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Abstract 
 

Multiple myeloma (MM) is a clonal plasma B-cell neoplasm characterised by the presence of 

uncontrolled proliferation of antibody-secreting plasma cells in the bone marrow. Despite 

therapeutic advancements, MM remains incurable due to its low median survival rate and 

nearly all patients will eventually relapse regardless of the frontline regimen they receive. 

Thus, alternative therapeutic strategies that target the pathogenic and resistance 

mechanisms of MM need to be developed to improve overall survival in MM patients.  

Cancer cells generally have higher metabolic demands due to their high proliferative nature 

and as such, production of intracellular by-products including free reactive oxygen species 

(ROS) are also increased, which can cause oxidative cell death. Hence, cancer cells exploit 

antioxidant molecules to maintain intracellular redox homeostasis and to prevent further cell 

damage from the anticancer drugs that induce oxidative stress. One of the major antioxidant 

systems is the thioredoxin (Trx) system, which is comprised of thioredoxin (Trx), thioredoxin 

reductase (TrxR), and nicotinamide adenine dinucleotide phosphate (NADPH), all of which as 

one can scavenge ROS, reduce oxidised proteins and redox-sensitive molecules, and regulate 

transcription factors. Myeloma cells have been shown to have high Trx and TrxR expression, 

which correlates with increased cell proliferation, evasion of programmed cell death and 

chemoresistance.  

Gold compounds have a high affinity for thiol and selenol groups, which makes the Trx system 

vulnerable to these compounds. In this study, TrxR was targeted in myeloma cells with gold(I) 

compounds, including auranofin and [Au(d2pype)2]Cl. [Au(d2pype)2]Cl exhibited significant 

inhibition on TrxR activity in both in vitro and in vivo models, which led to induction of ROS-

mediated cell death in myeloma cells. [Au(d2pype)2]Cl also completely abrogated the 

tumourigenic capacity of myeloma cells in clonogenic assays, whereas auranofin was less 

effective. The expression of the MYC oncogene, which drives myeloma progression, was also 

downregulated in both in vitro and in vivo models when treated with [Au(d2pype)2]Cl.  

Auranofin and [Au(d2pype)2]Cl were further evaluated in  2D co-culture assays to determine 

their efficacy in overcoming environment mediated drug resistance (EMDR) in myeloma cells 

that are co-cultured with bone marrow stromal cells (BMSCs) in normoxic (20% O2) and 
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hypoxic (1% O2) conditions. [Au(d2pype)2]Cl generally displayed much better efficacy by 

exhibiting lower IC50 values as compared to auranofin when used on either the attached or 

non-attached myeloma cells in both normoxia and hypoxia. Based on the potency that 

[Au(d2pype)2]Cl displayed over auranofin in these co-culture assays, [Au(d2pype)2]Cl was 

selected as a tool for subsequent studies on the role of the Trx system in the molecular 

mechanisms that contribute to drug resistance  in MM. 

Cell adhesion mediated drug resistance (CAM-DR) occurs from the intercellular adhesion 

between myeloma cells and the bone marrow microenvironment (BMME). Several studies 

have indicated CAM-DR is associated with the activation of NF-ĸB and causes a subset of 

myeloma cells attached to BMSCs and/or extracellular matrix (ECM) to be chemo-resistant 

prior to MM therapy. In this study, inhibition of TrxR with [Au(d2pype)2]Cl decreased the 

adhesive capabilities of myeloma cells to BMSCs and was accompanied by downregulation of 

integrin Very Late Activation Antigen-4 (VLA-4), which is an important cell adhesion molecule 

responsible for CAM-DR in MM. [Au(d2pype)2]Cl treatment also significantly downregulated 

protein levels of the p65 subunit of NF-ĸB as well as expression of NF-ĸB-regulated genes. 

Moreover, the expression of VLA-4 was markedly decreased when NF-ĸB was inhibited by BAY 

11-7082, inhibitor of IĸB kinase (IKK), similar to results obtained when [Au(d2pype)2]Cl was 

used. These findings suggest that the Trx system may affect the expression of VLA-4 in 

myeloma cells by regulating the NF-ĸB signalling pathway. 

Based on the results obtained with VLA-4, the role of another cell adhesion molecule, mucin 

1 (MUC1) was evaluated in this study. MUC1 is aberrantly expressed in MM and is involved in 

oncogenesis as well as regulation of ROS. Since there is a possible link between the redox 

cellular balance and MUC1, this study investigated if inhibition of TrxR could affect MUC1 

expression in myeloma cells. Results showed that inhibition of TrxR decreased the expression 

of MUC1 in myeloma cells that were co-cultured with BMSCs. Moreover, the adhesion of 

myeloma cells to BMSCs was significantly decreased following the inhibition of MUC1 with 

either siRNA or MUC1 peptide inhibitor, GO201. Treatment of myeloma cells with 

[Au(d2pype)2]Cl resulted in decreased expression of NF-ĸB and Sp1, which coincided with a 

decreased expression of MUC1. 

In conclusion, targeting TrxR with improved gold(I)-based compounds may provide an 

effective anti-myeloma approach for the future development of MM therapies. Moreover, 
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[Au(d2pype)2]Cl has been shown to be useful for future functional studies that will focus on 

investigating the mechanisms that are involved in the cellular changes related to the effects 

from TrxR inhibition. 
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1.1 Background 

Cancer remains one of the deadliest diseases worldwide. Despite having great advancement 

and extensive efforts in developing targeted treatments, the disease prognosis remains poor 

with a high mortality rate. Although the hallmarks of cancer are well understood, one aspect 

that is often overlooked is the role of reactive oxygen species (ROS) in tumour progression 

(Nourazarian et al., 2014). The effects from ROS are dependent on the cell type, exposure 

time and the amount that are present in the cell (Martindale and Holbrook, 2002). At low or 

moderate levels, ROS serve as cellular signalling messengers which reversibly oxidise protein 

thiols thereby modifying the protein's structure and/or function. On the other hand, high 

levels of ROS can cause oxidative destruction to the cell DNA molecules, lipids and protein 

which can lead to mutation and activation of apoptosis, hence cell death (Ryter et al., 2006). 

In order to achieve a balance between the generation and removal of these oxidative species, 

cells have evolved a number of antioxidant enzymes and molecules such as catalase, 

glutathione, heme oxygenase, peroxiredoxin, and thioredoxin to maintain redox homeostasis 

in the cell (Marengo et al., 2016).  

Cancer cells display higher ROS levels as compared to normal cell counterparts as a result of 

a combination of genetic, metabolic and microenvironment-related alterations. Additionally, 

many human cancer types display high expression of antioxidant molecules that correlates 

with drug resistance, tumour proliferation and survival (Soini et al., 2001; Lincoln et al., 2003; 

Pennington et al., 2005). Therefore, the focus on developing treatments that target the 

antioxidant systems will exploit the vulnerability of the cancer cells that are highly dependent 

on their antioxidative capacity to evade ROS-mediated cell death (Honeggar et al., 2009; 

Poerschke and Moos, 2011; Li et al., 2012; Raninga et al., 2015). 

While current therapeutic advancements have successfully introduced standard treatments 

like chemotherapy and radiotherapy to cure haematopoietic and solid cancers, multidrug 

resistance (MDR) remains a big problem causing patients to relapse after their initial 

treatment. It is now widely accepted that the extracellular environment plays a key role in 

mediating drug resistance through adhesion of cancer cells to the extracellular matrix (ECM) 

components (integrins and fibronectin) and adjacent stromal cells. These interactions are 

thought to confer survival advantage to the cancer cells that gave rise to a phenomenon 

known as environment mediated drug resistance (EMDR) (Shain and Dalton, 2001).  
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This project is focused on investigating the cyto-protective role of the thioredoxin (Trx) system 

in multiple myeloma (MM) and how overcoming this antioxidant system affects the 

mechanisms involved in the development of EMDR in myeloma cells. 

 

1.2 Multiple myeloma 

Multiple myeloma (MM) is the second most common haematological malignancy (after non-

Hodgkin lymphoma) characterised by the presence of terminally differentiated, antibody-

secreting plasma cells (PCs), which proliferate uncontrollably in the bone marrow. The 

accumulation of these plasma cells results in over-production of non-functional monoclonal 

paraproteins called M proteins, which can be detected in both blood and urine of the patient 

(Chesi and Bergsagel, 2013). Clinical manifestations of MM are generally summarized with the 

acronym ‘CRAB’, which stands for occurrence of hypercalcaemia (C), renal failure (high 

concentration of creatinine in serum)(R), anaemia (A) and lytic bone lesions (B) seen in 

patients (Raab et al., 2009). Despite therapeutic advancements such as autologous stem cell 

implantation and introduction of combinatory drugs (proteasome inhibitor-bortezomib, and 

immunomodulatory agents-thalidomide and lenalidomide) are available to treat the disease, 

MM remains incurable due to its low survival rate and high heterogeneity nature of the 

disease (Munshi and Anderson, 2013; Siegel et al., 2016). 

The current incidence rate for MM worldwide is about 1.5 new cases per 100,000 of 

population (Cowan et al., 2018). In Australia, there are approximately 2,007 new cases of 

multiple myeloma diagnosed per year (Myeloma-Australia, 2019; Cancer-Australia, 2019) 

with more than 80% of newly diagnosed patients at the age of 60 years and above (Ferlay et 

al., 2015). As the worldwide population is growing and aging (in addition to other risk factors 

such as cytogenetic abnormalities, gender, race and environmental influences), it expected 

that the incidence rate will continue to rise along with improved surveillance measures and 

diagnostic techniques.  
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1.2.1 Clinical features of MM 

Progressive accumulation of mature plasma cells in the bone marrow (BM) microenvironment 

follows interaction with secretion of chemokines and cytokines from neighbouring bone 

marrow stromal cells (BMSCs). This process is found to be responsible for the pathogenesis 

of the disease (Ghobrial, 2012; Bianchi and Munshi, 2015). The over-crowding of the PCs in 

the BM space causes disruption of the normal function of the marrow, which leads to 

suppression of the immune system, followed by a large decrease in red blood cell count 

(Figure 1.1). Moreover, excessive production of abnormal monoclonal proteins (M proteins) 

contributes to increased serum viscosity and renal failure (Bladé and Rosiñol, 2005). The 

adhesion of myeloma cells to BMSCs also induces the osteoclasts to secrete factors that 

promote bone-resorbing activity at the site of infiltration. Resorption of the bone then leads 

to release of calcium into the blood whereby excessive levels of it can cause the kidney to fail 

in the patient (Bataille  and Harousseau 1997; Bladé and Rosiñol, 2005). Bone pain may also 

be present together with other skeletal abnormalities such as compression fractures, lytic 

bone lesions and osteoporosis (Yeh and Berenson, 2006; Walker et al., 2014b).  

 

 

 

 

 

 

 

 

 

Figure 1.1 Plasma cells in normal and MM-affected bone marrow. In normal bone marrow 
(BM), plasma cells (B cells) produce antibodies when foreign substances enter the body. In 
MM bone marrow, B cells transform into myeloma cells that multiply uncontrollably. This 
multiplication results in over-crowding of B cells in the BM causing a large decrease in red 
blood cell number and over-production of abnormal antibodies called M-protein. Figure was 
prepared by JH Sze using references cited in the text and was adapted from The Multiple 
Myeloma Research Foundation, TMMRF (https://themmrf.org/). 

 

Normal bone marrow Bone marrow in MM 
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1.2.2 MM disease progression is a multi-stage process 

In most cases, MM is preceded by an asymptomatic benign stage known as monoclonal 

gammopathy of undetermined significance (MGUS) (Landgren et al., 2009). MGUS is relatively 

common in elderly people in which the rate of progression to overt MM is about 1% per year. 

MGUS can then progress to an intermediate clinical stage called smouldering MM (SMM) 

whereby the serum M protein level is higher than 30g/L in blood and urine (as compared to 

MGUS) without the features of CRAB (Mahindra et al., 2010). The progression rate of SMM to 

MM is about 10% per year, which gives it a higher risk of progression towards active malignant 

MM (Figure 1.2). Although clinical manifestations of MGUS and SMM are well categorised and 

diagnosed, the exact mechanism and genetic events leading to these progressions are yet to 

be fully understood.  

Active MM is the symptomatic stage where CRAB starts to manifest and causes significant 

morbidity due to complications from end-organ destructions (Bianchi and Anderson, 2014). 

In many MM cases, monoclonal PCs may develop into extramedullary plasmacytomas, which 

spread into extramedullary sites including soft tissue organs (brains, livers and lungs), lymph 

node and skin (Bladé et al., 2011). These metastatic PCs may also progress to a leukemic stage 

called plasma cell leukemia (PCL) where more than 20% of the peripheral white blood cells 

are comprised of malignant PCs (Mahindra et al., 2010; Rajkumar, 2016). 

 

Figure 1.2 The disease progression of MM. The disease is preceded by a precursor state of 
MGUS and/or SMM before progression into overt MM. Almost all MM patients will 
experience relapse after getting multiple doses of initial treatment. Figure was prepared by 
JH Sze based on the information and references provided in the text (Mahindra et al., 2010). 
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1.2.3 Treatments 

Immunomodulatory drugs (IMiDs) such as thalidomide (Singhal  et al., 1999), lenalidomide 

(Kapoor et al., 2009) and pomalidomide (Dimopoulos et al., 2014), together with proteasome 

inhibitors (PI) including bortezomib (Jagannath et al., 2005) and carfilzomib (Badros et al., 

2013) and monoclonal antibodies elotuzumab (Lonial et al., 2015) and daratumumab 

(Lokhorst et al., 2015) have been approved by the Food and Drug Administration (FDA) for 

the treatment of newly diagnosed and relapsed multiple myeloma (Rajkumar, 2016). 

Numerous combinations have been developed by incorporating these active agents with 

corticosteroid dexamethasone and/or alkylating chemotherapeutic agents including 

cyclophosphamide, doxorubicin, melphalan and vincistrine as treatment regiments to treat 

MM patients.  

Despite the treatment advancement and improvement of overall survival in MM patients, 

MM remains an incurable disease as the majority of patients will eventually relapse (or 

become refractory) due to drug resistance, which emerges from the heterogeneity nature of 

the clonal PCs (Sasaki, 2016). In order to prolong the overall survival, novel therapeutic 

approaches that target the pathogenic and resistance mechanism of MM PCs remain a huge 

interest among researchers in this field. 

1.3 Drug resistance in cancer 

Chemoresistance in various haematopoietic and solid cancer cells remains a huge challenge 

in the development of targeted therapies. Drug resistance can be generalised into two main 

categories: acquired resistance and de novo resistance (Hazlehurst et al., 2003; Di Marzo et 

al., 2016) (Figure 1.3). Acquired drug resistance normally develops as a consequence of 

genetic and environmental changes that gradually confers the tumour cells a selective 

advantage to display a drug-resistant phenotype. The molecular mechanisms that contribute 

to this acquired advantage can come from a few factors including impaired drug transport 

(decrease drug uptake and increased drug-efflux), deregulation of cellular apoptotic and/or 

proliferation process, alteration in the expression of target structure, changes in drug 

metabolism, repair of DNA damage and the presence of cancer stem cells (Gottesman, 2002; 

Abdi et al., 2013). On the other hand, de novo resistance, which is also known as environment 

mediated drug resistance (EMDR), is present before acquisition of drug resistance. It was 

proposed that specific niches within the tumour microenvironment may protect a 
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subpopulation of tumour cells and confer a survival advantage following initial drug exposure. 

The bone marrow microenvironment (BMME) protects tumour cells from chemotherapy, 

radiotherapy or other targeting drugs by secreting soluble factors and extracellular matrix 

proteins before the eventual acquisition of acquired drug resistance ensues (Hazlehurst et al., 

2003; Meads et al., 2008; Di Marzo et al., 2016).  

 

 

 

Figure 1.3 Drug resistance to chemotherapy can either be acquired or de novo. Acquired 
resistance develops gradually over prolonged drug exposure. De novo resistance (also known 
as EMDR) develops before drug exposure and cells are selected during drug treatment. Figure 
was prepared by JH Sze based on the information and references provided in the text 
(Mahindra et al., 2010). 

