Also, OPRM1
rs1799971 and rs540825 polymorphisms have both been investigated in pain and opioid studies because both have
been described to modify the mu-receptor properties, although inconsistencies remain [30,36,40,49,76,80,82,83].
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Evaluation of the ABCB1-OPRM1 allele combinations highlighted a combined genetic contribution to modu-
lating disability and movement-related pain in this BCS cohort. Several associations were noted; however, the most
interesting finding was for ABCB1 (rs1045642 G>A) – OPRM1 (rs540825 T>A) where the (A-T) allele combina-
tion was associated with reduced (38% and 38%) likelihood of reporting moderate-high disability and combined
(pain and disability) (Figure 3E). Coupled with the alternate combination, (G-A), being associated with increased
(57% and 50%) likelihood of reporting moderate-high disability and combined (pain and disability) (Figure 3F).
Research data for pain studies surrounding the gene–gene interactions between the ABCB1 and OPRM1 genes,
are limited. On the basis of these findings, we hypothesize that the ABCB1 rs1045642 (A) allele may act as a
potential important regulator of opioid distribution. The OPRM1 rs540825 (T) allele is reported to require more
opioids and, when inherited with the ABCB1 rs1045642 (A) allele, resulted in reduced likelihood of reporting pain
and disability [80]. This is further supported by the alternate allele combinations whereby the OPRM1 rs540825
(A) allele that is reported to require fewer opioids are inherited with the ABCB1 rs1045642 (G) allele, shown to
have increased P-gp expression, an increased likelihood of reporting pain and disability was noted. This could be
explained as nociceptive sensitization by exposure to opioids, leading to opioid-induced hyperalgesia (OIH), the
paradoxical effect that may intensify preexisting pain [84]. Furthermore, it is reported that upregulation of the P-gp
membrane protein may contribute to opioid tolerance [85].

Another noteworthy association was the inferred (A-A) (ABCB1 rs1045642 G>A – OPRM1 rs1799971 A>G)
allele combination associated with a 66% reduction in the likelihood of reporting combined (pain and disability)
(Figure 3C). It was interesting to note in a previous study that haplotype carriers containing the ABCB1 rs1045642
(A) and rs1128503 (G) alleles in combination with the OPRM1 rs1799971 (A) allele were observed to have
lower methadone dosage and plasma concentrations than the alternate ABCB1 alleles [86], allowing the conclusion
that ABCB1 (lower) and OPRM1 (higher) polymorphisms were associated with opposing dose requirements [86].
This supports the findings of the present study that the ABCB1 rs1045642 (A) allele, when inherited with the
OPRM1 rs1799971 (A), modulates pain scores and, in the previous study, opioid requirements.

In the bioinformatic analysis, the GeneMANIA results showed that ABCB1 and OPRM1 share functional and
associated networks that interact. Additionally, enrichment analysis generated form the libraries in Enrichr, showed
ABCB1 and OPRM1 share common pathways related to apoptosis, immune response and opioid signaling. Using
online mRNA structure prediction tools, we examined the predicted 2D RNA structure obtained by SFOLD for
the regions containing the ABCB1 and OPRM1 SNPs. It is reported that SNPs can give rise to varying forms
of mRNA structures, that consequently may affect mRNA stability and potentially alter translation efficiency of
the protein and thereby affect protein function [87-90].

For the ABCB1 rs1045642 G>A polymorphism, the predicted secondary structure for the (A) allele showed
an increased multibranch loop at that position compared with the (G) allele form. In addition, the (A) allele
showed an increase in the �G◦37 score indicating a less stable mRNA structure compared with the (G) allele
form, which supports the findings observed in the study conducted by Wang and Sadee [79].

We hypothesize that this polymorphism could therefore potentially modulate expression and availability of the
transporter, through such structural changes. Although the ABCB1 rs1128503 (G) and (A) allele forms showed no
differences in the predicted secondary mRNA structures, changes in their melting domains were noted as reflected
in the energy reaction of the �G◦37 scores, indicating that this polymorphism may still affect the transport through
other processes; for example, it may change interactions/efficiencies of the transporter protein within the cellular
environment [87–90]. For the OPRM1 rs1799971 A>G polymorphism, the predicted secondary mRNA structure
for the (G) allele, noted the loss of one (of three) internal loop at that position. Compared with the (A) allele, the
(G) allele forms a hydrogen bond with the opposite nucleotide at that position. The predicted secondary structure
for the (G) allele also noted a decrease in �G◦37 scores, which suggests a more stable mRNA transcript compared
with the (A) allele form, and therefore this polymorphism could potentially modulate the expression and availability
of the mu-opioid receptor through such structural changes. For the OPRM1 rs540825 T>A polymorphisms, no
structural differences between the (T) and (A) allele forms were noted. However, like ABCB1 rs1128503 G>A, the
differences in �G◦37 scores suggests that the polymorphism may still affect the receptor’s binding capacity through
mRNA-structure-dependent processes [87–90].

With nearly 50% of BCSs suffering chronic shoulder pain and disability, it is imperative to understand and identify
risk factors influencing susceptibility [7]. Current research in chronic postoperative pain phenotypes have described
severe acute postoperative pain as a risk factor [12]. Moreover, genetic association studies report the relationship
between candidate gene polymorphisms and pain phenotypes are vital in the understanding of the mechanisms
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underlying these differences in pain relief/perception [87]. We, therefore, hypothesize that inadequate pain relief
during the acute postoperative period may influence pain severity thereby increasing the likelihood of developing
chronic pain. The results found in this study show the complex nature of functional genetic polymorphisms with
the potential to alter the protein structure and function.

Limitations
There are several limitations to this study. The sample was powered at <80% to detect effects sizes of OR = 1.5
(Supplementary Table 2). The study followed a hypothesis approach in which both ABCB1 and OPRM1 polymor-
phisms were previously implicated in the pain phenotype. More than two genetic polymorphisms were assessed
(family-wise error rate) and, taken together with the small and underpowered (<80%) sample size, multiple testing
was not adjusted for. Logistic regression analysis was applied to investigate gene–gene interactions. However, it is
reported that this tends to be difficult to detect because many multilocus genotype combinations may have few or
no data points, thereby hindering the outcome [88]. In our analysis, allele frequencies >3% were used to describe the
gene–gene interaction between ABCB1 and OPRM1. Increasing the sample size may increase the power to detect
significant differences in clinically relevant characteristics with genotype/allele frequencies and allow us to consider
clinically relevant confounders in the regression analyses. In addition, in this cohort ethnicity was self-reported and
therefore does not hold the same strength as genomic estimates, which may undermine the population stratification
of our cohort.

Conclusion
In conclusion, this study adds to the consensus that age is a risk factor for pain and that lymph node surgery
could potentially identify individuals that may be susceptible to pain and dysfunction in BCSs. Furthermore, this
study provides evidence of an association between the genetic polymorphisms of the ABCB1 and OPRM1 genes
and chronic shoulder pain and disability in BCSs. Future studies incorporating bigger genetic intervals and larger
population sizes are required to further scrutinize and elucidate the role of the ABCB1 and OPRM1 genes in chronic
shoulder pain and dysfunction.

Summary points

• ABCB1 (rs1045642 G>A; rs1128503 G>A) and OPRM1 (rs1799971 A>G; rs540825 T>A) single-nucleotide
polymorphisms were genotyped in (n = 252) South African breast cancer survivors (BCSs) of mixed ancestry.

• The Shoulder Pain and Disability Index tool was used to assess pain, disability and combined (pain and
disability); results indicated that 27.0%, 19.0% and 22.0% of participants reported moderate-high pain, disability
and combined (pain and disability), respectively.