  

 

1.3.1 Acquired Drug Resistance  

One of the main factors that contributes to acquired drug resistance is the aberrant 

expression of drug transporters including P-glycoprotein (ABCB1, MDR or P-gp) (Aller et al., 

2009), multi-drug resistance protein-1 (MRP-1 or ABCC1) (Rosenberg et al., 2001), ABCG2 

(Doyle and Ross, 2003) and lung resistance related protein (LRP) (Scheffer et al., 1995). P-gp 
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is overexpressed in drug resistant cancer cells including acute lymphoid and myeloid 

leukaemia cells, where it increases drug efflux and lowers intracellular drug concentration 

thereby decreasing the pharmacological effects in the cells (Marie, 2001; Rebucci and 

Michiels, 2013). Tumour cells have also evolved to not only evade programmed cell death by 

either overexpressing anti-apoptotic proteins like Bcl-2, Mcl-1 and IAPs and/or inactivating 

the pro-apoptotic genes such as Bax, PUMA, NOXA and Fas (Tolomeo and Simoni, 2002; Plati 

et al., 2008), but to also express high levels of antioxidants to protect themselves from 

oxidative stress (Landriscina et al., 2009; Raninga et al., 2015). Furthermore, aberrant 

signalling pathways caused by genetic changes and/or modification of signalling targets from 

long term use of initial drug treatment can alter cell proliferation of the cancer cells (Housman 

et al., 2014). Following the rapid and chaotic proliferation of neoplastic cells, a large distance 

formed between the distant cells and the supporting blood vessels can cause alteration to the 

tumour microenvironment leading to hypoxia, nutrient starvation and increased interstitial 

fluid pressure (Pouyssegur et al., 2006). Paradoxically, hypoxia induces cell cycle arrest and 

quiescence, which ultimately confers drug resistance in cancer cells since anticancer drugs 

are generally designed to target rapidly proliferating cells (Leontieva et al., 2012; Muz et al., 

2015).  

Studies have also shown that both solid and haematological cancers consist of heterogenous 

subpopulations of dominant and minor clones that are related but differs slightly in their 

genetic makeup (Brioli et al., 2014). As the tumour progresses, a single parent clone acquires 

further mutations that leads to further development of sub-clones that are genetically 

different from the initial clone. Hence when treated with anticancer drugs, the sub-clone from 

the parent clone survives, acquires more genetic mutations and becomes resistant, leading 

to tumour relapse (Keats et al., 2012). 

 

1.3.2 De novo drug resistance (environment-mediated drug resistance) 

Tumour progression and drug resistance are multi-step transformation processes regulated 

by a complex cross-talk between cancer cells and their surrounding microenvironment 

(Damiano et al., 1999; Hazlehurst et al., 2003). The idea of de novo drug resistance was first 

described by Durand and Sutherland where they showed that intercellular interactions may 

confer tumour cell survival upon exposure to anticancer treatment such as radiation (Durand 
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and Sutherland, 1972). Since then, it has been well documented that tumour cells may have 

acquired resistance prior to drug treatment by interacting continuously with environmental 

factors such as the extracellular matrix (ECM), cellular adhesion molecules, growth factors 

and chemokines. One of the first studies showed that adhesion of rat hepatocytes to ECM 

increased the expression of the MDR protein, P-glycoprotein, which confers resistance to 

vincristine and colchicine (Schuetz and Schuetz, 1993). In addition, mammary tumours that 

were resistant to cytotoxic drugs in vivo were re-sensitized when exposed to the same drugs 

in vitro (Teicher et al., 1990). Since then it has been accepted that cell–cell or cell–ECM 

adhesion can regulate apoptosis and cell survival in a wide variety of cell types (Damiano et 

al., 1999; Shain and Dalton, 2001; Di Marzo et al., 2016).  

EMDR can be subdivided into two categories: - 

i) soluble factors mediated drug resistance (SFM-DR), which relies on cytokines, 

chemokines and growth factors including stromal cell-derived factor (SDF-1), 

interleukin-6 (IL-6) and insulin-like growth factor 1 (IGF-1), and  

ii) cell adhesion mediated drug resistance (CAM-DR), which results from adhesion 

of tumour cells to bone marrow stromal cells (BMSCs) or to ECM components via 

the expression of cellular adhesion molecules including integrins Very Late 

Activation Antigen-4 (VLA-4) (α4 β1), VLA-5 (α5 β1), Intercellular Adhesion 

Molecule-1 (ICAM-1), Lymphocyte Function-associated Antigen 1  (LFA-1) and 

Vascular Cell Adhesion Molecule-1 (VCAM-1). 

 

1.3.3 Drug resistance in MM 

Multiple myeloma is one of the most heterogeneous type of malignancies and is characterised 

by the presence of multiple sub-clones with distinctive clinical features and different 

sensitivities to anti-cancer drugs (Cagnetta et al., 2015; Dhodapkar, 2016). Genetic alterations 

(DNA damage or cytogenetic instability), along with selective pressure over the course of 

treatment, are thought to be responsible for development of heterogeneous clonal mixtures, 

which complicates the effectiveness of drug treatment (Bianchi and Ghobrial, 2014; Brioli et 

al., 2014).  Such heterogeneity has rendered single agent therapy to be ineffective. Therefore, 

the use of multiple combinatory chemotherapeutic drugs such as bortezomib plus 

cyclophosphamide and dexamethasone (VCD) or prednisone (VCP), or bortezomib plus 
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lenalidomide and dexamethasone (VRD) are commonly used to treat MM (Cavo et al., 2010; 

Moreau et al., 2012; Mateos and San Miguel, 2013; Rajkumar, 2016). Despite such well-

established regimens available to treat MM, MM remains incurable with an estimation of 49% 

of MM patients showing a median survival rate of 5 years (Siegel et al., 2016; Mikhael et al., 

2019). There are other factors that can also influence the drug sensitivity of myeloma cells 

including dysregulation of signalling pathways (cell proliferation, apoptosis and redox) 

(Mahindra et al., 2010; Bianchi and Munshi, 2015) and environmental factors (EMDR and 

hypoxia) (Katz, 2010; Hu et al., 2012).  

In the BMME, it is known that the interaction of myeloma cells with BMSCs could induce 

secretion of multiple chemokines and growth factors that enhance their growth and survival 

(Furukawa and Kikuchi, 2016). For example, following the adhesion of myeloma cells to 

BMSCs or fibronectin, IL-6 is secreted by BMSCs and/or by myeloma cells in an autocrine 

manner. This secreted IL-6 then protects the myeloma cells by resisting apoptotic stimuli and 

promotes cell growth via JAK/STAT and NF-ĸB signalling pathways (Shain et al., 2009; Roy et 

al., 2018). The interaction between the myeloma cells and BMSCs is assisted by the high 

expression of several cell adhesion molecules including VLA-4 and LFA-1, which allow the 

myeloma cells to migrate and tether to secondary BM sites where they eventually invade and 

proliferate (Cheung and Van Ness, 2001; Ghobrial, 2012) (Figure 1.4). It has been reported in 

gene expression profiling studies that drug-resistant myeloma cells overexpress VLA-4, CXCR4, 

and LFA-1 (Paiva et al., 2016). Furthermore, Noborio-Hatano and co-workers were able to 

demonstrate that shRNA-mediated knockdown of VLA-4 was able to significantly revert CAM-

DR in MM cells by re-sensitising them to bortezomib, vincristine, doxorubicin and 

dexamethasone (Noborio-Hatano et al., 2009).  

The hypoxic conditions in BMME can also initiate adaptive responses that enhance tumour 

proliferation, angiogenesis and metastasis, thus contributing to the development of a drug 

resistant phenotype in cancer cells (Hu et al., 2012). Hypoxia (particularly through the actions 

of hypoxia-inducible factor-1 alpha (HIF-1α)) is also one of the key players of chemoresistance 

in myeloma cells (Hu et al., 2012; Colla et al., 2010; Borsi et al., 2014a; Saba et al., 2018). 

Under normoxia, HIF-1α is constantly expressed and degraded in the cytosol through the 

action of hydroxylases (oxygen sensors) ‘prolyl hydroxylase domain-containing proteins’ 

(PHDs) and ‘Factor Inhibiting HIF-1’ (FIH-1) (Jaakkola et al., 2001). When the oxygen condition 
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changes to low levels, the hydroxylases are unable to function, leading to the stabilisation of 

HIF-1α  and its subsequent dimerization with HIF-1β in the nucleus  (Pouyssegur et al., 2006; 

Borsi et al., 2014b). The presence of HIF-1α in low oxygen conditions has been found to be 

able to induce angiogenesis and increase the expression of anti-apoptotic genes including Bcl-

2 and Bcl-xL in myeloma cells, hence promoting tumour growth in this hypoxic environment 

(Semenza, 2003; Hu et al., 2013).  

Therefore, the recognition of these environmental factors is crucial to understand the 

mechanisms that cause MM patients to relapse despite the availability of advanced and 

established therapeutic regimens. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.4 The interaction of myeloma cells with bone marrow microenvironment (BMME).  
The BMME provides a platform that allows crosstalk between the stromal cells and myeloma 
cells. This is regulated by expression of cell adhesion molecules including integrins like VLA-4, 
VLA-5, fibronectin, ICAM-1, VCAM-1 and ECM components. Additionally, soluble factors 
including IL-6, SDF-1 and IGF-1 are secreted by both BM stromal cells and myeloma cells, 
which can have autocrine and paracrine effects, to activate several signalling pathways 
leading to MM drug resistance. This figure was prepared by JH Sze using the references cited 
in the text (Shain et al., 2009; Ghobrial, 2012; Furukawa and Kikuchi, 2016). 
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1.4 Antioxidant systems 

Tumour cells have a significant increase in their metabolic demands due to their high-

proliferative nature and as such, production of intracellular by-products including free 

radicals or reactive oxygen species (ROS) are increased (Lee et al., 1998; Spitz et al., 2000; 

Pennington et al., 2005; Kumari et al., 2018). ROS are known to contribute oxidative damage 

to biomolecules such as DNA, lipids and proteins, which can be detrimental to the cells if the 

levels of the free radicals exceed the antioxidant capacity. Hence, a network of intracellular 

‘redox buffers', which consists of frontline antioxidants like superoxide dismutase (SOD), 

catalase, thioredoxin, glutathione (GSH) and related enzymes, protein thiols as well as non-

enzymatic antioxidants (transition metal-containing proteins and vitamin), function to 

maintain a reduced cellular environment to prevent further cell damage (Pennington et al., 

2005; Landriscina et al., 2009). Unfortunately, these redox-sensitive “shields” have been 

exploited by the tumour cells to evade the damaging and cytotoxic effects of anticancer drugs 

that induce oxidative stress (Nakamura et al., 2000; Iwao-Koizumi et al., 2005; Rodman et al., 

2016). This evasive characteristic provides an adaptive antioxidant response that alters the 

redox regulation of downstream signalling pathway, resulting in pro-survival mechanisms to 

be activated. 

This project is aims to explore the significance of targeting the thioredoxin (Trx) system as a 

therapeutic target to treat MM. Therefore, the following sections will focus on how its 

antioxidative role influences the pathogenesis of MM. 

 

1.4.1 Thioredoxin system (Trx system) 

The thioredoxin system, which is comprised of thioredoxin (Trx), thioredoxin reductase (TrxR) 

and nicotinamide adenine dinucleotide phosphate (NADPH), was first discovered as a 

hydrogen donor that reduces cytidine diphosphate to deoxycytidine diphosphate in 

Escherichia coli by Torvard Laurent and colleagues in 1964 (Laurent et al., 1964). Present 

ubiquitously in both prokaryotes and eukaryotes, the Trx system is considered one of the 

most important antioxidant systems in living cells (Holmgren, 1985). Although they are 

evolutionarily well-conserved, mammalian Trx systems are slightly different from the Trx 

systems in bacteria, fungi and plants in terms of their size and substrate specificity (Holmgren 

and Lu, 2010). The most striking difference between the mammalian and prokaryotic Trx 
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system, however, is the presence of a selenocysteine residue at the C-terminal end of the 

mammalian TrxR protein, which is required for its catalytic activity (Zhong et al., 2000; Arnér, 

2009).  

 

1.4.1.1 Thioredoxin (Trx) 

Trx is a small, globular 12 kDa protein containing two highly conserved cysteine residues 

(Cys32 and Cys35) at the redox active site (Jeng et al., 1994). Both thiolate Cys32 and Cys35 

are responsible for the nucleophilic attack and reduction of disulphide bonds on its target 

substrates (namely oxidized proteins) which then ends with the formation of oxidized Trx and 

reduced substrate at the end of the reaction (Holmgren, 1985). Oxidized Trx will then be 

reduced by TrxR, which utilizes the electron donor, NADPH that is mainly produced by the 

pentose phosphate pathway (PPP) (Lee et al., 2013) (Figure 1.5). There are two main isoforms 

of mammalian Trx: the cytosolic thioredoxin1 (Trx1) and the mitochondrial thioredoxin2 (Trx2) 

(Holmgren, 1985; Arnér and Holmgren, 2006; Lu and Holmgren, 2014b). Unlike Trx from lower 

species, mammalian Trx1 has three additional cysteine residues (Cys62, Cys69, and Cys73) 

which are not related to redox activity but are responsible for the structural properties of Trx 

(Haendeler, 2006). The mitochondrial Trx2 is a small 12 kDa protein, which is very similar to 

the cytosolic Trx1 except that it lacks the three structural cysteine residues (Damdimopoulos 

et al., 2002).  

Trx1 is a critical redox regulator and has been widely researched as a potential therapeutic 

target for many human cancer types (Arnér and Holmgren, 2006; Tonissen and Di Trapani, 

2009; Li et al., 2012). One of its redox regulatory roles is to act as a reductant for NF-ĸB in 

response to signalling molecules, including ROS, and to enable NF-ĸB binding to its target 

genes involved in angiogenesis, apoptosis, cell differentiation and proliferation as well as 

inflammatory responses (Sun and Oberley, 1996; Flohe et al., 1997; Arrigo, 1999).  

 

1.4.1.2 Thioredoxin Reductase (TrxR) 

In most eukaryotes, TrxR exists as a homodimeric protein in which each of its monomers (~55 

kDa) contains flavin adenine dinucleotide (FAD) prosthetic group at the N-terminal region, 

which receives electrons from NADPH. These electrons are then transferred to the C-terminal 
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selenocysteine redox active site on the other monomer, resulting in the formation of a 

selenolate C-terminal active site region that is capable of reducing the target substrate (Zhong 

et al., 2000). Interestingly, TrxR in bacteria, plants, archea and most unicellular eukaryotes 

differ from mammalian TrxR in that the former group does not have selenoproteins and their 

TrxR carries an approximate molecular weight of 35 (Arnér, 2009).  

TrxR has a wide range of substrates including hydrogen peroxide (H2O2), 5,5´-dithio-bis(2-15 

nitrobenzoic acid) (DTNB), and selenium-containing compounds (Zhong et al., 2000). It is also 

known to be the main protein involved in reducing Trx in the cell (Du et al., 2012). There are 

three known isoforms of TrxR: i) TrxR1 in the cytosol, TrxR2 in mitochondria and TrxR3 or TGR 

(thioredoxin glutathione reductase) in maturing sperm with an additional N-terminal 

glutaredoxin domain (Arnér, 2009). All of these three isozymes contain selenocysteine 

residues in their C-terminal region (Arner and Holmgren, 2000). 

 

 

Figure 1.5 General redox exchange mechanism in the Trx system. The conversion of glucose-
6-phosphate to ribulose-5-phosphate in the pentose phosphate pathway (PPP) generates a 
pool of reduced NADPH. The NADPH reduces oxidised TrxR enzyme, which then transfers the 
reducing equivalents to oxidised Trx. Reduced Trx then maintains redox homeostasis by 
scavenging ROS and/or reducing its target. This figure was prepared by JH Sze using the 
references cited in the text (Arnér and Holmgren, 2006; Lee et al., 2013). 

 

1.4.2 The Trx System in Cancer  

Various studies have shown that human cancers including breast cancer, colorectal cancer, 

oral squamous carcinoma, thyroid cancer, prostate cancer and melanoma have high Trx1 and 

TrxR1 activity which correlates with increased cell proliferation, evasion of programmed cell 
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death, sustained angiogenesis and chemoresistance (Raffel et al., 2003; Arnér and Holmgren, 

2006; Tonissen and Di Trapani, 2009; Lincoln et al., 2010). Many cancer cell types depend on 

the Trx system for their survival and progression. For instance, under normal conditions, 

reduced Trx1 is bound to apoptosis signal-regulating kinase 1 (ASK1) and inhibits its activity. 

However, when cells undergo oxidative stress, Trx1 is oxidized resulting in disassociation of 

ASK1 from Trx1. Following disassociation, the activated ASK1 activates c-Jun N-terminal 

kinases (JNK) and results in cell death (Saitoh et al., 1998). Therefore, it is common for cancer 

cells to utilise this pathway by increasing the expression of TrxR1 so that the reductase protein 

is available to ensure Trx1 is constantly in its reduced state to prevent apoptotic cell death. 

The Trx system has also been shown to redox-regulate a number of transcription factor’s 

activity including nuclear factor-κB (NF-ĸB), specificity protein 1 (Sp1) and p53 in cells 

(Matthews et al., 1992; Harper et al., 2001; Bloomfield et al., 2003; Farina et al., 2011; 

Heilman et al., 2011; Jung and Seo, 2012). An example is the DNA binding activity of NF-ĸB 

whereby it is controlled by Trx1 (as a reductant) to maintain the redox state of conserved 

cysteine residues within the DNA binding domain of NF-ĸB heterodimers, corresponding to 

Cys62 of the p50 subunit and Cys38 of the p65 subunit (Matthews et al., 1992; Harper et al., 

2001). Moreover, it was reported that the transactivation potential of NF-ĸB can also be 

directly dependent on the changes of TrxR activity in cells (Heilman et al., 2011). Therefore, 

any changes to the Trx system could potentially modulate the activation of NF-κB regulated 

genes involved in angiogenesis, apoptosis, cell survival, inflammation and invasion in cancer 

cells (Farina et al., 2003; Farina et al., 2011; Bradford and Baldwin, 2014; Xiang et al., 2018). 

Besides NF-ĸB, the DNA binding activity of Sp1 transcription factor can also be controlled by 

Trx to enhance the expression of pro-survival genes including Trx itself (Bloomfield et al., 

2003). Moreover, it has been reported that Trx can modulate the activity of p53 to induce an 

adaptive response against genotoxic stress in cancer cells (Jung and Seo, 2012). 

It was discovered that Trx is also involved in growth-promoting signalling by counteracting 

the stress signals triggered by adhesion, such as TNF-activation of VCAM1 and JNK/p38 

signalling (Lee et al., 2013). Additionally, Trx1 has been demonstrated to regulate the 

expression of hypoxia-inducible factor 1 alpha (HIF-1α) levels under both normoxic (20% 

oxygen) and hypoxic (1% oxygen) conditions (Welsh et al., 2002). The Trx1 was able to control 

HIF-1α activity and induce the expression of hypoxia responsive genes, including vascular 
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endothelial growth factor (VEGF) and nitric oxide synthase 2 for angiogenesis in cancer cells 

(Welsh et al., 2002).  

Furthermore, it was reported that TrxR is involved in the replicative potential of cancer cells 

by maintaining the length of the telomeres in human hepatocellular carcinoma cells (Gan et 

al., 2005). More importantly, studies have shown that TrxR plays a crucial role in evading cell 

death by modulating the intracellular redox state, since otherwise increased intracellular ROS 

levels will lead to apoptosis (Li et al., 2012; Raninga et al., 2016b). 

Therefore, as cancer cells are dependent on the Trx system at different stages of development 

and progression of the disease, it is hypothesized that therapeutic interventions that target 

Trx and/or TrxR may improve the efficacy of therapeutic regimens in treating cancer.  

 

1.4.2.1 Regulation of the Trx system  

When cells undergo oxidative stress, several antioxidant systems are upregulated to maintain 

cellular oxygen homeostasis. The master regulator behind this is the nuclear factor erythroid 

2-related factor 2 (Nrf2), which is a redox sensitive transcription factor that regulates the 

expression of antioxidant genes via the antioxidant response element (ARE) in specific gene 

promoters (Moi et al., 1994; Ishii et al., 2000; Kim et al., 2003). Hence the expression of the 

Trx system is induced during oxidative stress through binding of Nrf2 to the ARE in the Trx and 

TrxR gene promoters (Rushmore et al., 1991). Under normal conditions, Nrf2 is constantly 

degraded in the cytosol by an inhibitor called "kelch-like erythroid cell-derived protein-1' 

(Keap1). Keap1 forms a complex with Nrf2 in which it degrades the transcription factor 

through the ubiquitin-proteosome system. It was discovered that Keap1 has three cysteine 

residues, of which two (Cys 273 and Cys 288) are required for ubiquitination and degradation 

of Nrf2 under basal conditions, while the third residue (Cys 151) serves as a redox sensor. 

Upon oxidative stress conditions, Cys151 induces a conformational change that alters the 

accessibility of Cys 273 and Cys 288 to the cytoplasmic environment. This conformational 

change can release binding of Cys 273 and Cys 288 from its target, Nrf2, which then 

translocates into the nucleus (Zhang and Hannink, 2003). In the nucleus, Nrf2 forms a 

heterodimer with musculoaponeurotic fibrosarcoma (Maf) proteins and the complex can 
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then bind to the ARE of the target antioxidant genes (Itoh et al., 1997) including Trx and TrxR 

(Tanito et al., 2007) (Figure 1.6). 

 

 

 

Figure 1.6 Regulation of the Trx system under normal versus oxidative conditions. In 
normal/basal conditions, transcription factor Nrf2 is usually bound to its inhibitor Keap1, 
which tags it with ubiquitin for degradation. However, during oxidative stress conditions, 
Keap1 will undergo conformational changes that results in its disassociation from Nrf2. 
Released Nrf2 will then translocate to the nucleus where it will interact and bind to the Maf 
protein. The Nrf2/Maf complex can initiate the transcription of Trx or TrxR genes by binding 
to the antioxidant response element (ARE). This figure was adapted from Bhatia 2013 and 
used with permission from the authors. 

 
 
 
1.4.2.2 Role of the Trx system in MM  

The molecular basis for the progression of MGUS to MM is still not very well understood. 

However, studies have shown that additional cytogenetic and epigenetic abnormalities 
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(Fonseca et al., 2003), activating mutations of N- and K-RAS, AKT pathway mutations, NF-ĸB 

pathway mutations, p53 deletion or mutation and MYC rearrangements (Demchenko and 

Kuehl, 2010; Bianchi and Munshi, 2015) are a few of the events that are responsible for 

progression of the disease. 

It has been reported that myeloma cells exhibit high expression of Trx1 and TrxR1 as 

compared to normal peripheral blood mononuclear cells (PBMCs) (Raninga et al., 2015). 

Additionally, the analysis of gene expression profile obtained from the Gene Expression 

Omnibus (GEO) database (GSE3477) showed that Trx1 and TrxR1 expression is higher in newly 

diagnosed as well as relapsed myeloma patient samples when compared to normal 

individuals (Raninga et al., 2015). Furthermore, of all the different signalling pathways 

activated in myeloma cells, the NF-ĸB pathway may be one of the most important. This is 

because some growth factors, cytokine, and cell adhesion molecules that are produced by BM 

cells including IL-6, SDF-1 (Tang et al., 2008), IGF-1 (Mitsiades et al., 2002), VCAM-1 and VLA-

4 (Jacamo et al., 2014) can activate the NF-ĸB pathway causing a plethora of pro-survival 

genes to be expressed in PCs and myeloma cells (Demchenko and Kuehl, 2010). Therefore, 

with current studies indicating the crucial role of the Trx system in regulating the activity of 

redox-sensitive transcription factors including NF-ĸB (Matthews et al., 1992; Harper et al., 

2001; Heilman et al., 2011), this project is aimed to explore the potential of targeting the Trx 

system as an effective alternative therapeutic approach to treat MM. 

 

1.4.2.3 Trx system inhibitors 

There are several therapeutic compounds that have been utilized to target Trx1 and TrxR1. 

For example, PX-12 (1-methyl-propyl-2-imidazolyl disulfide (IV-2)) and SAHA (suberoylanilide 

hydroxamic acid) are inhibitors of Trx1 (Kirkpatrick et al., 1998; Butler et al., 2002). PX-12 

inhibits Trx1 by binding irreversibly to Trx1 at Cys73 and causes the modified form of Trx1 to 

be biologically inactive. SAHA is a histone deacetylase inhibitor (HDACi), which has been 

shown to induce the expression of thioredoxin binding protein-2 (TBP-2). TBP-2 then binds to 

Trx1 and inactivates its redox activity, causing accumulation of ROS and eventual cell death in 

cancer cells (Butler et al., 2002; Marks, 2006). 
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On the other hand, arsenic trioxide (ATO), curcumin and the gold based compound auranofin 

are TrxR1 inhibitors, which have been clinically tested for various cancers (Lu et al., 2007; Fang 

et al., 2005; Marzano et al., 2007; Zhang et al., 2019).  

Auranofin is a linear gold(I) compound which has been clinically used as a therapeutic drug 

for the treatment of rheumatoid arthritis in the late 1970s (Shaw, 1999). It was not until a 

decade later when Mirabelli and his co-workers discovered the anti-tumour and cytotoxic 

properties auranofin had on both murine tumour models and various cancer cell lines 

(Mirabelli et al., 1985). Since then auranofin has been widely tested in clinical trials for its 

potential to treat various cancers including lymphoma, leukaemia and ovarian cancer 

(Marzano et al., 2007; Fiskus et al., 2014; Roder and Thomson, 2015). Gold compounds have 

high affinity for thiols and selenol groups, hence making the Trx system (TrxR) vulnerable to 

gold-based drug compounds (Rigobello et al., 2002). However, it was highlighted that gold(I) 

compounds, including auranofin, may react readily and non-discriminately with protein thiols 

(including serum proteins), and that this non-discriminate binding can affect its anti-cancer 

properties in vivo (Berners-Price et al., 1986; Rackham et al., 2007). In order to address this 

issue, an alternative gold(I) complex called bis chelated gold(I) phosphine complex was 

synthesized to exhibit less thiol reactivity but with enhanced lipophilicity, which allows 

selective targeting to thiol- and selenol-containing proteins like TrxR (McKeage et al., 2000; 

Rackham et al., 2007; Hickey et al., 2008; Rackham et al., 2011). The first generation of gold(I) 

phosphine complexes was a compound called [Au(dppe)2]Cl (also known as bis[1,2 

bis(diphenylphosphino)ethane] gold(I) chloride).  

[Au(dppe)2]Cl showed a significant reduction in non-discriminate reactivity to thiols in serum 

as compared to auranofin and at the same time maintained its significant anti-cancer activity 

in vitro and in vivo (Berners-Price et al., 1986). Unfortunately, the clinical development of this 

lead compound came to a halt by the discovery of severe hepatotoxicity in animal models due 

to high-lipophilicity of the drug, which caused it to concentrate non-selectively into the 

mitochondria, hence causing cell death (Hoke et al., 1988; Rackham et al., 2007). In order to 

address this cytotoxicity issue, a series of structurally similar but different gold phosphine 

compounds were synthesized by substituting the phenyl group with pyridyl into the 

phosphine ligands (Rackham et al., 2007). These complexes have been evaluated for their  

cytotoxicity in a range of tumours and it was found that the 2-pyridyl complex, 



  CHAPTER 1 

20 
 

[Au(d2pype)2]Cl, is the most lipophilic and hydrophilic complex, which displayed significant 

antitumor activity in both in vivo and in vitro without causing any non-specific cytotoxicity to 

normal, non-cancerous cells (McKeage et al., 2000; Rackham et al., 2007) (Figure 1.7). 

Based on the similarities that [Au(d2pype)2]Cl and auranofin share in terms of targeting TrxR 

in the Trx system in cancer cells, this project aimed to evaluate the efficacy of using 

[Au(d2pype)2]Cl as an alternative compound available to treat MM. This idea was backed by 

previous in vitro findings that demonstrated the potential of auranofin as an anti-myeloma 

agent that inhibits TrxR1 activity to overcome acquired and hypoxia-induced bortezomib 

resistance without causing major cytotoxicity on the normal peripheral blood mononuclear 

cells (PBMCs) isolated from healthy individuals (Raninga et al., 2015; Raninga et al., 2016b). 

However, due to the high potential of non-discriminate binding to protein thiols displayed by 

auranofin, for the first time in myeloma cells [Au(d2pype)2]Cl was utilised in this project to 

screen for its effects on cell proliferation, apoptosis and drug resistance (CAM-DR). 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.7 Structure of gold(I) complexes [Au(d2pype)2]Cl and auranofin. Chemical 
structures of [Au(d2pype)2]Cl (also known as gold(I) chloride with diphosphine ligands 1,2-
bis(di-2-pyridylphosphino)ethane) and auranofin. This figure was obtained from Sze et al. 
2020. 
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1.5 Mucins 

Mucins are a large heterogeneous group of O-glycoproteins composed of a long peptidic chain 

called ‘‘apomucin’’. This peptidic chain mainly consists of proline, threonine and serine amino 

acid residues forming the variable PTS domain, which is O-linked with oligosaccharide chains 

(Dekker et al., 2002; Hollingsworth and Swanson, 2004). Mucins exist as a complex of cell 

surface and secreted glycoproteins that provide not only lubrication but also protection to 

the surface of the cells. With genomic sequencing and biochemical studies, mucins were 

classified into two sub-groups: i) the secretory mucin and ii) the membrane-associated or 

transmembrane mucin (Figure 1.8).  

Secretory mucins participate in viscoelastic mucus gel formation that creates a 3D network to 

protect the epithelia against various environmental assaults including bacterial infection, 

inflammation, pH change, pollutants and viral attack (Jonckheere et al., 2014). This subgroup 

mainly includes: MUC2, MUC5AC, MUC5B, MUC6, MUC7, MUC9 and MUC19 (Kufe, 2009). 

The membrane-associated mucins share similarities with their secreted counterparts in terms 

of the PTS region but have additional capabilities, including adhesion or formation of steric 

hindrance as well as inducing signal transduction pathways. Membrane-associated mucins 

share conserved domains such as epidermal growth factor-like (EGF) and Sea urchin sperm 

protein Enterokinase and Agrin (SEA) domains, which are thought to play a role in signal 

transduction pathways involved in cellular proliferation, interaction, survival and metastasis 

(Hollingsworth and Swanson, 2004; Horm and Schroeder, 2013; Jonckheere et al., 2014). 

Among the membrane-bound mucins are MUC1, MUC3A/3B, MUC4, MUC12, MUC13, MUC15, 

MUC16, MUC17, MUC20, MUC21 and MUC22. Generally, membrane-associated mucins exist 

as heterodimeric forms due to the presence of the SEA module in their protein structure, 

which allows cleavage and separation of extracellular and intracellular domains, which can 

exist as receptor and ligand proteins, respectively (Wreschner et al., 2002).  

Membrane-associated mucins have specific patterns of expression during tumour 

progression and aberrant expression of these glycoproteins have been implicated in a number 

of cancers including colon, pancreatic and renal cancers (Hollingsworth et al., 1994; Chauhan 

et al., 2012; Gupta et al., 2014). These correlations have sparked interest in utilising mucins 

as both potent biomarkers and as therapeutic targets in cancer. 
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Hence, one of the aims of this project was to study the functionality of membrane-associated 

mucins, particularly MUC1, for their potential role in CAM-DR as well as crosstalk with the Trx 

system in MM. 

Figure 1.8 Generic representation of secreted and membrane-associated mucins. Secreted 
mucins are usually secreted from the cell to form a barrier against environmental assaults. 
Membrane-associated mucins also form the physical barrier but with additional intracellular 
domains that transduce growth and survival signals in the cell. Abbreviation: EGF: epidermal 
growth factor; PTS: proline, threonine and serine; SEA: sea urchin sperm protein enterokinase 
and agrin. This figure was prepared by JH Sze based on references cited in the text (Kufe, 2009; 
Cascio and Finn, 2016). 