• Independently, a significant association was noted for the ABCB1 rs1045642 single-nucleotide polymorphism,
with the (A/A) genotype and (A) allele associated with reduced likelihood of reporting moderate-high disability.

• For the ABCB1 (rs1045642 G>A – rs1128503 G>A) haplotype analysis, the inferred (A-G) haplotype was
significantly associated with reduced likelihoods of reporting moderate-high disability.

• The OPRM1 (rs1799971 A>G – rs540825 T>A) inferred (G-T) haplotype was significantly associated with reduced
likelihoods of reporting moderate-high pain.

• Gene–gene interaction analyses demonstrated significant associations between the ABCB1 (rs1045642
G>A) – OPRM1 (rs1799971 A>G – rs540825 T>A) and the ABCB1 (rs1045642 G>A) – OPRM1 (rs1799971 A>G)
combinations for disability.

• ABCB1 (rs1045642 G>A) – OPRM1 (rs540825 T>A) combination analyses demonstrated that the (A-T) combination
was associated with reduced likelihood of reporting moderate-high disability, and the alternate (G-A)
combination was associated with increased likelihood of reporting moderate-high disability.

• The results in this study support the hypothesis that genetic polymorphisms within key pain genes can
significantly influence the development of chronic postoperative pain, including movement-related pain.

Supplementary data

To view the supplementary data that accompany this paper please visit the journal website at: www.futuremedicine.com/doi/

suppl/10.2217/pgs-2022-0020
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62. González J, Armengol L, Guinó E et al. SNPassoc: SNPs-based whole genome association studies. R package version 1.9.2. 1–8 (2014).
http://CRAN.R-project.org/package=SNPassoc.Rpackage version

63. Schaid DJ, Rowland CM, Tines DE et al. Score tests for association between traits and haplotypes when linkage phase is ambiguous. Am.
J. Human Genet. 70(2), 425–434 (2002).

64. Sinnwell JP, Schaid D. Statistical methods for haplotypes when linkage phase is ambiguous. (2011).

65. Warde-Farley D, Donaldson SL, Comes O et al. The GeneMANIA prediction server: biological network integration for gene
prioritization and predicting gene function. Nucleic Acids Res. 38(Suppl. 2), W214–W220 (2010).

66. Xie Z, Bailey A, Kuleshov MV et al. Gene set knowledge discovery with Enrichr. Curr. Protocols 1(3), e90 (2021).

future science group 10.2217/pgs-2022-0020

https://powerxeditor.aptaracorp.com/fsg/PXEEditor/Managers/Dialogs/www.statsoft.com
http://www.rstudio.com/
http://brieger.esalq.usp.br/CRAN/web/packages/genetics/genetics.pdf
http://cran.r-project.org/package=SNPassoc.Rpackage%20version


Research Article Firfirey, September & Shamley

67. Doong SH, Dhruva A, Dunn LB et al. Associations between cytokine genes and a symptom cluster of pain, fatigue, sleep disturbance,
and depression in patients prior to breast cancer surgery. Biol. Res. Nurs. 17(3), 237–247 (2015).

68. Riley Iii JL, Wade JB, Robinson ME, Price DD. The stages of pain processing across the adult lifespan. J. Pain 1(2), 162–170 (2000).

69. Ackerman IN, Page RS, Fotis K et al. Exploring the personal burden of shoulder pain among younger people in Australia: protocol for a
multicentre cohort study. BMJ Open 8(7), e021859 (2018).

70. Vargas C, Bilbeny N, Balmaceda C et al. Costs and consequences of chronic pain due to musculoskeletal disorders from a health system
perspective in Chile. Pain Rep. 3(5), e656 (2018).

71. Gordon A, Alsayouri K. Anatomy, shoulder and upper limb, axilla. StatPearls (2019). www.ncbi.nlm.nih.gov/books/NBK547723/

72. Gherghe M, Bordea C, Blidaru A. Sentinel lymph node biopsy (SLNB) vs. axillary lymph node dissection (ALND) in the current
surgical treatment of early stage breast cancer. J. Med. Life 8(2), 176–180 (2015).

73. Persson AKM, Pettersson FD, Akeson J. Single nucleotide polymorphisms associated with pain sensitivity after laparoscopic
cholecystectomy. Pain Med. 19(6), 1271–1279 (2018).

74. Tanabe Y, Shimizu C, Hamada A et al. Paclitaxel-induced sensory peripheral neuropathy is associated with an ABCB1 single nucleotide
polymorphism and older age in Japanese. Cancer Chemother. Pharmacol. 79(6), 1179–1186 (2017).

75. Bastami S, Gupta A, Zackrisson AL et al. Influence of UGT2B7, OPRM1 and ABCB1 gene polymorphisms on postoperative morphine
consumption. Basic Clin. Pharmacol. Toxicol. 115(5), 423–431 (2014).

76. Gong XD, Wang JY, Liu F et al. Gene polymorphisms of OPRM1 A118G and ABCB1 C3435T may influence opioid requirements in
Chinese patients with cancer pain. Asian Pac. J. Cancer Prev. 14(5), 2937–2943 (2013).

77. Rhodin A, Gronbladh A, Ginya H et al. Combined analysis of circulating beta-endorphin with gene polymorphisms in OPRM1,
CACNAD2 and ABCB1 reveals correlation with pain, opioid sensitivity and opioid-related side effects. Mol. Brain 6, 8 (2013).

78. Beer B, Erb R, Pavlic M et al. Association of polymorphisms in pharmacogenetic candidate genes (OPRD1, GAL, ABCB1, OPRM1)
with opioid dependence in European population: a case-control study. PLoS One 8(9), e75359 (2013).

79. Wang D, Sadee W. Searching for polymorphisms that affect gene expression and mRNA processing: example ABCB1 (MDR1). AAPS J.
8, E515–520 (2006).

80. De Gregori M, Diatchenko L, Ingelmo PM et al. Human genetic variability contributes to postoperative morphine consumption. J. Pain
17(5), 628–636 (2016).

81. Wang Y, Tan Z, Wu L et al. Role of OPRM1, ABCB1 and CYP3A genetic polymorphisms on sufentanil treatment of postoperative
cancer patients in China. Int. J. Clin. Exp. Med. 9(7), 13250–13258 (2016).

82. Bartosova O, Polanecky O, Sachl R et al. Epidural analgesia with sufentanil in relation to OPRM1 and ABCB1 polymorphisms. Physiol.
Res. 68(Suppl. 1), S59–S64 (2019).

83. Zhao Z, Lv B, Zhao X, Zhang Y. Effects of OPRM1 and ABCB1 gene polymorphisms on the analgesic effect and dose of sufentanil after
thoracoscopic-assisted radical resection of lung cancer. Biosci. Rep. 39(1), BSR20181211 (2019).

• This research article describes the effects of ABCB1 and OPRM1SNPs and analgesia requirements in a postoperative setting.

84. Tompkins DA, Campbell CM. Opioid-induced hyperalgesia: clinically relevant or extraneous research phenomenon? Curr. Pain
Headache Rep. 15(2), 129–136 (2011).

85. Mercer SL, Coop A. Opioid analgesics and P-glycoprotein efflux transporters: a potential systems-level contribution to analgesic
tolerance. Curr. Top. Med. Chem. 11(9), 1157–1164 (2011).

86. Barratt DT, Coller JK, Hallinan R et al. ABCB1 haplotype and OPRM1 118A > G genotype interaction in methadone maintenance
treatment pharmacogenetics. Pharmgenomics Pers. Med. 5, 53–62 (2012).