1.5.1 Role of membrane-associated mucins in cancer 

Tumour cells have distinct oligosaccharide structures, especially with differential 

glycosylation on its mucin glycoproteins (Hollingsworth and Swanson, 2004). Since 

membrane-associated mucins exist in heterodimeric forms, tumour cells have a selective 



  CHAPTER 1 

23 
 

advantage by having an enormous range of potential ligands for interaction with other 

receptors at the cell surface as well as transducing signals required for cell transformation 

process (Hollingsworth and Swanson, 2004; Horm and Schroeder, 2013; Jonckheere et al., 

2014). Hence, these membrane-bound mucins can promote tumorigenesis in several ways 

including regulation of cellular differentiation and proliferation, mediating invasion and 

metastasis and assisting chemo-resistance in tumour cells (Bafna et al., 2010; Cascio and Finn, 

2016). 

Most studies that have been carried out to understand the association of cancer pathogenesis 

with membrane-associated mucins have been focused mainly on MUC1 and MUC4 (Price-

Schiavi et al., 2002; Hollingsworth and Swanson, 2004; Singh and Hollingsworth, 2006; Liu et 

al., 2014; Shukla et al., 2017). Hence, the following section will review the tumorigenic role 

that these mucins have and provide an insight as to why targeting mucins may potentially be 

useful to treat MM. 

 

1.5.1.1 Regulation of differentiation and proliferation 

Membrane-associated mucins have been shown to regulate differentiation and proliferation 

of tumour cells via ligand-receptor binding, which results in oncogenic signal transduction. 

For example, the cytoplasmic fragment of MUC1 (MUC1-C) was found to translocate to the 

nucleus and form a transcriptional co-activator of β-catenin to regulate genes involved in 

proliferation and differentiation through interactions with TCF/LEF1 (Wen et al., 2003; Liu et 

al., 2014). In another example, MUC4 harbours an EGF-like motive on its transmembrane 

domain, which interacts with receptor tyrosine kinase ErbB2. This interaction then induces 

the phosphorylation of ErbB2 to upregulate expression of the cell cycle inhibitor p27 (kip) 

(Jepson et al., 2002). 

 

1.5.1.2 Invasion and metastasis 

The process of invasion and metastasis is complex. It requires a molecular process whereby 

contacts between invading tumour cell and neighbouring tumour cells and stroma are 

repeatedly broken (anti-adhesion) followed by re-establishment of new contacts (adhesion) 

as the tumour cells progress. Membrane-associated mucins have both anti-adhesive and 
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adhesive effects (Hollingsworth and Swanson, 2004; Lu and Zheng, 2013), which contribute 

to the invasive and metastatic properties of tumour cells (pre-dominantly in 

adenocarcinomas). Furthermore, the adhesion status of the cells can be monitored and 

controlled by the presence of the membrane-associated mucins that provide signals through 

receptor-ligand interactions. MUC1 has been reported to mediate both effects in which 

overexpression on the apical borders of normal epithelia resulted in no cell contact due to 

steric hindrance (Figure 1.9) (Ligtenberg et al., 1992; Wesseling et al., 1995). On the other 

hand, MUC1 can also mediate cell adhesion by binding to adhesion molecules including ICAM-

1 (Regimbald et al., 1996), E-selectin (Zhang et al., 1996) and sialoadhesin (Nath et al., 1999). 

Years later it was discovered that MUC1 can simultaneously mediate and block specific 

molecular interactions depending on the glycosylation profile of its structure. For example, 

some MUC1 isoforms can simultaneously mediate binding of ICAM-1 and block access to an 

E-selectin ligand on autologous cells (McDermott et al., 2001). 

 

1.5.1.3 Mucins and tumour resistance to chemotherapeutic drugs  

Several studies have indicated the involvement of mucins in chemoresistance of cancer cells. 

MUC1 was found to be over-expressed in breast cancer cells and conferred resistance to anti-

cancer treatments including trastuzumab (Herceptin), paclitaxel (Taxol) doxorubicin and 

cyclophosphamide. However, the drug resistance feature was reversed in the resistant cells 

upon treatment with a MUC1 inhibitor (Fessler et al., 2009). Similarly, silencing MUC4 was 

also shown to re-sensitize trastuzumab-resistant gastric cancer cells (Shi et al., 2013). This 

resistance suggests a broad involvement of membrane-bound mucins in controlling 

resistance phenotype in tumour cells.  

There are numerous ways in which mucins can contribute to the chemoresistance phenotype 

of the cells. One mechanism involves the ability of either secreted mucins and/or the highly 

glycosylated membrane-bound mucins (MUC1, MUC3A, MUC4 or MUC16) to form physical 

barriers that are capable of limiting drug intracellular entrance and/or accessibility of the 

tumour cell surface markers against immune recognition or antibody-based therapy 

(Jonckheere et al., 2014).  For example, the number and length as well as the position of O-

glycosidic chains that a membrane-bound mucin has can determine the degree of steric 

hindrance it will possess. This was shown in a study where inhibition of O-glycosylation in 
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MUC1-expressing pancreatic cancer cells resulted in significant reduction in cell proliferation 

after treatment with fluorouracil (Kalra and Campbell, 2009). In another example, 

overexpression of membrane-bound mucin can block the accessibility of therapeutic targets, 

such as oncogenic cell surface receptors EGFR and ErbB2 to therapeutic agents cetuximab and 

trastuzumab, respectively (Nagy et al., 2005; Mercogliano et al., 2017). Cancer cells were 

observed to be highly resistant to trastuzumab when MUC4 was overexpressed in the cells. It 

was speculated that the overexpression of mucin may have masked the cell surface receptor 

ErbB2 from the monoclonal antibody (Price-Schiavi et al., 2002; Nagy et al., 2005). 

 

 

Figure 1.9 Schematic description of anti-adhesion effects by membrane-associated mucins 
in cancer. In normal cells, membrane-associated mucins are expressed on the apical surface. 
This allows normal adhesion to the cells where they can adhere to each other or to ECM at 
the substratum layer of the cells.  Cancer cells tend to overexpress the membrane-associated 
mucins that are not apically positioned, hence causing steric hindrance via their large 
glycosylated tandem repeats that could block cell-cell or cell-ECM interaction. Diagram was 
reproduced from Hollingsworth and Swanson, 2004 (Springer Nature), with permission. 

 

Membrane-bound mucins can also reduce sensitivity of cancer cells to genotoxic drugs by 

manipulating the apoptotic machinery in the cells. MUC1 was shown to decrease apoptosis 

by attenuating activation of the intrinsic mitochondrial pathway, which results in a marked 
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decrease in caspase-3 activity and subsequent apoptosis induction in cancer cells, when 

treated with cisplatin (Ren et al., 2004). Ho and co-workers also showed that MUC3A’s EGF-

like domains conferred an anti-apoptotic effect to the human colon adenocarcinoma cell line 

in response to tumour necrosis factor α (TNF-α) or Fas-receptor stimulation (Ho et al., 2006). 

In response to physiological stress such as increased ROS, MUC1 was shown to reduce 

apoptosis following oxidative stress by upregulating the expression of antioxidants including 

catalase, superoxide dismutase (SOD) and glutathione peroxidase (GPx) (Yin et al., 2003). 

Studies have suggested that mucins, especially the two frequently researched mucins, MUC1 

and MUC4, can confer chemo-resistance to cancer cells (Nagy et al., 2005; Bafna et al., 2010; 

Mimeault et al., 2010; Jain et al., 2015; Gautam et al., 2017; Yin et al., 2017).  Thus, what 

appears to be a physiologic mechanism to protect normal cells against various environmental 

assaults has been exploited by tumour cells to survive under adverse conditions and in 

response to anti-cancer agents. 

 

1.5.2 Role of membrane-associated mucins in myeloma cells  

The oncogenic role of MUC1 has been implicated in the pathogenesis of MM, hence making 

MUC1 an applicable target for treatment of this incurable blood disease (Treon et al., 1999; 

Brossart et al., 2001; Cloosen et al., 2006). MUC1 is a heterodimer that consists of an 

extracellular, NH2-terminal subunit (MUC1-N) that is attached non-covalently at the sea 

urchin sperm protein enterokinase and agrin (SEA) region to the COOH-terminal subunit 

(MUC1-C) containing a short extracellular region (ECD), a transmembrane domain (TM) 

followed by a short intracellular cytoplasmic domain (CD) (Figure 1.10) (Senapati et al., 2010; 

Cascio et al., 2011). MUC1-C was found to be aberrantly expressed and induced an oncogenic 

effect in myeloma cell lines. The MUC1-C extracellular domain is thought to be involved in 

supporting intercellular adhesion with ICAM-1 (Regimbald et al., 1996; Rahn et al., 2004) 

while the intracellular domain can be phosphorylated by multiple kinases that can result in 

activation of Wnt/β-catenin (Kawano et al., 2008) and NF-ĸB (Ahmad et al., 2009) or 

repression of p53 (Wei et al., 2007). Ahmad and colleagues demonstrated that the 

cytoplasmic domain of MUC1-C interferes with the interaction of IκBα with the p65 subunit 

of NF-ĸB and binds to the latter to initiate translocation and expression of NF-ĸB-associated 

genes (Ahmad et al., 2009) (Figure 1.10). Moreover, silencing of MUC1-C in myeloma cells was 
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found to enhance cell death by downregulation of pro-survival genes, including B-cell 

lymphoma-extra large (Bcl-xL) (Kawano et al., 2008; Ahmad et al., 2009; Yin et al., 2012).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.10 Schematic representation of MUC1. The MUC1 is a heterodimeric complex of 
NH2-terminal subunit (MUC1-N) and COOH-terminal subunit (MUC1-C) that are linked around 
the SEA domain. The MUC1-N, which carry the O-linked glycans around the PTS region, are 
usually bound to the heterodimeric structure under normal growth conditions. This 
heterodimeric structure dissociates into its own subunit in response to stimuli, causing the 
MUC1-C to be activated. The cytoplasmic domain (CD) of MUC1-C will be released and 
associate with various proteins including β-catenin and the p65 subunit of NF-ĸB protein to 
mediate intracellular signalling pathway. In this example, MUC1-C fragment, CD interferes 
with the interaction of IꓗBα with the p65 subunit of NF-ĸB and binds to the latter to initiate 
translocation and expression of NF-ĸB-associated genes. Abbreviations: CD: cytoplasmic 
domain; ECD: extracellular domain; PTS: proline, threonine and serine; SEA: sea urchin sperm 
protein enterokinase and agrin; TM: transmembrane. This diagram was drawn by JH Sze based 
on references mentioned in the text (Singh and Hollingsworth, 2006; Ahmad et al., 2009; 
Bafna et al., 2010; Cascio and Finn, 2016). 
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1.5.2.1 Crosstalk between mucin and antioxidants in myeloma cells 

Yin and co-workers have shown that the inhibition of MUC1-C in myeloma cells results in 

increased ROS levels followed by significant downregulation of TP53-induced glycolysis and 

apoptosis regulator (TIGAR) (Yin et al., 2012). TIGAR is a p53 inducible gene that is involved in 

ROS regulation by controlling the sensitivity of p53 and other ROS-associated apoptotic 

signals to ROS levels (Bensaad et al., 2006). The main role of TIGAR includes regulation of 

glycolysis by redirecting glycolytic intermediates to the pentose phosphate pathway (PPP), 

which increases NADPH production. NADPH is then required to reduce oxidised glutathione 

(GSSG) to increase levels of reduced glutathione (GSH), which is important for scavenging free 

ROS (Angelastro et al., 2017). Interestingly, given that NADPH is also a major part of the Trx 

system, no reports have been made to link the possible role that the MUC1 may have on the 

Trx system and vice versa. 

The crosstalk between mucin and antioxidants was first discovered when a MUC1-C inhibitor, 

GO-203, used in treatment of myeloma cells could induce significant cell death (Yin et al., 

2010). The cell death was observed because of downregulation of TIGAR expression, which 

lead to depletion of NADPH and increased ROS levels. It was further discovered that inhibiting 

MUC1-C can also help to re-sensitize bortezomib-resistant myeloma cells and induce ROS-

mediated myeloma cell death (Yin et al., 2014).  

Thus far, the findings that were mentioned above have led to a hypothesis that there could 

potentially be crosstalks between the redox associated proteins and mucins. Since it has been 

shown that the Trx system plays an important role in MM (Raninga et al., 2015; Raninga et al., 

2016a; Raninga et al., 2016b; Zheng et al., 2018; Sze et al., 2020), this project aims to 

investigate a possible interaction or connection between the Trx system and MUC1 in 

myeloma cells.  

 

1.6 Significance and Research Aims 

There has been a marked increase in the number of MM cases and deaths from 1990 to 2016, 

predominantly in middle-income countries as well as in East Asia (Cowan et al., 2018). 

Although cancer statistics have shown that the 5-year survival rate for MM patients from 2011 

– 2015 was about 51% (Australian Institute of Health and Welfare, 2018) due to therapeutic 
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advancements, MM remains an incurable disease, which mainly is due to its tendency to 

become resistant after exposure to the initial drug treatment. For example, the frontline 

therapy for MM, which involves a combination of proteasome inhibitor (bortezomib), 

immunomodulatory drugs (lenalidomide) and corticosteroid (dexamethasone) or VRD, was 

found to be ineffective in relapsed MM patients (Rajkumar, 2016). Another combination 

therapy for MM, VTD (bortezomib, thalidomide, and dexamethasone), which is used for 

treating newly diagnosed and relapsed MM patients prior to stem cell transplantation, has 

showed that at least 38% of the patients achieved near complete or complete response with 

this treatment (Raab et al., 2009). However, there were occurrences of deep vein thrombosis 

in MM patients who were treated with this combination therapy (Singhal  et al., 1999; 

Palumbo and Palladino, 2012; Anderson et al., 2019). Hence, it shows that the current 

therapeutic approach still requires further studies to discover better strategies that can be 

utilised to address the current challenges that are associated with efficacy and side effects 

present with MM treatment. 

As mentioned earlier in this chapter, myeloma cells have been shown to have high basal 

expression of Trx1 and TrxR1 (Raninga et al., 2015; Raninga et al., 2016b). The high expression 

of Trx and TrxR reflects the myeloma cells’ dependency on the Trx system for survival to 

quench the increased oxidative stress, which can be generated as a consequence from not 

only its high metabolic activity but also prolonged exposure to cytotoxic drugs.  Hence, 

targeting the Trx system in myeloma cells represents a plausible therapeutic approach to 

inhibit the cells by increasing further oxidative damage. Auranofin, which was shown to inhibit 

TrxR and induce apoptotic cell death in myeloma cells (Raninga et al., 2015), has been 

reported to display off-target effects by binding non-discriminately to random thiol groups 

(Berners-Price et al., 1986 ; Rackham et al., 2007). To overcome this issue, an alternative gold(I) 

complex [Au(d2pype)2]Cl was developed that displays better lipophilicity, as well as high 

specificity to thiol- and selenol-containing proteins, especially TrxR (McKeage et al., 2000; 

Rackham et al., 2007; Hickey et al., 2008; Rackham et al., 2011).  

Currently, it is not known if the Trx system could influence the progression of MM disease 

related to CAM-DR. As CAM-DR allows a subset of myeloma cells to resist cytotoxic agents 

through its adhesive interactions with BMSCs and/or ECM components and trigger the NF-ĸB 

pathway (which is known to be redox-regulated by Trx), it will be useful to determine the role 
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of the Trx system in connection to CAM-DR in MM. Moreover, it has not been reported 

elsewhere if the aberrant expression of MUC1 in myeloma cells (Kawano et al., 2008; 

Stroopinsky et al., 2016) has connections with the Trx system, since previous studies have 

indicated its indirect involvement in maintaining ROS homeostasis in myeloma cells (Yin et al., 

2014; Yin et al., 2017). Additionally, MUC1 has not been assessed for its role in intercellular 

interaction between myeloma cells and BMSCs. Hence, it is of interest to investigate if MUC1 

could contribute adhesion of myeloma cells to BMSCs and whether it can be influenced by 

the Trx system. 

Since [Au(d2pype)2]Cl has not been tested against myeloma cells, this project aims to evaluate 

the efficacy of targeting the Trx system via TrxR inhibition as a feasible alternative approach 

to be considered in the development of future therapeutic regimen in MM. Additionally, the 

specificity of  [Au(d2pype)2]Cl as a TrxR inhibitor will be further utilised as a tool to investigate 

and understand possible mechanisms, in relation to the Trx system, that may be involved in 

the pathogenesis of this disease. 

The specific aims undertaken in this research are as follows: 

1) To evaluate the anti-myeloma activity of gold(I) phosphine compound,

[Au(d2pype)2]Cl that specifically targets the TrxR in myeloma cells in both in vitro and

in vivo models (Chapter 3).

2) To assess the efficacy of auranofin and [Au(d2pype)2]Cl in overcoming environment

mediated drug resistance that is formed in myeloma cells that are co-cultured with

BMSCs in either normoxic or hypoxic conditions (Chapter 4).

3) To examine the role of the Trx system in connection to CAM-DR, specifically towards

the expression of VLA-4 in myeloma cells (Chapter 5).

4) To examine the role of MUC1 in contributing cell adhesion capabilities of myeloma

cells towards BMSCs and to discover if the Trx system crosstalks with MUC1 in MM

(Chapter 6).
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Chapter 2 
Materials and Methods 
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2.1 Materials  

2.1.1 Cell lines  

Three human myeloma cell lines (JJN3, RPMI8226 and U266) were obtained from Dr. Slavica 

Vuckovic from the QIMR Berghofer Medical Research Institute, Brisbane and have been 

authenticated by Griffith University DNA Sequencing Facility (GUDSF) using the STR profiling 

method. Briefly, JJN3 cells (DSMZ: ACC 541) are a subclone of JJN1, which were derived from 

the bone marrow of a 57-year-old woman with plasma cell leukemia (IgA1ĸ type) (Jackson et 

al., 1989). RPMI8226 (ATCC: CCL-155) and U266 (ATCC: TIB-196) cells were derived from the 

peripheral blood of a 61- and 53- year old male with multiple myeloma of IgGʎ- and IgEʎ- 

secreting type, respectively (Matsuoka et al., 1967; Nilsson et al., 1970). Additionally, the 

RPMI8226-Luc cell line used in this project was obtained from Dr. Slavica Vuckovic and has 

been genetically engineered to harbour the luciferase gene in its genome. The bone marrow 

stromal cell line, HS5 was a kind gift of Prof. Vicky Avery (Griffith University for Drug Discovery 

(GRIDD)), and originates from a healthy 30-year-old male (Roecklein and Torok-Storb, 1995). 

Human peripheral blood mononuclear cells (PBMCs) were collected and isolated from the 

whole blood of healthy individuals under the Griffith University human ethical approval 

number 2014/392.  

 

2.1.2 Oligonucleotides  

 

All oligonucleotides were synthesized by Integrated DNA Technologies (IDT) (Singapore). 

 

Table 2.1 List of oligonucleotides used 

 

Oligonucleotide Sequence Length Tm (oC) Application 

Bcl-xL forward 
5’-CCT AGA GCC TTG GAT CCA 

GGA GAA-3’ 
24 59.7 RT-qPCR 

Bcl-xL reverse 
5’-GGT TGA AGC GTT CCT GGC 

CCT TT-3’ 
23 62.3 RT-qPCR 

Cyclin D1 forward 
5’-CGC CCT CGG TGT CCT ACT TCA 

A-3’ 
22 61 RT-qPCR 



  CHAPTER 2 

33 
 

Cyclin D1 reverse 
5’-CTG CAG GCG GCT CTT TTT CA-

3’ 
20 58.6 RT-qPCR 

L32 forward 
5’-CAG GGT TCG TAG AAG ATT 

CAA GGG-3’ 
24 57 RT-qPCR 

L32 reverse 
5’-CTT GGA GGA AAA CAT TGT 

GAG CGA TC-3’ 
26 58 RT-qPCR 

MUC1 forward 
5’-CCT ACC ATC CTA TGA GCG AGT 

A-3’ 
22 58.3 RT-qPCR 

MUC1 reverse 
5’-CTG CTG GGT TTG TGT AAG AG-

3’ 
20 56.4 RT-qPCR 

p65 NF-ĸB forward 5’-ACC GCT GCA TCC ACA GTT-3’ 18 57.5 RT-qPCR 

p65 NF-ĸB reverse 
5’-GGA TGC GCT GAC TGA TAG C-

3’ 
19 55.9 RT-qPCR 

Survivin forward 
5’-ACC ACC GCA TCT CTA CAT TCA 

AGA ACT-3’ 
25 59.7 RT-qPCR 

Survivin reverse 
5’-TCC CAG CCT TCC AGC TCC TT-

3’  
20 61 RT-qPCR 

VLA-4 forward 
5’-GAC ACT GAG AGC GCG CTG 

CTT T-3’ 
22 65 RT-qPCR 

VLA-4 reverse 
5’-CCC GGG ATT GAT CAC TGA  

AGC GTT-3’  
25 64 RT-qPCR 

     

 

2.1.3 Antibodies 

 

Table 2.2 List of antibodies 

Antibodies Description Use Source 

β-actin 

Anti-beta actin 

monoclonal antibody 

raised in mouse 

Western Blot 
Santa Cruz 

(sc-69879) 
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Goat anti-mouse IgG HRP 

conjugated 

Secondary antibody 

raised in goat against 

mouse 

Western Blot 
BioRad 

(170-6516) 

Goat anti-rabbit IgG-HRP 

conjugated 

Secondary antibody 

raised in goat against    

rabbit 

Western Blot 

 

BioRad 

(170-6515) 

 

ƳH2AX Anti-phospho-Histone 

H2A.X (Ser139) 

monoclonal antibody 

raised in mouse 

Western Blot 

Millipore 

(05-636) 

HSP90 

Anti-HSP90 

monoclonal antibody 

raised in mouse 

Western Blot Santa Cruz  

(4F10) 

(sc-69703) 

Mucin1 (MUC1) 

Anti-MUC1 

monoclonal antibody 

raised in mouse 

Western Blot 

Cell Signalling 

Technology (CST) 

(4538) 

MYC 

Anti-c-Myc 

monoclonal antibody 

raised in rabbit 

Western Blot 

Cell Signalling 

Technology (CST) 

(5605S) 

p65 NF-ĸB 

Anti-NF-кB p65 

monoclonal antibody 

raised in mouse 

Western Blot 
Santa Cruz 

(sc-514451) 

PARP1 

Anti-PARP1 polyclonal 

antibody raised in 

rabbit 

Western Blot 

Cell Signalling 

Technology (CST) 

(9542S) 

Thioredoxin reductase 1 

(TrxR1) 

Anti-TrxR1 

monoclonal antibody 

raised in mouse 

Western Blot 
Santa Cruz 

(sc-28321) 
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Vinculin 

Anti-vinculin 

monoclonal antibody 

raised in rabbit 

Western Blot 

Cell Signalling 

Technology (CST) 

 (13901) 

Integrin alpha 4 (VLA-4) 

Anti-VLA4 monoclonal 

antibody raised in 

mouse 

Western Blot 
Santa Cruz 

(sc-365569) 

2.1.4 Chemicals and Reagents 

Table 2.3 List of chemicals and reagents 

Reagents Supplier 

Protease inhibitor cocktail AG Scientific Inc, CA, USA 

DC Protein Assay kit, Tween 20, 

Polyvinylidene fluoride (PVDF), 

Ammonium Persulphate 

Bio-Rad, CA, USA 

TRIsure RNA extraction kit, 

SensiFAST SYBR® No-ROX One-Step Kit 
Bioline, NSW, Australia 

Fetal bovine serum (FBS) Bovogen Biologicals, Australia 

Ac-DEVD-AMC, Auranofin, bortezomib, D-

luciferin potassium salt 
Cayman Chemical Company, MI, USA 

Sodium chloride (NaCl), 

HEPES 
Chem Supply, MI, USA 

Penicillin/Streptomycin, RPMI-1640 Life Technologies, CA, USA 

Ethanol, Methanol, Hydrochloric acid 

(HCl), Isopropanol, 
Merck, VIC, Australia 
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Potassium phosphate (KPi) 

Sodium dodecyl sulphate (SDS), 

Tris (hydroxymethyl) aminomethane (Tris), 

Trypan blue 0.4% solution, 

Glutathione disulfide (GSSG) 

MP biomedicals, VIC, Australia 

Ficoll-Paque 
Pharmacia LKB Biotechnology AB Uppsala, 

Sweden 

GoScript™ Reverse Transcription System 

(master mix with random primers) 
Promega, NSW, Australia 

GO201 MUC1 inhibitor 

3-(4,5-Dimethylthiazol-2-yl)-2,5-

Diphenyltetrazolium Bromide (MTT), 

Bovine serum albumin (BSA), 

Bis-Acrylamide, 

Dimethyl sulfoxide (DMSO), 

Nicotinamide adenine dinucleotide 

phosphate (NADPH), 

Dithiothreitol (DTT), 

3-(dimethylamino)-propionitrile (DMAPN), 

5,5-dithio-bis-(2-nitrobenzoic acid) 

(DTNB), 

NP-40, 

Phenylmethylsulfonyl fluoride (PMSF), 

Chloroform, 

Sigma Chemicals, NSW, Australia 
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40% Acrylamide and 1.3% Bis-acrylamide, 

Sucrose, Chloroform, 

Sodium selenite (Na2SeO3), 

Buthionine sulfoximine (BSO) 

 

1.4% methylcellulose R&D systems, MN, USA 

Ethylenediaminetetraacetic acid (EDTA) Univar, NSW, Australia 

 

2.1.5 Solutions 

 

Table 2.4 List of solutions  

Solution Composition Use 

1.25X TrxR Assay 

buffer 

125 mM KPi pH 7.5;  

2.5 mM EDTA;  

0.25 mM NADPH;  

3.125 mM DTNB  

Measuring thioredoxin 

reductase activity in cellular 

lysates 

2.5% TBS/Blotto 

2.5 g Dutch jug milk 

powder; 

20 mM Tris-Cl, pH 7.5; 

137 mM NaCl 

Blocking non-specific protein 

binding sites for western blots 

5% BSA in TBS 
5 g BSA; 

20 mM Tris-Cl, pH 7.5; 

Solution for antibodies in 

western blot analysis 
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137 mM NaCl 

0.05% sodium azide 

Caspase-3 buffer 

5 mM DTT; 

100 mM HEPES, pH 7.5; 

10% (w/v) Sucrose; 

0.1% NP-40; 

50 μM Ac-DEVD-AMC 

Measuring Caspase-3 activity 

for apoptosis assays 

Cell freezing media 
90% (v/v) FBS; 10% (v/v) 

DMSO 
Freezing cells 

Clonogenic activity 

assay buffer 

RPMI 1640 media; 

1.4% Methycellulose; 

25% (v/v) FBS; 

100 U/ml penicillin; 

100 μg/ml streptomycin; 

1% (w/v) BSA 

Measuring clonogenic activity 

of the cells 

NP-40 extraction 

buffer 

150 mM NaCl; 

50 mM Tris-HCl, pH 8; 

0.5% Nonidet P-40; 

0.5 mM EDTA; 

2 mM PMSF; 

1 μl/ml Protease Inhibitor 

Cocktail VI 

Extracting protein from cells 
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Sample buffer 

0.1 M KPi; 

20 mM EDTA; 

0.1 mg/ml BSA 

Thioredoxin reductase activity 

assays 

SDS-PAGE 5 X 

sample buffer 

40% (v/v) glycerol; 

5% (w/v) SDS; 

0.25M Tris-Cl, pH 6.8; 

50mM DTT 

Loading protein samples onto 

SDS-PAGE gels 

SDS-PAGE running 

buffer 

25mM Tris-Cl; 

192mM Glycine; 

0.1% (v/v) SDS 

For running SDS-PAGE gels 

Tris-buffered saline 

(TBS)-Tween 

20 mM Tris-HCl, pH 7.5; 

137 mM NaCl; 

0.05% Tween-20; 

Washing PVDF membrane in 

western blot analysis 

Western blot 

transfer buffer 

25 mM Tris-Cl; 

192 mM Glycine; 

10% (v/v) or 20% (v/v) 

Methanol (HPLC grade) 

Western blot 
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2.1.6 Small interfering RNAs (siRNAs)  

 

Table 2.5 List of siRNAs 

siRNA Use Source 

MUC1-specific 

siRNAs 

 siMUC1 (1) 

 siMUC1 (2) 

 siMUC1 (3) 

To knockdown MUC1 gene 

expression 

Integrated DNA Technologies 

(TriFECTa DsiRNA Kit 

hs.Ri.MUC1.13) 

TrxR1-specific 

siRNAs 

To knockdown TrxR1 gene 

expression 
Santa Cruz (sc-36750) 

Control/scrambled 

siRNAs 

To use as a negative 

control 

For MUC1 siRNA kit: 

Integrated DNA Technologies 

(TriFECTa DsiRNA Kit 

hs.Ri.MUC1.13) 

 

For TrxR1 siRNA kit: 

Santa Cruz (sc-37007) 

 

2.2 Methods  

2.2.1 Cell culture  

Cell culture procedures were conducted in a Class II Biohazard Laminar Air Flow hood. Cell 

counting, centrifugation as well as preparation of cell lysates for protein and activity assays 

were prepared outside of the hood. 
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2.2.1.1 Culturing multiple myeloma cell lines and normal PBMCs  

Myeloma cell lines RPMI8226, U266 and JJN3 as well as the bone marrow stromal cells (HS5) 

were cultured in a complete growth media comprised of Roswell Park Memorial Institute 

1640 (RPMI1640) media (Gibco), 10% (v/v) fetal bovine serum (FBS) (Bovagen), 200 mM L-

glutamine with 100 U/ml penicillin and 100 μg/ml streptomycin (Invitrogen). Cells were 

maintained at the density of 0.5 X 106 cells/ml in a T-75 cm2 flask and were passaged every 2 

days. A new batch of cell line was brought up from liquid nitrogen stocks whenever the 

previous cell batch has been passaged for more than 2 months in culture. 

 

 

2.2.1.2 Thawing cells from liquid nitrogen stocks 

Cryo-tubes containing cell lines from frozen stocks were placed in a 37oC water bath until cells 

were half-thawed. The thawed cells were then transferred to a 10 ml tube containing 8 ml of 

pre-warmed RPMI1640 complete growth media. The tube was gently flicked to mix the 

thawed cells with the media before centrifuge at 265 X g for 5 minutes. The cell pellet was 

resuspended in 5 ml of complete growth media and transferred to a T-25 cm2 flask. The cells 

were then incubated at 37oC/5% CO2 until they reached the confluency of 70-80% before they 

are placed into a bigger T-75 cm2 flask. 

 

 

2.2.1.3 Freezing down cells for long-term storage 

Cells were counted and centrifuged at 265 X g for 5 minutes to remove media. The cell pellet 

was resuspended in freezing media (90% FBS, 10% DMSO) at the density of 3 X 106 cells/ml. 

Then 1 ml of cell suspension was transferred to a sterile cryo-tube before putting into a 

Styrofoam container and stored in -80oC freezer overnight. The cryo-tubes were then placed 

in a liquid nitrogen dewar for long-term storage.  

 

 

2.2.1.4 Culturing of normal peripheral blood mononuclear cells (PBMCs) 

PBMCs were isolated from the whole blood of healthy donors by using the Ficoll-Paque 

method. Briefly, 5 ml of blood were diluted with 10 ml of 1X PBS containing 2 mM EDTA. This 

diluted blood sample was carefully layered on top of the 5 ml Ficoll-Paque in a 50 ml Falcon 
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tube. The sample was then centrifuged at 400 X g for 40 minutes at 20oC in a swinging bucket 

rotor without having brakes applied to the centrifugation process. Three separate layers were 

observed at the end of this step with the top, middle and bottom layer consist of serum 

plasma, PBMCs and red blood cells, respectively. The PBMCs in the middle layer were carefully 

aspirated by using a plastic transfer pipette before transferred to a new 50 ml Falcon tube. 

Following this, 30 ml of 1X PBS containing 2 mM EDTA buffer was added to the Falcon tube 

containing PBMCs and centrifuged at 300 X g for 10 minutes. The pelleted PBMCs were then 

resuspended in 15 ml of RPMI media (containing 10% (v/v) fetal bovine serum (FBS) and 200 

mM L-glutamine, without antibiotics). Appropriate experiments were performed on the 

following day and any remaining PBMCs in culture were discarded 48 hours after isolation. 