•• In this study, the authors describe an interactive effect between ABCB1 and OPRM1 polymorphism on methadone treatment,
providing evidence of gene–gene interaction influencing drug pharmacogenomics.

87. Shen LX Z, Basilion JP, Stanton VP et al. Single-nucleotide polymorphisms can cause different structural folds of mRNA. Proc. Natl
Acad. Sci. USA 96(14), 7871–7876 (1999).

88. Duan J, Wainwright MS, Comeron JM et al. Synonymous mutations in the human dopamine receptor D2 (DRD2) affect mRNA
stability and synthesis of the receptor. Hum. Mol. Genet. 12(3), 205–216 (2003).

89. Nackley A, Shabalina S, Tchivileva I et al. Human catechol-O-methyltransferase haplotypes modulate protein expression by altering
mRNA secondary structure. Science 314, 1930–1933 (2007).

90. Ding Y, Chan CY, Lawrence CE et al. Sfold web server for statistical folding and rational design of nucleic acids. Nucleic Acid Res. 32,
F135–L141 (2004).

10.2217/pgs-2022-0020 Pharmacogenomics (Epub ahead of print) future science group



 
 

 

 
Genes 2023, 14, 9. https://doi.org/10.3390/genes14010009 www.mdpi.com/journal/genes 

Article 

Polymorphisms in COMT and OPRM1 Collectively Contribute 
to Chronic Shoulder Pain and Disability in South African 
Breast Cancer Survivors’ 
Firzana Firfirey 1,2, Delva Shamley 3 and Alison V. September 1,2,4,* 

1 Division of Physiological Sciences, Department of Human Biology, Faculty of Health Sciences, University of 
Cape Town 7700, South Africa 

2 Health through Physical Activity, Lifestyle and Sport Research Centre (HPALS), Department of Human 
Biology, Faculty of Health Sciences, University of Cape Town, Cape Town 7700, South Africa 

3 Division of Clinical Anatomy & Biological Anthropology, Department of Human Biology, Anatomy  
Building, Medical School, University of Cape Town, Cape Town 7700, South Africa 

4 International Federation of Sports Medicine (FIMS), Collaborative Centre of Sports Medicine, Department of 
Human Biology, University of Cape Town, Cape Town 7700, South Africa 

* Correspondence: alison.september@uct.ac.za; Tel.: +27-21-650-4559 

Abstract: Chronic shoulder pain and disability is a common adverse effect experienced by >40% of 
breast cancer survivors (BCS). Pain management protocols for acute and chronic pain include the 
use of opioids and opioid derivatives. Furthermore, pain-modulating genes, such as COMT and 
OPRM1, have been linked to the aetiology of chronic pain. This study aimed to investigate the as-
sociation between genetic variants of major pain modulator genes and chronic pain/disability in 
BCS. Assessment of pain, disability and combined (pain and disability) symptoms were determined 
using the Shoulder Pain and Disability Index (SPADI). Participants were grouped according to their 
scores such as no-low (<30%) and moderate-high (≥30%) groups of pain, disability and combined 
(pain and disability). Genotyping of the COMT rs6269 (A > G), rs4633 (C > T), rs4818 (C > G) and the 
functional rs4680(G > A) SNPs within the BCS (N = 252) cohort were conducted using TaqMan® SNP 
assays. Genotype, allele, haplotype, and allele–allele combination frequencies were evaluated. Sta-
tistical analysis was applied, with significance accepted at p < 0.05. The COMT rs4680:A/A genotype 
was significantly associated with moderate-high pain (p = 0.024, OR: 3.23, 95% CI: 1.33–7.81) and 
combined (pain and disability) (p = 0.015, OR: 3.81, 95% CI: 1.47–9.85). The rs4680:A allele was also 
significantly associated with moderate-high pain (p = 0.035, OR: 1.58, 95% CI: 1.03–2.43) and com-
bined (pain and disability) (p = 0.017, OR: 1.71, 95% CI: 1.07–2.71). For the inferred COMT (rs6269 A 
> G-rs4680 G > A) haplotype analyses, the G-G (p = 0.026, OR: 0.67, 95% CI: 0.38–1.18) and A-A (p = 
0.007, OR: 2.09, 95% CI: 0.89–4.88) haplotypes were significantly associated with reduced and in-
creased likelihoods of reporting moderate-high pain, respectively. The inferred A-A (p = 0.003, OR: 
2.18, 95% CI: 0.92–5.17) haplotype was also significantly associated with combined (pain and disa-
bility). Gene–gene interaction analyses further showed allele–allele combinations for COMT (rs4680 
G > A)-OPRM1 (rs1799971 A > G) and COMT (rs4680 G > A)-OPRM1(rs540825 T > A) were associ-
ated with reporting pain and combined (pain and disability) symptoms, p < 0.05. The findings of 
this study suggest that COMT and OPRM1 SNPs play a role in the development of chronic shoulder 
pain/disability in BCS in a unique South African cohort from the Western Cape.  

Keywords: chronic shoulder pain and disability; Breast Cancer Survivors (BCS); genetic association; 
Gene-Gene interactions 
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1. Introduction 
Roughly 40% of breast cancer survivors (BCS) endure chronic pain and dysfunction 

of the upper limb, as side effects associated with the different types of BC treatments [1]. 
These side effects may occur for up to six years after treatment [2]. Other side effects that 
have been described include lymphedema, tissue scarring, and fibrosis to name but a few 
[1,2]. Furthermore, several patient-related risk factors such as age, BMI, surgery type, 
amongst others have been associated with an increased risk [3]. Interestingly, severe acute 
post-operative pain is also considered a risk factor for the development of chronic pain 
[3]. To manage post-operative pain, clinicians largely rely on the use of opioids and/or 
opioid derivatives, the most frequently prescribed being morphine, codeine, tramadol, 
and fentanyl [4]. Genetics is more of a risk factor, which is hypothesized to explain 25% of 
the variability in BCS developing chronic shoulder pain and dysfunction, despite receiv-
ing treatment protocols [5,6]. Polymorphisms in the candidate genes Catechol-O-methyl-
transferase (COMT), and Opioid receptor µ 1 (OPRM1) gene, have been recognised as 
major pain modulators [7].  

The COMT gene (chromosomal location: 22q11.21) encodes the catechol-O-methyl-
transferase enzyme. Two isoforms have been described for COMT, a membrane-bound 
(MB- COMT) and a soluble (S-COMT) form, each transcribed and regulated by two dis-
tinct promotors (Figure S1) [8]. The enzyme is essential in regulating the bioavailability of 
the catechols, such as dopamine (DA), epinephrine (EP), and norepinephrine (NEP), as 
well as catechol estrogens (ER) [9]. Catecholamines are known to act as both neurotrans-
mitters and hormones to maintain the balance within the autonomic nervous system 
(ANS) [10]. Studies have shown that varying levels of catecholamines (excess/scarcity), 
including altered COMT activity, may lead to the over/under-activation of the sympa-
thetic nervous system (SNS) [10,11]. The SNS and pain are understood to interact within 
this neuro-axis, implicating COMT enzymatic activity, particularly since altered levels of 
catecholamines are shown to result in persistent pain conditions [5,12,13].  

Genetic studies have implicated COMT polymorphisms to be associated with chronic 
pain states [5,14]. Variation in COMT activity has been linked to the functional COMT 
rs4680 G > A polymorphism found on exon four at positions MB- COMT158, and S- 
COMT108 [8,15]. The valine (Val) to methionine (Met) substitution is associated with a de-
crease enzyme thermostability and activity (up to 40% differences) explained by the hy-
drophobic Met/Met residues [8,16]. Three other COMT polymorphisms, rs6269 A > G (in-
tron 2), rs4633 C > T (His > His: exon 3) and rs4818 C > G (Leu > Leu: exon 4) have been 
investigated in haplotype studies with rs4680 G > A [12,17]. A strong LD (D’> 0.94) is re-
ported between the four polymorphisms [12,17]. Defining a central haploblock for COMT, 
these polymorphisms were used to characterize three major levels of pain sensitivity in 
healthy female volunteers, high (HPS: ACCG), average (APS: ATCA) and low (LPS: 
GCGG), [12,18]. The three characterised COMT haplotypes have been associated with al-
tered secondary mRNA structures, and thereby different protein folding potentials and 
enzymatic activity [15]. The haplotypes account for 11- to 25-times the variations noted in 
COMT activity and thereby may surpass the functional significance associated with indi-
vidual polymorphisms [12,15,17].  

Population frequencies of COMT haplotypes are well described in several pain-re-
lated studies predominantly of Caucasian ancestry, and in non-breast cancer studies 
[12,18–20]. A study investigating the global genetic signatures of 28 COMT SNPs across 
nine geographical regions (45 populations), was conducted [21]. The study described dif-
ferent linkage disequilibrium (LD) patterns including the rs6269-rs4680 haploblock for 
each of these pain sensitivity levels [21]. The strongest LD for the rs6269-rs4818-rs740602-
rs4818-rs4680 SNP pairs were observed in homogenous European, north, and south 
American populations [21]. In contrast, the LD across this genetic region for the African 
populations were not as strong. The South African (SA) mixed ancestry population is a 
genetically distinct cohort, with Asian, European, and African ancestral contributors [22]. 
Studies reporting genetic variability for mixed ancestry cohorts are limited, most notably 
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in BCS in sub-Saharan Africa [23]. Given the critical role of COMT in pharmacogenetics 
and pain, it is imperative to understand the population genetic structure for COMT SNPs 
within SA.  

In addition, gene–gene interactions between COMT and OPRM1 polymorphisms 
have been explored in relation to pain sensitivity in preoperative cancer, gynaecological, 
postoperative orthopaedic, and general surgery settings [18,24,25]. The basis for evaluat-
ing these interactions stems from studies reporting that COMT rs4680 G > A modulates 
OPRM1 expression and receptor binding site availability in different brain structures [24]. 
The mu-opioid receptor (MOR1), encoded by OPRM1, is the main site of opioid-peptide 
binding and consequently influences both endogenous and exogenous analgesic re-
sponses [26]. Several studies have implicated the functional OPRM1 rs1799971 A > G 
(A118G) SNP with variations in pain and opioid responsiveness [27–29]. As the most prev-
alent polymorphism reported for OPRM1, it is shown to reduce signal transduction and 
OPRM1 expression [27–29]. In our previous report, the inferred OPRM1 rs1799971 A > G-
rs540825 T > A haplotype analysis implicated the G-T haplotype with a decreased risk for 
pain in BCS [30]. Specific ABCB1-OPRM1 allele–allele combinations were also associated 
with pain and disability. Considering the complex relationship between genes and pain; 
the role of multiple gene interactions has been advocated in the aetiology of chronic pain 
development [18,31]. However, no studies have explored the role of COMT SNPs in the 
development of chronic shoulder pain following breast cancer surgery with a mixed an-
cestry background. In addition, none have investigated the gene–gene interactions be-
tween COMT and OPRM1 in BCS with a mixed ancestry background.  

The study, therefore, aimed to investigate nongenetic and genetic risk factors for 
chronic shoulder pain and disability in a SA cohort of mixed-ancestry BCS. Furthermore, 
the study aimed to describe the central haploblock distribution pattern for COMT and to 
evaluate the gene–gene interactions between COMT and OPRM1, for chronic pain and 
disability in BCS. The objectives were to: (i) Determine the genotype/allele frequency dis-
tributions for the COMT (rs6269 A > G, rs4633 C > T, rs4818 C > G, rs4680 G > A) polymor-
phisms, (ii) analyse inferred haplotype distribution using the two flanking SNPs of the 
COMT central haploblock, and iii) examine specific allele–allele combinations between 
COMT and OPRM1 polymorphisms as a proxy for gene–gene interactions. 

2. Materials and Methods 
2.1. Study Design, Participants, and Settings  

This cross-sectional genetic association study, was performed in accordance with the 
STREGA reporting recommendations [32]. Details of the present study design, partici-
pants, and settings were previously described [30]. Briefly, volunteers were recruited from 
a tertiary hospital and included if they were >18 yrs of age, diagnosed with unilateral BC 
for >1 yr prior to recruitment and were self-identified as SA mixed ancestry. Volunteers 
presenting with a history of comorbidities, or prior neck and shoulder pathologies were 
excluded. Following informed consent, the Shoulder Pain, and Disability Index (SPADI) 
questionnaire was administered to each participant. In addition, venous blood samples 
were collected from the unaffected arm, which was used for DNA extraction [30]. The 
study features a subset analysis of women (N = 252) aged between 22 yrs and 74 yrs (Mean 
± SD [54 ± 9.8]) that form part of a larger ongoing project. The project investigates the 
association between genetic markers of pain genes and chronic shoulder pain and disabil-
ity in BCS.  

2.2. Instruments 
2.2.1. Shoulder Pain and Disability Index (SPADI) 

Shoulder pain and disability symptoms were evaluated using the SPADI index, a 
patient-reported questionnaire consisting of thirteen items describing daily activities [30]. 
Participants had to rate the daily activity on a scale of 0 (no-pain/no-difficulty) to 10 (worst 
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pain/difficulty) for each item under two domains. The first domain with only five items 
assesses pain, while the second domain with eight items assesses disability.  

Item scores were subtotalled for each domain, converted to a percentage, and used 
to stratify participants into no-low (<30%) or moderate-high (≥30%) groups. The stratifi-
cation of groups was based on earlier research that measured the effects of pain on the 
“activities of daily living” (ADL), demonstrating that moderate and severe pain corre-
sponding to visual analogue scale (VAS) scores exceeding 30% and 50%, respectively to 
influence day-to-day activities [33,34]. In this study, we evaluated no-low and moderate-
high groups of pain, disability and combined (pain and disability) scores.  

2.2.2. SNP Selection and Genotyping 
COMT (NP_000745.1) was selected based on previous associations described in the 

literature [7,31]. Following the manufacturer’s instructions, TaqMan® SNP genotyping as-
says (Thermofisher Scientific, Applied Biosystems, Foster City, CA, USA) were used to 
genotype the N = 252 samples in 96-well plates. In a final volume of 8 µL, each sample 
reaction contained 4 µL of TaqMan® genotype master mix and 0.2 µL of TaqMan® specific 
primer that were diluted to one-times final concentration. The reaction also contained 2.8 
µL of dH2O and 1µl of DNA template from a concentrate of [DNA] 1–10 ng. Standard 
Polymerase Chain Reaction (PCR) conditions were applied for the COMT (rs6269 A > G; 
rs4633 C > T; rs4818 C > G; rs4680 G > A) SNPs, described in an earlier publication [30]. 
Furthermore, each reaction plate was loaded with technical repeats and negative controls 
(absent of DNA template) to control for experimental quality.  