 

 

2.2.1.5 Culturing of cells under hypoxic conditions  

HS5 bone marrow stromal cells and myeloma cells were cultured in 96 well plates and 

transferred into a C-Chamber hypoxic growth chamber attached to the Proox model C21 

controller (Biospherix, NY, USA) that maintains hypoxic condition (1% oxygen) by replacing 

oxygen with nitrogen gas at 37°C, 5% CO2. These cells were then incubated under this hypoxic 

environment for at least 24 hours before use in any subsequent hypoxic experiment. 

 

2.2.1.6 Cell counting  

Cells were thoroughly mixed in the flask by pipetting in order to create a homogenous cell 

suspension prior to cell counting. Following this, 10 μl of the cell suspension were transferred 

into a 0.5 ml tube before mixing with 10 μl of Trypan Blue 0.4% solution (MP Biomedical). A 

glass coverslip was placed on top of the Neubauer haemocytometer counting chamber. Then 

10 μl of the cell suspension and trypan blue dye mixture was applied to the chamber 

underneath the coverslip and allow the capillary action assisted the cell mixture to flow into 

the spaces between the coverslip and the haemocytometer. Once the mixture has covered 

over the chamber, three sets of 16 squares (2 corners and 1 in the middle) of the grid were 

used to count the cells. When viewed under the microscope, cells that excluded the dye were 

counted as viable cells. 
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The formula that was used to calculate the number of cells/ml: 

 

      Cells/ml = (Total cell count/3) X 2 X 104 

 

 

2.2.1.7 Establishment of bortezomib-resistant cell lines 

Bortezomib-resistant myeloma cell lines (RPMI8226-BR and U266-BR) were generated from 

parental cell lines (RPMI8226 and U266) by gradual exposure of the cells to increasing doses 

of bortezomib (from 1 nM to 40 nM) for 3 months. Briefly, cells were cultured in an alternate 

set up of low drug concentration for 1 week followed by 1 week in a drug-free medium for 

stabilization. These cells were then gradually exposed in stepwise increments of bortezomib 

followed by re-stabilization in a drug-free media. Once established the resistant cells were 

expanded in a drug-free medium and tested for drug resistance before any further studies 

were conducted. 

 

 

2.2.1.8 Preparation of drug dilutions 

Gold compound, [Au(d2pype)2]Cl was dissolved in 100% ethanol to a stock concentration of 

8.2 mM while auranofin and bortezomib were dissolved in DMSO to a stock concentration of 

10 mM. GO201 was dissolved in pure H2O to a final stock concentration of 310 µM. All drugs 

were then diluted to required working concentrations in either 1X PBS or phenol red-free 

RPMI1640 media before use in experiments. The final DMSO and ethanol concentration in 

each sample after addition of the appropriate drug did not exceed 0.4%. For all the drug-

based assays, 0.4% DMSO or ethanol was added to untreated samples, which served as a 

vehicle control in each experiment.  

 

 

2.2.2 Cell adhesion assays 

Cell adhesion assays involved the co-culture of HS5 bone marrow stromal cells with myeloma 

cell lines. Methods for setting up this assay may vary depending on the purpose of the 

experiment. 
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2.2.2.1 Coating of HS5 cells  

The number of HS5 cells required for coating depends on the format of the tissue culture 

plate used. HS5 cells, which have been cultured in a T-75 cm2 flask, were harvested when 

confluency reached 80-90%. The medium was removed, and cells were washed once with 

1X PBS before 800 µl of trypsin was added to cover the stromal layer on the flask and 

incubated at 37oC, 5% CO2 for 2-3 minutes for cells to detach. About 7 ml of RPMI1640 

complete growth media was added to rinse the stromal cells from the flask and then 

transferred to a 10 ml tube. At this stage, 10 µl of the HS5 cell suspension was taken out for 

cell counting (as described in 2.2.1.6) before deciding the required number of cells needed 

to coat the plates prior to co-culture experiments. 

 

Table 2.6 Number of HS5 cells used to coat tissue culture plates 

Tissue Culture Plate Format Number of Cells ( X 104 ) Per Well 

96 well 2 

24 well 30 

6 well 40 

Petri Dish (40mm diameter) 90 

 

These HS5 cells were coated on the plates overnight at 37oC, 5% CO2 before myeloma cells 

were seeded over the stromal cell layer on the following day depending on the experiments. 

 

2.2.2.2 Co-culture assays  

After overnight incubation, the medium was removed from HS5 stromal cells. Following this, 

myeloma cells, which have already been counted, were washed and resuspended in phenol 

red-free RPMI1640 growth medium before seeded over the stromal cell layer and left 

incubated at 37oC, 5% CO2 for at least 4 hours or up to overnight (depending on the type of 

experiment) to allow myeloma cells to interact and adhere to HS5 stromal cells prior to any 

appropriate treatment. 
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Table 2.7 Number of myeloma cells that were seeded over HS5-coated tissue culture 
plates 

Tissue Culture Plate Format Number of Cells ( X 104 ) Per Well 

96 well 2.5 

24 well 50 

6 well 90 

Petri Dish (40mm diameter) 200 

 

 

2.2.2.2.1 Co-culture MTT assay 

HS5 cells were seeded (2.0 x 104 cells/well) onto a clear-bottom clear-wall 96-well plate 

(Corning) at 37oC, 5% CO2 and left overnight to adhere. One set of duplicates was used for co-

culturing with myeloma cells while the second set consists of only HS5 cells. On the following 

day, myeloma cells (2.5 X 104 cells/well) were added to the HS5 coated wells and allowed to 

adhere and interact with HS5 cells for at least 4 hours. A second set of myeloma cells was also 

seeded concurrently but without mixing with HS5 cells. An overview set up of this experiment 

was summarised in a diagram as shown in Figure 2.1.  

Following adhesion, cells were treated with specified concentrations of drug for 24 hours at 

37oC, 5% CO2 before proceeding to MTT assay. After cells were treated with appropriate 

inhibitors for 24 hours, 10 μl of 5 mg/ml MTT was added to each well and incubated for 

another 3 hours at 37oC, 5% CO2. After 3 hours, 25 μl of 20% SDS (w/v) in 0.01 M HCL was 

added to each well before incubation at 37oC,5% CO2 overnight. Absorbance was measured 

on the following day at 570 nm using the FLUOstar Omega plate reader (BMG Labtech, 

Germany). The specific MTT readings for cell viability of the attached myeloma cells only (A) 

were obtained by subtracting the HS5 readings (B) from the co-culture readings (AB). These 

readings were then used to compare with the readings corresponding to their non-attached 

counterparts (C).  
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Figure 2.1 Co-culture MTT proliferation assay set up. 

Reading for “attached” myeloma cells was calculated as follows: 

A = attached myeloma cell 

B = HS5 cell 

AB = myeloma cell attached to HS5 cell 

2.2.2.2.2 Co-culture luciferase assay 

This method was used to investigate the effect of either drug treatment or siRNA silencing of 

TrxR1 and MUC1 towards the adhesion properties of myeloma cells that were attached to 

HS5 stromal cells.  

HS5 cells were seeded (2.0 x 104 cells/well) onto a clear-bottom white-walled 96-well plate 

(Corning) at 37oC, 5% CO2 and left overnight to adhere. For a drug treatment experiment, 

luciferase expressing RPMI8226 cells (2.5 X 104 cells/well) were seeded to the HS5 coated 

wells and allowed to adhere and interact with HS5 cells for at least 4 hours. These cells were 

then treated with specified concentrations of drug before incubation for 24 hours at 37oC, 5% 

CO2. For siRNA silencing experiments, the siRNA transfected, luciferase expressing RPMI8226 

cells were seeded over the HS5 stromal layer and incubated for 24 hours at 37oC, 5% CO2.  

Blank Drug 
conc. 1

Drug 
conc. 2

Drug 
conc. 3

Drug 
conc. 4

Drug 
conc. 5

Drug 
conc. 6

Drug 
conc. 7

AB1 AB2 AB3 AB4 AB5 AB6 AB7 Myeloma 
cells + 
HS5 

(AB) 
AB1 AB2 AB3 AB4 AB5 AB6 AB7

B1 B2 B3 B4 B5 B6 B7 HS5 cells 
only 

(B) B1 B2 B3 B4 B5 B6 B7

C1 C2 C3 C4 C5 C6 C7 Myeloma 
cells only 

(C) C1 C2 C3 C4 C5 C6 C7

A + B = AB 

A = AB - B 
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On the following day, non-attached RPMI8226 cells were removed from the co-culture 

followed by gentle wash with 1 X PBS. Once PBS was removed, 1 X D-luciferin was added over 

the attached myeloma cells and left at 37oC for 20 minutes. The bioluminescent signal, which 

represents the myeloma cells that remained attached to the HS5 stromal cells after treatment 

and washes, was read on a FLUOstar Omega plate reader (BMG Labtech) followed by analysis 

with the MARS software. 

 

 

2.2.2.2.3 Co-culture set up for protein expression studies 

HS5 cells were seeded (40 x 104 cells/well) onto a 6-well plate (Corning) at 37oC, 5% CO2 and 

left overnight to adhere. Myeloma cells (90 X 104 cells/well) were then seeded onto the HS5 

coated wells and allowed to adhere and interact with HS5 cells for 4 hours at 37oC, 5% CO2. 

Medium containing non-attached myeloma cells were then removed while the remaining 

attached myeloma cells and HS5 BMSCs were re-supplemented with pre-warmed RPMI1640 

growth media before treated with specified concentration of inhibitors for 24 hours at 37oC, 

5% CO2. On the following day, the medium was removed and a gentle wash with 1 X PBS was 

used to detach and harvest the treated, attached myeloma cells from HS5 stromal cells while 

leaving the monolayer undisturbed. After harvesting the attached cells, the cells were spun 

down before resuspended with 50 µl of NP-40 extraction buffer to prepare whole cell lysates 

for western blot analysis. 

 

 

 

2.2.2.2.4 Co-culture set up for gene expression studies 

HS5 cells were seeded (30 x 104 cells/well) onto a 24-well plate (Corning) at 37oC, 5% CO2 and 

left overnight to adhere. To analyse gene expression changes in a co-culture assay, myeloma 

cells (50 X 104 cells/well) were seeded onto the HS5 coated wells and allowed to adhere and 

interact with HS5 cells for 24 hours at 37oC, 5% CO2. However, when the experiment involved 

treatment on the co-culture assays, myeloma cells were firstly seeded onto the HS5 coated 

wells and allowed to adhere for at least 4 hours. The non-attached myeloma cells were then 

removed and the co-culture was re-supplemented with pre-warmed RPMI1640 growth 

medium before treated with specified concentration of drug for 24 hours at 37oC, 5% CO2. On 
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the following day, medium was removed and 1 X PBS was used to gently wash and detach the 

adhered myeloma cells from HS5 cells. The detached myeloma cells were transferred to a 1.5 

ml Eppendorf tube and centrifuged at 16,162 X g for 1 minute to remove supernatant before 

processed for RNA extraction. 

 

 

2.2.3 Protein methods 

2.2.3.1 Preparation of whole cell lysates 

This method was used to prepare whole cell lysate extracts from cells. About 1 X 106 of treated 

cells (per well) were harvested from a 6-well tissue culture plate and washed twice with 1 X 

PBS before centrifugation at 16,162 X g for 1 minute. The supernatant was removed, and the 

cell pellets were resuspended in 50 μl of ice-cold NP-40 extraction buffer and incubated on 

ice for at least 30 minutes. The cell lysates were then centrifuged at 16,162 X g for 5 minutes 

before transferring the supernatant into a fresh Eppendorf tube. These extracts were either 

used immediately or stored at -20°C until required. 

 

 

2.2.3.2 Protein estimation 

The protein concentration in the whole cell lysate extracts was determined by using the 

BioRad DC protein assay kit (BioRad, CA, USA). Bovine serum albumin (BSA) was used as a 

standard. Firstly, 10 mg/ml of BSA solution was serially diluted with H2O to make up 2 mg/ml, 

1 mg/ml, 0.5 mg/ml, 0.25 mg/ml, and 0.125 mg/ml of BSA on a 96 well plate. Then, 10µl of 

each BSA dilution were transferred to appropriate wells in triplicate to obtain a standard 

curve. The cell extracts were also diluted by 1/20 followed transferring of 10 µl of the diluted 

cell extracts to their allocated wells in triplicate. Following this, DC Protein assay reagent 

mixture was prepared by mixing 20 μl of Reagent S with 1 ml of Reagent A. Then 25 μl of this 

mixture was added to each well containing BSA serial dilutions and the diluted cell extract 

samples. After that, 200 μl of DC Protein assay reagent B were added to all of the wells 

containing BSA dilutions and cell extracts. The plate was mixed in the SpectraMax M3 plate 

reader (Molecular Devices) for 5 minutes and then left in the dark for another 5 minutes 

before the absorbance was measured at 750 nm. The protein concentration of the extracted 
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samples were calculated using the BSA standard curve via the SOFTmax Pro 2.6 software (Bio-

strategy).  

2.2.3.3 Sodium Dodecyl Sulphate – Polyacrylamide Gel Electrophoresis (SDS-PAGE) 

SDS-PAGE analysis was carried out using either 8% or 10% of acrylamide resolving gel 

(depending on the size of the protein of interest) and 4% acrylamide stacking gel. These gels 

were prepared using the volumes and solutions specified in Table 2.8. 

Table 2.8 SDS-PAGE gel preparation 

Reagents 8% separating 

gel 

10% separating 

gel 

4% stacking 

gel 

40% (w/v) Acrylamide 

1.3% (w/v) Bis-acrylamide 

2.0 ml 2.5 ml 0.25 ml 

0.75 M Tris, pH 8.8 5 ml 5 ml - 

0.5 M Tris, pH 6.8 - - 0.6 ml 

H2O 2.85 ml 2.35 ml 1.6 ml 

10% (w/v) SDS 0.1 ml 0.1 ml 0.025 ml 

DMAPN 0.0125 ml 0.0125 ml 0.015 ml 

30% (w/v) Ammonium 

persulphate (APS) 

0.0375 ml 0.0375 ml 0.008 ml 

The protein concentration of each lysate was determined (as described in section 2.2.3.2) 

before equal amounts of protein were mixed with 5 X SDS sample buffer (Table 2.4) containing 

0.1% (w/v) bromophenol blue. The lysate and sample buffer mixtures were boiled at 100oC 

for 4 minutes prior to loading onto the SDS gels. Pre-stained molecular weight markers 

(BioRad’s Precision Plus Protein™ Standards) were also loaded alongside the other samples 
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on the gel to confirm the sizes of the protein. The gels were electrophoresed in SDS-PAGE 

Tris-Glycine running buffer (Table 2.4) for 55 minutes at a constant voltage of 190 V. 

2.2.3.4 Western blotting 

After SDS-PAGE electrophoresis, the resolving gel containing the separated protein samples 

was carefully removed from the glass plates and transferred into a plastic tray containing ice-

cold western blot transfer buffer (Table 2.4) for equilibration. Fibre pads and 3 mm Whatman 

chromatography filter papers, which are needed to prepare the transfer sandwich set up, 

were also equilibrated in the ice-cold western blot buffer. Following this, a polyvinylidene 

difluoride (PVDF) membrane was activated by soaking in absolute HPLC grade methanol for 

20 seconds, milliQ H2O for 2 minutes and in ice-cold transfer buffer for 4 minutes. The gel 

sandwich was set up in the following order: cathode, soaked fibre pad, chromatography filter 

paper, gel, PVDF membrane, chromatography filter paper, soaked fibre pad, and anode. This 

assembly was placed in a tank chamber with an ice brick and a magnetic stirrer before filling 

up with ice-cold transfer buffer. The transfer reaction was run at either constant voltage of 

20 V with constant stirring overnight in 4oC cold room for the transfer of large protein with 

size of ~250 kDa, or 100 V for 60 minutes for transfer of protein with size less than 80 kDa. 

When the transfer was completed, the membrane was transferred to 2.5% (w/v) TBS/Blotto 

(Table 2.4) on a shaker for 20 minutes at room temperature for blocking and then transferred 

to 5% BSA in TBS (Table 2.4), which contained the primary antibodies (Table 2.2), on a rocker 

at 4°C, overnight. Following this, the membrane was washed 3 times (5 minutes each) on a 

shaker with TBS/Tween (Table 2.4) before transferring into 2.5% TBS/Blotto, which contained 

HRP-conjugated secondary antibodies (Table 2.2), on a shaker for 1-2 hours. At the end of this 

incubation step, the membrane was washed again three times for 5 minutes on a shaker with 

TBS/Tween before developing the blot. 