All PCR reactions were conducted using the Quant studio 3 Real-time PCR (Ther-
mofisher Scientific, Applied Biosystems, Foster City, CA, USA) system. Subsequent anal-
yses were achieved using the ThermoFisher Cloud genotyping analysis Software Version: 
3.3.0-SR2-build 21. Genotyping was accepted as successful when all DNA samples were 
amplified for all SNPs, except when failing to amplify after two repeat runs. The following 
amplification success rates were recorded for the COMT rs6269 A > G: 98%, rs4633 C > T: 
98%, rs4818 C > G: 96%, and rs4680 G > A: 97%. The genotype data for OPRM1 previously 
described was used in this study [30]. All research and wet bench work was conducted at 
the HPALS Research Unit (Division of Physiological Sciences, Department of Human Bi-
ology, The University of Cape Town, Cape Town, South Africa). 

2.3. Statistical Analysis 
Using an average reported risk of 40% [30], the QUANTO v1.2.4.49 software was 

used to calculate the sample size, N = 150, sufficient to detect effect sizes of >2 at 80% 
power for minor allele frequencies of 0.1–0.5 [35]. Using Statistica V13.5.0.17 [36], an inde-
pendent sample t-test, Pearson’s Chi-square (χ2) and Fisher’s exact tests (if n < 10), were 
used to analyse the frequency distributions of clinical parameters between no-low and 
moderate-high groups for pain, disability and combined (pain and disability). Associa-
tions were assessed for quantitative and qualitative clinical parameters (Table S1). In ad-
dition, the genotype effect on clinical parameters were assessed for the COMT (rs6269 A 
> G, rs4633 C > T, rs4818 C > G and rs4680 G > A) SNPs.  

Genotype data were analyzed using the R language and programming environment 
R studio V1.3.1056 running R V4.0.4 [37]. Using the “genetics” (v1.3.8.1.3) package, the 
probabilities of Hardy-Weinberg equilibrium (HWE) and linkage disequilibrium (LD) 
were determined [38]. For associations between the genotype and pain/disability charac-
teristics, logistic regression analyses were applied using the “SNPassoc” v2.0.2 package 
[39]. All genetic models (dominant, over-dominant, recessive) were tested, and the Akaike 
information criterion (AIC) score was used to identify the most significant model. 

Haplotype analyses were performed by constructing inferred haplotypes using the 
individual genotype data for the COMT SNPs (rs6269 A > G; rs4680 G > A). The polymor-
phisms represent the genomic region spanning the central (second) haploblock described 
in the literature [12]. The inferred OPRM1 (rs1799971 A > G and rs540825 T > A) haplotype 
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was previously described and implicated and the genotype data was used in this study 
[30]. The COMT rs4680 G > A and OPRM1 rs1799971 A > G rs540825 T > A SNPs were 
used to construct stepwise inferred allele–allele combinations as a proxy for gene–gene 
interactions. Inferred haplotype and allele–allele combination frequency distribution pat-
terns between the no-low and moderate-high groups, were analyzed using the 
“haplo.stats” (v1.8.6.) package [40].  

To explore pathway associated networks between COMT and OPRM1, bioinformatic 
analysis was conducted using the web-based applications Enrichr (Accessed: 6 September 
2022 [https://maayanlab.cloud/Enrichr/]) and GeneMANIA (Accessed: 26 October 2022 
[https://genemania.org/]). The web-based and online programs used in the study are cited 
in the bibliography. Furthermore, study data were either expressed as means ± standard 
deviation (m ± sd), median (interquartile range (IQR)) or a percentage (n values). All 
logistic regression analysis was adjusted for the confounder participants’ age at the time 
of surgery. Odds ratios [OR], confidence intervals at 95% [95% CI], and statistical 
significance accepted at p < 0.05 were reported as part of the regression analysis.  

3. Results 
3.1. Participants’ Characteristics 

Demographical and clinical characteristics were previously described [30]. The main 
findings noted a significant association between younger age and an increase in risk of 
pain (p = 0.002), disability (p = 0.011) and combined (pain and disability) (p = 0.003), re-
spectively (Table S2). In addition, the study noted that younger participants had fewer 
nodes involved than older participants in the disability (p = 0.025) and combined (pain 
and disability) (p = 0.034) categories (Table S2). No associations were noted for the remain-
ing clinical characteristics assessed (Table S3).  

3.2. COMT SNP Genotype Effects on Demographical and Clinical Characteristics 
A significant association between COMT rs6269 A > G, and the total number of nodes 

involved (p = 0.008) were noted, however, the medians (IQR) were comparable between 
the genotypes (Table S4). Furthermore, for rs6269, fewer A/A (10.3% and 13%) genotype 
carriers underwent NeoCT (p = 0.009), and RT (p = 0.002) treatments, compared to G/G 
(44.8% and 39.6%) and A/G (44.8% and 47.4%) genotype carriers (Table S5). The COMT 
rs4818 C > G was associated with lymph node surgery (p = 0.002), where fewer G/G (4.5% 
and 3.2%) genotype carriers underwent ALND and SLNB treatments, compared to the 
C/C (48.6% and 74.2%) and C/G (46.9% and 22.6%) genotype carriers (Table S6).  

3.3. COMT SNP Frequencies  
The allele frequency distribution of the COMT (rs6269 A > G, rs4633 C > T, rs4818 C 

> G and rs4680 G > A) polymorphisms revealed distinct differences between the SA BCS 
cohort and the reported global population frequencies (Figure 1). The COMT rs6269 (G) 
and rs4633 (T) minor alleles, were prevalent in the SA BCS cohort (60.9% and 55.6%) com-
pared to the global population (35.7% and 37.2%, p < 0.001) (Figure 1A,B). The COMT 
rs4818 (G) and rs4680 (A) minor alleles frequencies, were similar between the SA BCS 
(26.2% and 39.8%) cohort and the global population (29.7% and 36.9%, p > 0.05) (Figure 
1C,D). Furthermore, linkage disequilibrium analysis of the BCS cohort noted a strong LD 
for the COMT rs4818-rs4680 pair (D’ = 0.99), whereas an LD decay (D’ < 0.9) was noted for 
the remaining COMT SNP pairs (Figure S1C). 
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Figure 1. The global distribution and prevalence of allele frequencies for the COMT SNPs (rs6269 A 
> G, rs4633 C > T, rs4818 C > G, and rs4680 G > A) were obtained from the public database, NCBI-
1000Genomes project (Accessed: 23 August 2021 [https://www.ncbi.nlm.nih.gov/snp/]). Dis-
played are the minor allele frequencies for (A) rs6269 A > G, (B) rs4633 C > T, (C) rs4818 C > G, and 
(D) rs4680 G > A are shown for the SA BCS cohort in comparison to the global populations. P values 
describe the comparison in frequency distribution between the SA BCS cohort, and the global and 
super populations. Significant p values (p < 0.05) are in bold type set. 

3.4. Genotype and Allele Frequency Distribution of COMT 
Table 1 summarises the distribution patterns of the genotype and allele frequencies 

of the COMT SNPs, between the no-low and moderate-high groups for pain, disability 
and combined (pain and disability). No significant (p > 0.05) associations were noted for 
the genotype and allele frequencies of COMT rs6269 A > G, rs4633 C > T and rs4818 C > G, 
between the no-low and moderate-high groups of pain, disability and combined (pain and 
disability) scores (Table 1).  

However, in the pain score category, the COMT rs4680 A/A genotype was signifi-
cantly observed in the moderate-high (21.5%) group, compared to the no-low (12.7%) 
group (Table 1). The A/A (p = 0.024, OR: 3.23, 95% CI: 1.33–7.81, AIC: 268.7) genotype was 
significantly associated with increased risk for reporting moderate-high pain. In the dom-
inant model, the rs4680 A/A (p = 0.015, OR: 2.19, 95% CI: 1.14–4.21, AIC: 268.3) genotype 
was observed to be significantly disproportionate between the no-low and moderate-high 
groups. In the recessive model, the A/A (p = 0.050, OR: 2.17, 95% CI: 1.01–4.67, AIC: 270.4) 
genotype displayed the same distribution pattern as observed in the dominant model, 
however only a trend of association was noted. Based on the AIC scores, the dominant 
model exhibited the most significant model for COMT rs4680 G > A. In alignment with 
this finding, the COMT rs4680 A allele was significantly observed in the moderate-high 
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(46.9%) group, compared to the no-low (35.8%) group. The A (p = 0.035, OR: 1.58, 95% CI: 
1.03–2.43) allele was significantly associated with an increased likelihood of reporting 
moderate-high pain (Table 1). 

No significant associations were noted between COMT rs4680 G > A and the disabil-
ity category, p > 0.05.  

In the category of combined scores (pain and disability), the COMT rs4680 A/A gen-
otype was significantly observed in the moderate-high (23.1%) group compared to the no-
low (12.9%) group (Table 1). The A/A (p = 0.015, OR: 3.81, 95% CI: 1.47–9.85, AIC: 240.3) 
genotype was significantly associated with an increased likelihood of reporting moderate-
high pain. The dominant (p = 0.009, OR: 2.51, 95% CI: 1.22–5.17, AIC: 240.0) and recessive 
(p = 0.041, OR: 2.36, 95% CI: 1.06–5.24, AIC: 241.6) models displayed a significant associa-
tion for the rs4680 A/A genotype. The A/A-A/G (dominant) and A/A (recessive) genotypes 
distribution were significantly disproportionate between the no-low and moderate-high 
groups. Once more, based on the AIC score, the dominant model exhibited the most sig-
nificant model for the COMT rs4680 G > A SNP. Similarly, the COMT rs4680 A allele was 
significantly observed moderate-high (49.0%) group, compared to the no-low (36.0%) 
group. The A (p = 0.017, OR: 1.71, 95% CI: 1.07–2.71) allele was significantly associated 
with an increased likelihood of reporting moderate-high combined (pain and disabil-
ity)(Table 1).  

Table 1. Genotype and minor allele frequency distributions, of the COMT (rs6269 A > G; rs4633 C > 
T; rs4818 C > G; rs4680 G > A) polymorphisms between groups for pain, disability and combined 
(pain and disability) scores. 

  Pain   Disability 
  Pain and 

Disability     

Polymorphisms No-Low 
Mod-
High    No-Low 

Mod-
High 

  
No-Low 

Mod-
High 

  

  (n = 184) (n = 68)   AIC  (n = 204) (n = 48)   (n = 197) (n = 55)    AIC 
COMT             

rs6269 A > G             

G/G 38.9 (68) 35.4 (23)   38.5 (75) 35.6 (16)   37.8 (71) 38.5 (20)   

A/G 45.1 (79) 46.2 (30)   45.1 (88) 46.7 (21)   46.3 (87) 42.3 (22)   

A/A 16.0 (28) 18.5 (12)   16.4 (32) 17.8 (8)   16.0 (30) 19.2 (10)   

G allele 61.4 (215) 58.5 (76)   61.0 (238) 58.9 (53)   60.9 (229) 59.6 (62)   

p value 1 0.848  0.937   0.787   

G Allele p value 2 0.600  0.721   0.821   

HWE 0.532 0.617   0.457 1.000   0.651 0.406   

rs4633 C > T             

T/T 34.3 (60) 29.2 (19)   34.9 (68) 24.4 (11)   35.1 (66) 25 (13)   

C/T 46.9 (82) 47.7 (31)   44.6 (87) 57.8 (26)   45.7 (86) 51.9 (27)   

C/C 18.9 (33) 23.1 (15)   20.5 (40) 17.8 (8)   19.1 (36) 23.1 (12)   

T allele 57.7 (202) 53.1 (69)   57.2 (223) 53.3 (48)   58.0 (218) 51.0 (53)   

p value1 0.557  0.178   0.261   

T Allele p value2 0.407  0.556   0.220   

HWE 0.546 0.628   0.154 0.389   0.307 1.000   

rs4818 C > G             

C/C 52.0 (89) 52.3 (34)   51.6 (99) 54.5 (24)   50.8 (94) 56.9 (29)   

C/G 43.3 (74) 43.1 (28)   43.8 (84) 40.9 (18)   44.3 (82) 39.2 (20)   

G/G 4.7 (8) 4.6 (3)   4.7 (9) 4.5 (2)   4.9 (9) 3.9 (2)   
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G allele 26.3 (90) 26.2 (34)   26.6 (102) 25.0 (22)   27.0 (100) 23.5 (24)   

p value 1 0.480  0.880   0.618   

G Allele p value 2 1.000  0.893   0.527   

HWE 0.247 0.526   0.201 0.702   0.199 0.707   

rs4680 G > A             

G/G 41.0 (71) 27.7 (18) 0.015 a 268.3 39.9 (77) 26.7 (12)   40.9 (76) 25.0 (13) 0.009 a 240.0 
A/G 46.2 (80) 50.8 (33) 0.382 b 273.4 45.6 (88) 55.6 (25)   46.2 (86) 51.9 (27) 0.342 b 245.9 
A/A 12.7 (22) 21.5 (14) 0.050 c 270.4 14.5 (28) 17.8 (8)   12.9 (24) 23.1 (12) 0.041 c 242.6 

A allele 35.8 (124) 46.9 (61)   37.3 (144) 45.6 (41)   36.0 (134) 49.0 (51)   

p value 1 0.024  268.7 0.113   0.015  240.3 
A Allele p value 2 0.035   0.152   0.017   

HWE 0.874 1.000   0.550 0.564   0.877 1.000     
Notes: Genotype and allele frequencies are expressed as a percentage (%) with the number of par-
ticipants (n) in parentheses. Global p values 1 signifies p-values for genotypes between groups, p 
values 2 signifies p values for alleles between groups; Significant (p < 0.05) p-values are indicated in 
bold typeset. p values for logistic regression analysis are listed for the dominant a, over-dominant b, 
and recessive c models. Included are the p-values of the Hardy–Weinberg equilibrium exact test for 
each of the categories included. Abbreviations: AIC: Akaike information criterion score; Mod-High: 
Moderate-High; HWE: Hardy–Weinberg equilibrium. 

3.5. Inferred COMT Haplotypes  
A COMT haplotype was constructed for the genomic region spanning the central 

haploblock using the individual genotype data of (rs6269 A > G, rs4680 G > A) (Figure S1 
B). Evaluation of the inferred COMT (rs6269 A > G-rs4680 G > A) haplotype, yielded four 
combinations A-G, G-A, G-G, and A-A (Figure 2).  

In the pain scores’ category, the G-G haplotype combination was significantly ob-
served in the no-low (27.7%) group, compared to the moderate-high (22.1%) group. The 
inferred G-G (p = 0.026, OR: 0.67, 95% CI: 0.38–1.18) haplotype was significantly associated 
with a reduced likelihood of reporting moderate-high pain (Figure 2A). In addition, the 
A-A haplotype combination was significantly observed in the moderate-high (10.7%) 
group compared to the no-low (3.1%) group. The inferred A-A (p = 0.007, OR: 2.09, 95% 
CI: 0.89–4.88) haplotype was significantly associated with increased likelihood of report-
ing moderate-high pain (Figure 2A).  