2.2.3.5 Development of blots 

The blots were developed using the AmershamTM ECL Western Blotting Analysis System kit 

(GE Healthcare) as per manufacturer’s instructions. Briefly, the two reagents provided in the 

kit were mixed in a 1:1 ratio before applying onto the washed PVDF membrane. The 
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membrane, which was fully covered with the reagent mixture, was then visualised by using 

the Fujifilm LAS-3000 developing machine. 

 

 

2.2.4 MTT proliferation assay 

Myeloma cell lines including JJN3, RPMI8226 and U266, the bone marrow stromal cell line, 

HS5 as well as normal control PBMCs (1.0 X 106 cells per well in a 6-well plate format) were 

treated with appropriate drugs/inhibitors for either 24 or 48 hours at 37oC/5% CO2. Following 

this, about 100 μl of cell suspension for each treated group was transferred to a clear bottom 

clear-wall 96-well plate in triplicate while the complete growth media (without cells) was used 

as a blank. Then, 10 μl of 5 mg/ml 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium 

bromide (MTT) was added to each well before incubating for at least 2 hours at 37oC/5% CO2. 

After that about 25 μl of 20% SDS (w/v) in 0.01 M HCL was added to the MTT-filled wells 

followed by another incubation at 37oC/5% CO2 overnight. The absorbance was measured at 

570 nm on the following day using the FLUOstar Omega plate reader (BMG Labtech, Germany). 

 

  

2.2.5 Resazurin cell viability assay 

CellTiter-Blue® Cell Viability Assays (Promega) were used to measure cell viability as per 

manufacturer’s instructions. Myeloma cell lines including JJN3, RPMI8226 and U266, bone 

marrow stromal cell line, HS5 as well as normal control PBMCs (1.0 X 106 cells per well inf a 

6-well plate format) were treated with appropriate drugs/compounds for either 24, 48 or 72 

hours at 37oC/5% CO2. Following this, about 100 μl of cell suspension for each treated group 

was transferred to a clear bottom black-wall 96-well plate in triplicate while the complete 

growth media (without cells) was used as blank. Following this, about 5 μl of the resazurin 

reagent was added to each well and the plate was mixed by gentle tapping with the hand for 

about 10 seconds before incubating for 2 hours at 37oC/5% CO2. The total fluorescence signal 

was measured at Ex560/Em590 wavelengths by using the SpectraMax M3 plate reader.  
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2.2.6 Trypan blue exclusion assay 

Trypan blue exclusion assays were used to measure the cell viability of myeloma cells after 

transfected with siRNA. Briefly, 10 µl of un-transfected or transfected cells were collected in 

a fresh 0.5 ml tube before mixing with 10 μl of Trypan Blue 0.4% solution (MP Biomedical). 

The viable cells (which exclude the dye) were counted using the Neubauer haemocytometer 

chamber as described in section 2.2.1.6. 

2.2.7 Caspase-3 activity assay 

Treated and untreated myeloma cell lines were analysed for caspase-3 activity as an indicator 

of apoptosis by using Ac-DEVD-AMC (Cayman Chemical, USA), which is a caspase-3 substrate. 

Briefly, myeloma cells (0.5 X 106 cells per well of 24-well plate format) were treated with 

appropriate inhibitors for 24 hours at 37oC/5% CO2. Cells were then collected and centrifuged 

at 16,162 X g for 1 minute before washing with 1 X PBS. Next, washed cells were pelleted and 

resuspended with 15 µl of 1 X PBS followed by transferring to a clear bottom black-walled 96-

well plate. Then 85 µl of caspase assay buffer (Table 2.4) were added to each of the samples 

and incubated for 15 minutes at 37°C.  After incubation, the amount of 7-amino-4-

methylcoumarin (AMC) cleaved by the presence of caspase-3 in the cells was determined by 

measuring the fluorescence at Ex370/Em445 wavelengths using the SpectraMax M3 plate 

reader. Data were analysed using the SoftMax Pro software. 

2.2.8 Thioredoxin reductase (TrxR) activity assay (Smith and Levander, 2002) 

Myeloma cell lines (1 X 106 cells per well in 6-well plate format), that had been treated with 

either [Au(d2pype)2]Cl, siRNA transfection or GO201 MUC1 inhibitor for appropriate amount 

of time at 37oC/5% CO2, were lysed with NP-40 extraction buffer (Table 2.4). The whole cell 

lysates were then extracted (2.2.3.1) before the concentrations were quantified using the 

BioRad DC protein assay kit (2.2.3.2). Following this, half of the cell lysate samples were 

treated with 8 µM auranofin for 30 minutes at room temperature to omit other non-TrxR-

specific DTNB reduction. During the incubation period, a fresh 96-well plate was set up by 

having 25 µl of sample buffer (Table 2.4) added to each well. After that, 15 µl of the auranofin-

treated and untreated samples were added to the sample buffer while the NP-40 extraction 
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buffer was added in one of the sample buffers as blank. The TrxR activity was obtained after 

adding 200µl of TrxR assay buffer containing 125 mM potassium phosphate pH 7.5, 2.5 mM 

EDTA, 0.25 mM NADPH, and 3.125 mM DTNB (Table 2.4) to each well. The production of 

trinitrobenzoic acid (TNB) from DTNB in the reaction mixture was measured by following an 

increase in absorbance at 412 nm for 10 minutes at every 30 second interval using the 

SpectraMax M3 plate reader. The reaction rates obtained in the auranofin-treated samples 

were subtracted from the reaction rates obtained in the untreated samples to give the final 

corrected TrxR rates. Following this, units of TrxR activity (μmoles of TNB produced/minute) 

were calculated using an extinction coefficient of 13.6 X 103 M-1 of TNB at 412 nm.  

 

 

The specific thioredoxin reductase activity was determined using the following equation: 

 

Specific activity (U/mg) = Units of activity (U/ml) / total protein concentration (mg/ml) 

 

 

2.2.9 Intracellular ROS measurement assay (adapted from Rushworth et al. 2008) 

A redox sensitive cell permeable dye, H2DCFDA (2’,7’-dichlorodihydrofluorescein diacetate) 

was used to determine cellular ROS generation in myeloma cells as described by Rushworth 

et al. (2008) with slight modifications. Briefly, 0.5 X 106 of treated or untreated myeloma cells 

were washed with 1 X PBS and incubated with 10 μM H2DCFDA (Molecular probes, CA, USA) 

for 30 minutes at 37oC/5% CO2. Cells were then transferred to a clear bottom black-walled 

96-well plate in triplicate and assessed for H2DCFDA oxidation by using the FLUOstar Optima 

plate reader to measure the fluorescence signal at Ex495/Em515 wavelengths. The fluorescence 

intensity measured from the oxidation of H2DCFDA by ROS represents the amount of 

intracellular ROS generation. These values were normalized to the corresponding protein 

content to obtain relative ROS levels. 
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2.2.10 Methylcellulose clonogenic assay 

Myeloma cell lines were treated with auranofin and [Au(d2pype)2]Cl (0.5 X 106 cells per well 

in 24-well plate format) for 24 hours at 37oC/5% CO2. Following the treatment, cells were 

washed with 1 X PBS before resuspending in RPMI1640 media containing 1.4% 

methylcellulose (R&D systems), 25% (v/v) FBS, 100 U/ml penicillin, 100 μg/ml streptomycin, 

and 1% (w/v) BSA (Table 2.4). The cell mixture was then plated at a density of 1000 cells/ml 

in 24-wells plate and incubated at 37oC, 5% CO2 for 9-15 days. Colonies (>50 cells per colony) 

formed were observed by staining with 0.5 mg/ml of MTT (Sigma) and left for 3 hours before 

being counted using an inverted light microscope (Nikon Eclipse TS100). 

2.2.11 Transient transfections with siRNAs 

RPMI8226 cells were seeded at a density of 0.3 X 106 cells/ml 24 hours prior to transfection 

to ensure cells are in an exponential phase for optimum transfection efficiency. On the 

following day, 2 X 106 cells per sample were collected and centrifuged at 265 X g for 5 minutes 

before the pelleted cells are washed in transfection media (RPMI1640 media without 

antibiotics and FBS) to remove residual serum from the cells. After washing, cells were 

centrifuged at 265 X g for 5 minutes and resuspended in 100 µl of transfection media. Next, a 

final concentration of 10 nM siRNAs (target specific siRNAs and control siRNAs) (IDT and Santa 

Cruz Biotechnology) was added to each of the 100 µl samples and incubated for 5 minutes at 

room temperature. The cell samples with siRNA were then transferred into transfection 

cuvettes before transfecting the cells using the Amaxa nucleofector (Lonza) on a G-016 

program setting. Transfected cells were left to settle down for 5 minutes in the cuvette before 

1 ml of post-transfection media (RPMI1640 and 10% FBS) was added. The cells were gently 

resuspended with the transfer pipette before transferring the cells to a new 6-well tissue 

culture plate. An additional 1 ml post-transfection media was added, and the transfected cells 

were incubated at 37oC/5%CO2 for the specified time before analysis in subsequent 

experiments.  
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2.2.12 Reverse Transcriptase Quantitative PCR (RT-qPCR) 

2.2.12.1 Total RNA extraction 

Myeloma cells and PBMCs (1 X 106 cells) treated with either inhibitors or transfected with 

siRNAs were collected and washed with 1 X PBS before lysis with 500 µl of TRIsure™ reagent 

(Bioline). Then 80 μl of chloroform was added to each sample followed by vigorous mixing for 

1 minute. The samples were then incubated for 3 minutes at room temperature before 

centrifugation at 12,000 X g for 15 minutes at 4oC. The colourless aqueous phase, which 

contains mRNA, was carefully transferred into a new 1.5 ml Eppendorf tube. At this stage, 500 

µl of ice-cold isopropanol was added and mixed thoroughly before incubating at room 

temperature for 10 minutes. Following this, the samples were centrifuged at 12,000 X g for 

10 minutes at 4oC. When supernatant was removed, the remaining pellet was washed with 1 

ml of ice-cold 75% (v/v) ethanol, vortexed and centrifuged at 8000 X g for 5 minutes at 4oC. 

After centrifugation, the ethanol was removed and the pellet (RNA) was left to air dry for 15 

minutes before resuspending in 15 µl of PCR-grade H2O. Finally, the concentration of total 

RNA was measured by reading the absorbance at 260 nm using the LVis Plate on FLUOstar 

Optima plate reader (BMG Labtech, Germany). The samples were stored at -80oC until 

required.  

 

 

2.2.12.2 cDNA synthesis 

cDNA was synthesized from total RNA using the GoScript™ Reverse Transcription System 

(Promega) as per manufacturer’s protocol with slight modifications. The reaction mixture 

contained 500 ng of RNA, 1 µl of GoScript™ Enzyme Mix, 2μl of GoScript™ Reaction Buffer, 

Random Primer and an appropriate amount of nuclease-free H2O in a total volume of 20 μl. 

The reaction conditions were an initial annealing step at 25oC for 5 minutes, reverse 

transcription at 42oC for 60 minutes and a final inactivation step at 70oC for 15 minutes. The 

samples were either used directly to set up the RT-qPCR reaction or stored at -20oC until 

required. 
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2.2.12.3 RT-qPCR 

The cDNA for each sample was diluted in 1:10 using PCR-grade H2O before the final RT-qPCR 

reaction mixture was set up using the SensiFAST™ No-Rox kit (Bioline). The equivalent of 1 X 

reaction mix was set up on ice with the components as listed below: 

 

1 X reaction mix 

2 X SensiFAST™ No-Rox Mix = 4.5 μl 

PCR-grade water = 1.1 μl 

10 μM Forward primer = 0.2 μl (200 nM) 

10 μM Reverse primer = 0.2 μl (200 nM) 

Diluted cDNA sample = 4 μl 

Final volume = 10 µl per reaction 

 

The RT-qPCR was then performed using a Bio-Rad CFX96 Real-Time PCR Detection System 

(Bio-Rad). Reaction conditions were 95oC for 2 minutes followed by 40 cycles of 95oC for 5 

seconds, 55oC for 10 seconds, and 72oC for 20 seconds. The comparative cycle threshold (CT) 

algorithm (ΔΔCT) method was used to analyse gene expression. The mRNA was normalized 

against Ribosomal Protein L32 (RPL32) expression (Lafleur et al., 2005). 

 

2.2.13 Exploration of transcription factor binding sites 

The ConTra v3 web server, which is a transcription factor binding site tool (Kreft et al., 2017), 

was used to visualize putative NF-ĸB transciption factor binding sites (TFBSs) in the VLA-4 gene 

promoter (RefSeq sequence of VLA-4 (NC_000002.12, 181455702..181538940)). A region of 

1685 bp upstream of the transcription start site (TSS) of the VLA-4 gene was selected and 

uploaded to the ConTra v3 server to determine if there were potential NF-ĸB binding sites in 

the VLA-4 promoter region. A number of positional weight matrices (PWM), which are 

representations of DNA binding motifs of the NF-ĸB transcription factor, were then selected 

from PWM libraries including the TRANSFAC database, the JASPAR core database and the 
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Taipale motifs collection for analysis. The predicted NF-ĸB binding site for the VLA-4 gene 

promoter was determined based on the alignment of sequences from different species that 

have similar NF-ĸB binding motifs shown for the selected PWM. The binding site motif that 

showed a high degree of conservation (about 95 – 100%) between human and other species 

was identified and analysed with BLASTn for alignment with the original VLA-4 promoter 

sequence to determine the position of the TFBS relative to the TSS. The predicted binding 

sequence was then compared to the NF-ĸB motif obtained from the selected PWM database 

to determine the degree of similarity. 

 

2.2.14 Statistical analyses 

GraphPad Prism 7 software (GraphPad Software, CA, USA) was used to analyse data in this 

thesis. The type of statistical analysis performed was indicated in each results section. All the 

experiments in this report were performed at least three times and the results represent the 

mean value of all biological repeats with the standard error of the mean (mean ± SEM). 

Depending on the type of experiment, unpaired Student’s t test was used when two samples 

were directly compared to each other, one-way analysis of variance (ANOVA) followed by 

Tukey’s post-test was employed when there were more than two samples compared against 

the control and two-way ANOVA followed by Dunnett’s multiple comparison test when 

comparing a range of samples (or a number of treatments) against a control or Sidak’s 

multiple comparison test when the comparisons to the control are independent of each other. 

A P value less than 0.05 (p<0.05) was considered significant.  
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3.1 Abstract 

Multiple myeloma (MM), the second most common haematological malignancy, is a clonal 

plasma B-cell neoplasm that forms within the bone marrow. Despite recent advancements in 

treatment, MM remains an incurable disease. Auranofin, a linear gold(I) phosphine 

compound, has previously been shown to exert a significant anti-myeloma activity by 

inhibiting thioredoxin reductase (TrxR) activity. A bis-chelated tetrahedral gold(I) phosphine 

complex [Au(d2pype)2]Cl (where d2pype is 1,2-bis(di-2-pyridylphosphino)ethane) was 

previously designed to improve the gold(I) compound selectivity towards selenol- and thiol-

containing proteins, such as TrxR. In this study, we show that [Au(d2pype)2]Cl significantly 

inhibited TrxR activity in both bortezomib-sensitive and resistant myeloma cells, which led to 

a significant reduction in cell proliferation and induction of apoptosis, both of which were 

dependent on ROS. In clonogenic assays, treatment with [Au(d2pype)2]Cl completely 

abrogated the tumourigenic capacity of MM cells, whereas auranofin was less effective. We 

also show that [Au(d2pype)2]Cl exerted a significant anti-myeloma activity in vivo in human 

RPMI8226 xenograft model in immunocompromised NOD/SCID mice. The MYC oncogene, 

known to drive myeloma progression, was downregulated in both in vitro and in vivo models 

when treated with [Au(d2pype)2]Cl. This study highlights the “proof of concept” that 

improved gold(I)-based compounds could potentially be used to not only treat MM but as an 

alternative tool to understand the role of the Trx system in the pathogenesis of this blood 

disease. 

 

3.2 Introduction 

Multiple myeloma (MM) is the second most common haematological malignancy after non-

Hodgkin’s lymphoma and is characterised by the presence of terminally differentiated, 

antibody-secreting plasma cells (PCs), which proliferate uncontrolled in the bone marrow. 