No significant differences in distribution patterns were noted in the disability cate-
gory (Figure 2B). In the combined (pain and disability) scores’ category, the A-A haplo-
type was significantly observed in the moderate-high (12.4%) group, compared to the no-
low (3.2%) group. The inferred A-A (p = 0.003, OR: 2.18, 95% CI: 0.92–5.17) haplotype was 
significantly associated with increased likelihood of reporting moderate-high combined 
(pain and disability)(Figure 2C).  
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Figure 2. The inferred COMT (rs6269 A > G-rs4680 G > A) allele–allele combinations’ frequency 
distribution patterns are displayed for (A) pain, (B) disability, and (C) combined (pain and disabil-
ity) symptoms in SA BCS. No-low (purple bars) and moderate-high (pink bars) groups are displayed 
with the number of participants in parenthesis (n). Statistically significant (p < 0.05) frequency dif-
ferences are noted with an age-adjusted p-value in bold. 

3.6. COMT-OPRM1 Allelic Combinations  
COMT-OPRM1 allele–allele combinations were generated using the individual gen-

otype data for COMT (rs4680 G > A) and OPRM1 (rs1799971 A > G, rs540825 T > A) poly-
morphisms.  

Evaluating pain (p = 0.011) scores, for COMT (rs4680 G > A)-OPRM1 (rs1799971 A > 
G), the allele combination A-A was significantly observed in the moderate-high (36.9%) 
group compared to the no-low (27.9%) group. (Figure 3A). The allele combination G-G 
was significantly observed in the no-low (11.4%) group compared to the moderate-high 
(2.6%) group (Figure 3A). The A-A (p = 0.004, OR: 1.35, 95% CI: 0.85–2.15) and G-G (p = 
0.010, OR: 0.23, 95% CI: 0.05–1.03) allele combinations were significantly associated with 
increased and reduced likelihoods of reporting moderate-high pain (Figure 3A). 

No significant associations were noted between this allelic combination and disabil-
ity (p = 0.135) scores (Figure 3B).  

In the combined (pain and disability) (p = 0.027) scores’ category, the allele combina-
tion G-A, was significantly observed in the no-low (52.4%) group compared to the mod-
erate-high (46.7%) group. The G-A (p = 0.046, OR: 1.00) combination was associated with 
equal likelihoods of reporting moderate-high combined (pain and disability)(Figure 3C). 
In addition, the allele combination A-A, was significantly observed in the moderate-high 
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(36.0%) group, compared to the no-low (28.7%) group. The A-A (p = 0.010, OR: 1.42, 95% 
CI: 0.85–2.35) combination was significantly associated with an increased likelihood of 
reporting moderate-high combined (pain and disability)(Figure 3C).  

  

 
Figure 3. The inferred COMT (rs4680 G > A)-OPRM1 (rs1799971 A > G) allele–allele combinations’ 
frequency distribution patterns are shown for (A) pain, (B) disability, and (C) combined (pain and 
disability) symptoms in SA BCS. No-low (purple bars) and moderate-high (pink bars) groups are 
displayed with the number of participants in parenthesis (n). Statistically significant (p < 0.05) fre-
quency differences are noted with an age-adjusted p-value in bold. 

No significant associations were noted between COMT (rs4680 G > A)–OPRM1 
(rs540825 T > A) and pain (p = 0.052) or disability (p = 0.079)(Figure 4A,B).  

In the combined (pain and disability) (p = 0.016) scores’ category, the allele combina-
tion G-T was significantly observed in the no-low (49.5%) group, compared to the moder-
ate-high (36.6%) group. The G-T (p = 0.008, OR: 1.00) combination was associated with 
equal likelihood of reporting moderate-high combined (pain and disability) (Figure 4C). 
Whereas the allele combination A-A was significantly observed in the moderate-high 
(11.2%) group, compared to the no-low (8.0%) group. The A-A (p = 0.012, OR: 1.89, 95% 
CI: 0.81–4.38) was significantly associated with increased likelihood of reporting moder-
ate-high combined (pain and disability) (Figure 4C).  
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Figure 4. The inferred COMT (rs4680 G > A)-OPRM1 (rs540825 T > A) allele–allele combinations’ 
frequency distribution patterns are shown for (A) pain, (B) disability, and (C) combined (pain and 
disability) symptoms in SA BCS. No-low (purple bars) and moderate-high (pink bars) groups are 
displayed with the number of participants in parenthesis (n). Statistically significant (p < 0.05) fre-
quency differences are noted with an age-adjusted p-value in bold. 

3.7. Bioinformatic Analyses 
Analyses of gene set enrichment tools for COMT and OPRM1 noted significant asso-

ciations for both genes in several libraries (Figure S2). In the library for disease and drugs, 
the gene set was associated with several human diseases/conditions, including various 
pain conditions (Rare Disease GeneRIF and AutoRIF Gene lists). GeneMANIA analyses 
showed that COMT and OPRM1 share secondary and tertiary gene–associated functional 
networks that includes the AHCY, OPRD1, PENK and FGF2 genes (Table S7). Networks 
that include physical interactions, genetic interactions, co-expressed, predicted domains 
and pathway networks (Table S7).  

4. Discussion 
This study aimed to describe i) four COMT SNPs previously associated with chronic 

pain that form part of the central haploblock, and ii) to characterize the frequencies of the 
clinically relevant SNPs in the SA BCS cohort of mixed ancestry. The findings of this study 
shows that COMT polymorphisms are associated with the risk of chronic shoulder pain 
and disability. Further, that the association was observed in a unique South African cohort 
of mixed ancestry BCS. The findings revealed that a specific region between COMT rs6269 
A > G–rs4680 G > A was implicated in the prevalence of chronic pain and disability. Fur-
thermore, supporting evidence is provided implicating the potential role of gene–gene 
interactions, specifically between COMT-OPRM1 SNPs and chronic pain and disability 
within the SA BCS cohort. Interestingly, the study highlights distinct frequency differ-
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ences for the COMT central haploblock in the SA population compared to the global pop-
ulation. Thus, the clinical relevance needs to be further explored in the context of effective 
pain management in this unique population.  

Evaluation of the nongenetic risk factors noted significant differences between the 
groups for the participants age, and nodal involvement. Younger participants reported 
greater pain, disability and combined (pain and disability) scores, and had fewer nodes 
involved [30]. As earlier reported, the results are in alignment with previous literature for 
age, however the association for nodal involvement requires further scrutiny [3,30,41].  

Genotype analysis of the functional COMT SNP rs4680 G > A, showed A/A genotype 
carriers had an increase in risk for pain by 3.23, and combined (pain and disability) by 
3.81. Similarly, allelic analysis of the rs4680 A allele showed an increase in risk for pain by 
1.58 and combined (pain and disability) by 1.71. These findings agree with the published 
studies indicating that rs4680 A allele is associated with increased pain and that the A 
allele correlates with decreased COMT enzyme activity [42,43]. Furthermore, the levels of 
COMT activity have been linked to the regulation of neurotransmitters in the pain modu-
lation pathway, including the opioid system [24]. Several inconsistencies have been re-
ported for this genetic locus, as noted by Baumbauer et al. [44]. These conflicting findings 
may be an indication of differences in both the study design and characterization of pain. 
Specifically referring to the differentiation between chronic and persistent pain condi-
tions. The classification of chronic pain in our cohort of BCS with upper limb sequelae 
falls within the spectrum of musculoskeletal conditions [45]. 

Analyses of the central haploblock of COMT highlighted marked frequency differ-
ences between the SA BCS cohort and the reported global populations. We hypothesize 
that this is reflective of the significant variations in the minor allele frequencies for rs6269 
A > G and rs4633 C > T across the different populations. Emphasizing the importance of 
profiling the genetic structure of unique populations, as in the case of the SA mixed an-
cestry cohort. Evaluation of the LD structure between the SNP pairs further emphasized 
the LD decay in the cohort investigated. This observation is not surprising, as it was pre-
viously described [46]. Specific haplotypes of the COMT haploblock was significantly as-
sociated with pain and combined (pain and disability), specifically the haplotype pairs 
rs6269A > G-rs4680 G > A. The observed G-G allele pair showed a decrease in risk by 0.67 
for pain. Whereas the alternate A-A allele pair showed an increase in risk of 2.09 for pain 
and, 2.18 for combined (pain and disability). These allele pairs reflect the high enzyme 
COMT activity associated with the G allele [47]. The study design was limited by sample 
size and therefore we could not evaluate the full haploblock containing COMT rs6269 A > 
G, rs4633 C > T, rs4818 C > G, and rs4680 G > A.  

Bioinformatic analysis have shown that COMT and OPRM1 do not directly interact 
with each other. However, both play pivotal functions within a broad network of shared 
partners towards modulating the descending pain pathway. GeneMANIA analysis 
showed the AHCY, FGF2, OPRD1 and PENK genes connect COMT and OPRM1 (Figure 5) 
[48]. The adenosyl homocysteinase enzyme (AHCY) and fibroblast growth factor 2 (FGF2) 
genes are responsible regulating methyltransferase (e.g., COMT activity), and fibroblasts 
activity, respectively [49,50]. Opioid receptor delta one (OPRD1) are related to- and can 
form a heterodimer with OPRM1, and proenkephalin (PENK) encodes the neuropeptide 
enkephalin, a strong agonist for the µ-opioid receptor [51,52]. Both AHCY and FGF2 share 
functional associated networks with PENK. While a genetic interaction was inferred for 
AHCY-PENK (radiation hybrid panels), FGF2-PENK are co-expressed within tumorous 
specimens (gene expression microarrays) [53,54]. Evidence extracted from the gene set 
enrichment showed the genes function within the same biological compartments and ex-
pressed within the same tissues following epigenomic profiling [55]. COMT and OPRM1 
share target compatibility for a predicted microRNA (miRNA) interaction with mir-16-5p, 
micro molecules that are important for controlling gene expression [56]. Both genes were 
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associated with morphine and dopamine drug signatures, which supports the pharmaco-
dynamic roles associated with COMT and OPRM1 [57]. Furthermore, the genes are asso-
ciated with pain and other conditions (Figure S1).  

 
Figure 5. GeneMANIA network and gene–gene interaction analysis for the COMT and OPRM1 
genes. Venn diagram depicting the shared network pathways and secondary gene-associated net-
works that indirectly associates COMT and OPRM1. Indicated by color is physical interactions 
(pink), genetic interactions (dark green), co-localization (dark blue), co-expressed (purple), pre-
dicted (orange), pathway (light blue) and shared protein domain (light green) network for 15 genes. 

We, therefore, conducted a proxy for gene–gene interaction by analyzing allele com-
binations between the COMT (rs4680 G > A) and OPRM1 (rs1799971 A > G, and rs540825 
T > A) SNPs. A few specific allele–allele combinations between COMT and OPRM1 poly-
morphisms were shown to be associated with risk for reporting pain and combined (pain 
and disability). The most significant interaction noted was for the COMT (rs4680 G > A)–
OPRM1 (rs1799971 A > G) allele–allele combination. Analysis showed carriers with the A-
A allele–allele pair had an increase in risk of 1.35 for pain and 1.42 for combined (pain and 
disability). Whereas the alternate G-G allele–allele combination pair had a decrease in risk 
for pain by 0.23. While our study did not measure opioid requirements, we did measure 
reported pain scores. Our findings contrasted with previous studies described in popula-
tions of European descent, which measured opioid requirements and rescue [31,58]. Our 
findings provide preliminary evidence to support a future study to investigate opioid ad-
ministration and usage. This will allow for the exploration of these allele–pairs within the 
context of opioid use and pain management in this unique SA cohort.  

The study could only detect effects with odds ratios of 1.5, with the current study 
sample powered at <80% [30]. One instrument i.e., the SPADI index was employed to 
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measure pain and disability symptoms related to musculoskeletal pathologies. Further-
more, following the hypothesis approach, we evaluated COMT and OPRM1 SNPs that 
have been previously implicated in pain modulation. No correction was done for multiple 
testing given that more than two SNPs were evaluated (familywise error rate) accompa-
nied by underpowered sample size. For gene–gene interactions, logistic regression analy-
sis was applied, and allele frequencies of >3% were used to describe the interactions be-
tween COMT and OPRM1. However, given the extreme variances in data points gener-
ated for multi-locus genotype combinations, allele–allele frequency detection may be chal-
lenging [59]. Additionally, ethnicity in this cohort was self-reported. Future reports will 
include larger sample sizes to increase power and evaluate the association of pain and 
pain genes concerning pain treatment protocols. This may also allow for the consideration 
of other clinically relevant confounders within the analyses. 

5. Conclusions 
This study described the role of COMT polymorphisms in chronic shoulder pain and 

disability in BCS in a unique SA population. We report an association between polymor-
phisms of COMT with chronic pain and disability. The gene–gene interaction analysis 
highlighted significant and novel correlations between the COMT-OPRM1 allele–allele 
combinations and pain and combined (pain and disability), which contrasts to previous 
literature. This contrasting finding therefore highlights the value of exploring genes and 
various gene–gene combinations in diverse population cohorts towards improving per-
sonalized pain protocols.  

Supplementary Materials: The following supporting information can be downloaded at: 
https://www.mdpi.com/article/10.3390/genes14010009/s1, Figure S1: The genomic organization of 
the COMT gene. A) The chromosomal location 22q11.21 and region of interest (ROI) containing the 
COMT gene. B) A schematic diagram of the COMT gene, illustration the genomic organization and 
locations of the four snps, rs6269 A>G, rs4633 C>T,  rs4818 C>G and rs4680 G>A. C) Linkage dise-
quilibrium (LD) plot showing the │D’│ x 100 values for COMT SNP pairwise analysis for the SA 
BCS cohort. │D’│ values > 0.9 indicating strong LD. Figure S2: Gene set Enrichment analyses for 
the COMT and OPRM1 genes from Enrichr (maayanlab.cloud). Bar length and color brightness rep-
resents the degree of significance attached to both genes relative to the term. The longer and brighter 
the shade of red, the more significant the association is between the gene set and the term. Signifi-
cance is the adjusted p value (p<0.005) using the Benjamini-Hochberg method. Table S1: Clinical 
parameters evaluated in this study. Table S2: Clinical characteristics between pain, disability and 
the combined (pain and disability) categories. Table S3: Breast cancer treatment characteristics be-
tween pain, disability, and combined (pain and disability) categories. Table S4: Genotype effects of 
the COMT (rs6269 A>G, rs4633 C>T, rs4818 C>G and rs4680 G>A) on the quantitative clinical varia-
bles recorded for participants. Table S5: Genotype effects of the COMT rs6269 A>G and rs4633 C>T) 
polymorphism on categorical clinical variables recorded for participants. Table S6: Genotype effects 
of the COMT rs4818 C>G and rs4680 G>A) polymorphism on categorical clinical variables recorded 
for participants. Table S7: The list of genes that form part of the functionally associated network for 
the COMT and OPRM1 genes, obtained by GeneMANIA. 
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