Despite recent advancements in MM treatment, including autologous stem cell implantation, 

the proteasome inhibitors bortezomib and carfilzomib, and the immunomodulatory agents 

thalidomide and lenalidomide, MM remains incurable as a result of acquired drug resistance 

and the heterogeneity of myeloma cells (Munshi and Anderson, 2013; Siegel et al., 2016). 

Hence, there is a dire need to discover better therapeutic interventions to tackle this disease.  
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Tumour cells generally have higher metabolic demands due to their highly proliferative nature 

and as such, production of intracellular by-products including free reactive oxygen species 

(ROS) are also increased (Lee et al., 1998; Spitz et al., 2000; Pennington et al., 2005). ROS can 

cause oxidative damage to biomolecules, and hence, cells evolved to express a network of 

antioxidant molecules to maintain a reduced cellular environment to prevent further cell 

damage (Pennington et al., 2005; Landriscina et al., 2009). Unfortunately, these “redox shields” 

have been exploited by the tumour cells in order to evade the cytotoxic effects of anticancer 

drugs that induce oxidative stress (Nakamura et al., 2000; Iwao-Koizumi et al., 2005; Rodman 

et al., 2016; Stafford et al., 2018).  

One of the major antioxidant systems that maintains the intracellular redox homeostasis is 

the thioredoxin (Trx) system (Lu and Holmgren, 2014a). It is comprised of thioredoxin (Trx), 

thioredoxin reductase (TrxR) enzyme, and nicotinamide adenine dinucleotide phosphate 

(NADPH), all of which as one maintains cellular redox balance by either directly scavenging 

ROS (Das and Das, 2000) or by regulating enzymes and redox-sensitive transcription factors 

that promote cancer cell proliferation (Baker et al., 1997; Hirota et al., 1999; Bloomfield et al., 

2003; Rhee et al., 2005). Various studies have shown that human cancers, including MM, have 

high Trx and TrxR expression, which correlates with increased cell proliferation, evasion of 

programmed cell death and chemoresistance (Raffel et al., 2003; Arnér and Holmgren, 2006; 

Tonissen and Di Trapani, 2009; Lincoln et al., 2010; Bhatia et al., 2015; Zhang et al., 2017).  

Gold-based medicines have been widely studied and used as anti-inflammatory, anti-cancer, 

and anti-microbial agents to treat various pathologies (Angelucci et al., 2009; Berners-Price, 

2011; Berners-Price and Filipovska, 2011; Zhang et al., 2019; Ssemaganda et al., 2018). Gold 

compounds have a high affinity for thiol and selenol groups, which makes the Trx system 

vulnerable to these compounds (Rigobello et al., 2002), since TrxR contains a selenocysteine 

residue in its C-terminal active site (Zhong et al., 2000). Auranofin, an FDA-approved gold-

based drug for treating arthritis (Mirabelli et al., 1985; Zhang et al., 2019), is currently being 

tested in clinical trials for various cancers including chronic lymphocytic leukemia (CLL), small 

lymphocytic lymphoma (SLL) (NCT01419691) and ovarian cancer (NCT01747798). However, 

there are concerns that auranofin may react non-discriminately with protein thiols (including 

serum proteins), which may render this drug ineffective and potentially introduce negative 

side effects in patients (Berners-Price et al., 1986; Rackham et al., 2007; Ssemaganda et al., 
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2018). Hence, a range of gold compounds have been synthesized to enhance their anti-cancer 

properties through better selectivity in targeting selenoproteins like TrxR (McKeage et al., 

2000; Bindoli et al., 2009; Rackham et al., 2011; Ooi et al., 2017). Nevertheless, their 

effectiveness in in vitro and in animal models must first be established before testing can be 

justified in patients. 

An improved gold(I) complex [Au(d2pype)2]Cl (Figure 3.1), which has been shown to have high 

specificity towards TrxR when compared to auranofin (Berners-Price and Filipovska, 2011; 

Rackham et al., 2011), has not yet been tested against any blood cancers. Therefore, this 

compound may have potential as an alternative therapy to treat cancer cells that are highly 

dependent on the Trx system for their survival and drug resistance properties. As MM patients 

have been shown to have an upregulated Trx system (Raninga et al., 2015; Raninga et al., 

2016b), we investigated the effectiveness of the gold compound, [Au(d2pype)2]Cl, in 

bortezomib-sensitive and resistant myeloma cells and showed that it significantly induced 

ROS-dependent apoptosis in both cell phenotypes. It also significantly inhibited the 

clonogenic activity of both bortezomib-sensitive and resistant myeloma cells. Finally, we 

showed that [Au(d2pype)2]Cl exerted a potent anti-tumour activity in the human RPMI8226 

xenograft model of MM in vivo via MYC downregulation. 
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Figure 3.1 Chemical structures of gold(I) phosphine complexes [Au(d2pype)2]Cl and 
auranofin. 

 

3.3 Materials and Methods 

3.3.1 Cells and reagents 

Three human myeloma cell lines (JJN3, RPMI8226 and U266) were obtained from Dr. Slavica 

Vuckovic (QIMR Berghofer Medical Research Institute, Brisbane) and have been 

authenticated by the Griffith University DNA Sequencing Facility (GUDSF) using the STR 

profiling method (GenePrint® 10 System, Promega). Bortezomib-resistant (BR) myeloma cell 

lines (RPMI8226-BR and U266-BR) cells were established previously in our lab (Raninga et al., 

2015; Raninga et al., 2016b). Human peripheral blood mononuclear cells (PBMCs) were 

collected and isolated from the whole blood of healthy individuals under the Griffith 
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University human ethical approval number 2014/392. These cells were cultured in RPMI-1640 

medium (Gibco) containing 10% (V/V) fetal bovine serum (FBS) (Bovagen), 200 mM L-

glutamine with 100 U/ml penicillin and 100 ug/ml streptomycin (Invitrogen). [Au(d2pype)2]Cl 

was synthesized by a modification of the published procedure (Berners-Price et al., 1999) 

using [AuCl(SMe)2] as precursor and 1,2-bis(di-2-pyridylphosphino)ethane (d2pype) obtained 

from Strem Chemicals Inc.. Auranofin was purchased from the Cayman Chemicals (Michigan, 

USA), and N-acetylcysteine (NAC), sodium selenite, and buthionine sulfoximine (BSO) were 

purchased from Sigma Chemicals (NSW, Australia). 

 

3.3.2 Gold compound preparation 

[Au(d2pype)2]Cl was dissolved in ethanol to a stock concentration of 8.2 mM while auranofin 

was dissolved in DMSO to a stock concentration of 10 mM. Both Au(I) compounds were then 

diluted to required working concentrations in either 1X PBS or phenol red-free RPMI1640-

medium before use in experiments. 

 

3.3.3 Intracellular ROS measurement assay 

A redox sensitive cell permeable dye, H2DCFDA was used to determine cellular ROS 

generation in myeloma cells with method as described previously (Raninga et al., 2015). 

Briefly, 0.5 X 106 of myeloma cells were treated for 24 hours before incubation with 10 μM 

H2DCFDA (Molecular probes, CA, USA) for 30 minutes. H2DCFDA oxidation was assessed using 

the FLUOstar Optima plate reader (BMG Labtech, Germany) using Ex495/Em515 parameters to 

obtain fluorescence values that were normalized to protein content to obtain relative ROS 

levels. 

 

3.3.4 Reverse transcriptase-quantitative PCR (RT-qPCR) 

Total RNA was extracted from RPMI8226 and JJN3 myeloma cells (1 X 106 cells) using TRIsure™ 

Total RNA Lysis solution (Bioline) as per manufacturer’s instructions. Single stranded cDNA 

was synthesized from total RNA using the GoScript™ Reverse Transcription Mix (Promega). 

Resultant cDNA was analysed by RT-qPCR using SensiFAST™ SYBR® No-Rox Kit (Bioline). The 
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RT-qPCR primers used were: Ribosomal Protein L32 (RPL32) [forward 5’-

CAGGGTTCGTAGAAGATTCAAGGG-3’ and reverse 5’-CTTGGAGGAAAACATTGTGAGCGATC-3’], 

c-MYC [forward 5’- GCAGCTGCTTAGACGCTGGATTTT-3' and reverse 5’-

GTTCTCCTCCTCGTCGCAGTAGAAATA-3'] and Cyclin D1 [forward 5’-

CGCCCTCGGTGTCCTACTTCAA-3’ and reverse 5’- CTGCAGGCGGCTCTTTTTCA-3] (Integrated 

DNA Technologies, Singapore). Quantification was carried out on Bio-Rad CFX96 Real-Time 

PCR Detection System (Bio-Rad, USA) according to the manufacturer’s guidelines. Reaction 

conditions were 95oC for 2 minutes followed by 40 cycles of 95oC for 5 seconds, 55oC for 10 

seconds, and 72oC for 20 seconds. Gene expression was analysed based on the comparative 

cycle threshold (CT) algorithm (ΔΔCT) method and normalized against Ribosomal Protein L32 

(RPL32) expression. 

 

3.3.5 Cell viability assay 

Relative cell growth/proliferation following [Au(d2pype)2]Cl treatment was assayed either 

using the CellTiter-Blue® Cell Viability Assay (Promega) or by using MTS assays (Promega), as 

per manufacturer’s instructions. 

 

3.3.6 TrxR activity assay 

TrxR activity was measured by DTNB reduction assays as described previously (Raninga et al., 

2016b). Briefly, cell lysates of treated and untreated cells were prepared using 0.5% (v/v) 

Nonidet P-40 cell lysis buffer (150 mM NaCl, 50 mM Tris-Cl, pH 8; 0.5% (v/v) Nonidet P-50, 0.5 

mM EDTA, 2 mM PMSF, 1 μl/ml protease inhibitor cocktail VI and 1X PBS). To omit non-TrxR-

specific DTNB reduction, cell lysates were treated with or without 8 µM auranofin for 30 

minutes at room temperature. The TrxR activity was measured in a buffer containing 125 mM 

potassium phosphate pH 7.5, 2.5 mM EDTA, 0.25 mM NADPH, and 3.125 mM DTNB. Units (U) 

of TrxR activity (μmoles of TNB produced/minute) were calculated using an extinction 

coefficient of 13.6 X 103M-1 of TNB at 412 nm. The specific TrxR activity (U/mg protein) was 

calculated by normalizing the units of TrxR activity with the quantity of protein in each sample 

(as determined using the BioRad DC protein assay reagent (BioRad) as per manufacturer’s 

instructions).  
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3.3.7 Caspase-3 activity assay 

The measurement of caspase activity in treated and untreated MM cells was measured by 

monitoring the cleavage of a caspase-3 substrate, Ac-DEVD-AMC (Cayman Chemical Company, 

USA) as described previously (Raninga et al., 2015) 

 

3.3.8 Methylcellulose clonogenic assay 

The colony formation assay was carried out in methylcellulose (R&D systems) as per 

manufacturer’s instructions. Briefly, MM cells were treated with specified concentrations of 

the gold compounds for 24 hours at 37°C, 5% CO2. These treated and untreated MM cells 

were washed with 1X PBS to remove residual compound before resuspension in RPMI-1640 

media containing 1.4% methylcellulose, 25% (v/v) FBS, 100 U/ml penicillin and 100 μg/ml 

streptomycin, and 1% (w/v) BSA. The cells were then plated at the density of 1000 cells/ml in 

24-wells plate and incubated at 37oC, 5% CO2 for 9-15 days. Colonies (>50 cells per colony) 

formed were observed by staining with 0.5 mg/ml 3-(4,5-Dimethylthiazol-2-yl)-2,5-

diphenyltetrazolium bromide (MTT) (Sigma) and left for 3 hours before being counted using 

an inverted light microscope (Nikon Eclipse TS100).  

 

3.3.9 Western blot analysis 

MM cell extracts were prepared by washing the cells in cold 1X PBS followed by resuspension 

in 0.5% (v/v) Nonidet P-40 cell lysis buffer. Protein samples were then electrophoresed on a 

10% SDS/polyacrylamide gel. Separated proteins were transferred onto a polyvinylidene 

difluoride (PVDF) membrane and probed with various specific antibodies including anti-

PARP1 (Cell Signalling), anti-MYC (Cell Signalling), anti-ƳH2AX (Millipore), and anti-HSP90 

(clone 4F10, Santa Cruz) Appropriate horseradish peroxide-conjugated secondary antibodies 

were used followed by detection with enhanced chemiluminescence (ECL) kit (GE 

Healthcare).  

 

3.3.10 Animal studies  

All experiments were conducted in accordance to the guidelines and ethics approval of the 

QIMR Berghofer Medical Research Institute Animal Ethics Committee. Luciferase-tagged 

human RPMI8226 cells (3 X 106 cells) were injected subcutaneously into 8-weeks old female 
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NOD/SCID mice. Once tumour size reached ~30-50mm2, mice were treated with vehicle, 

auranofin (5 mg/kg, Monday-Friday, IP), and [Au(d2pype)2]Cl (5 mg/kg, Monday-Friday, IP) for 

two weeks. Tumour growth was measured thrice weekly using a digital caliper. To calculate 

tumour area the following formula was used: tumour area = B*S, where B = largest tumour 

measurement and S = the smallest, based on two-dimensional caliper measurements. Tumour 

growth was measured by bioluminescence imaging during and at the end of two-weeks 

treatment (every alternate day) using a Xenogen IVIS Spectrum (Caliper Life Sciences). 

3.3.11 Immunohistochemistry: 

Immunohistochemistry analysis was performed on RPMI8226 xenografts as described 

previously (Sinha et al., 2018). ApopTag staining was performed using the ApopTag 

peroxidase in situ apoptosis detection kit (S7100; MilliporeSigma, Billerica, MA, USA). 

3.3.12 Statistical analysis: 

All values are presented as mean ± SEM. Data were analyzed using GraphPad Prism 7 software 

(GraphPad Software, CA, USA). Statistical significance was determined by One-way ANOVA 

followed by Tukey’s post-test, paired/unpaired student t test, and Two-way ANOVA followed 

by Sidak’s post-test. Where applicable, statistical significance is denoted by * for P ≤ 0.05, ** 

for P ≤ 0.01, *** for P ≤ 0.001, and **** for P ≤ 0.0001.  

3.4 Results 

3.4.1 [Au(d2pype)2]Cl inhibits myeloma cell proliferation and induces apoptosis in 

myeloma cells via TrxR inhibition. 

Auranofin has been shown to inhibit cell proliferation, TrxR redox activity and to induce ROS-

dependent apoptosis in myeloma cells (Raninga et al., 2015; Raninga et al., 2016b) (Figure 

S1.1 and S1.2) We then investigated the effectiveness of [Au(d2pype)2]Cl on TrxR activity in 

myeloma cells. First, RPMI8226, U266 and JJN3 myeloma cells were treated with 

[Au(d2pype)2]Cl (0-4 μM) for 24 hours. After 24 hours treatment, TrxR redox activity was 

analysed using DTNB reduction assays. Results showed that [Au(d2pype)2]Cl significantly 

inhibited TrxR redox activity in all three myeloma cell lines tested (Figure 3.2A). JJN3 cells 



  CHAPTER 3 

68 
 

were the most sensitive cell line, with almost 70% inhibition of its TrxR activity when treated 

with 0.25µM of [Au(d2pype)2]Cl. Since TrxR is a selenoprotein and cell culture medium is often 

deficient in selenium, resulting in low basal TrxR activity levels (Leist et al., 1996; Karlenius et 

al., 2011), we confirmed that both auranofin and [Au(d2pype)2]Cl also inhibited the higher 

TrxR activity level observed in myeloma cells supplemented with sodium selenite (Figure S1.3). 

We next tested if [Au(d2pype)2]Cl could inhibit myeloma cell viability and induce apoptosis. 

Figure 3.2B, C and D showed that [Au(d2pype)2]Cl was capable of reducing cell viability in all 

of the myeloma cell lines tested. The IC50 values were observed to be 2.6 µM, 2.3 µM, and 0.6 

µM in RPMI8226, U266, and JJN3 cells, respectively, while the [Au(d2pype)2]Cl had no 

significant cytotoxic effect on non-cancerous PBMCs (Figure 3.2E). Next, we examined if 

[Au(d2pype)2]Cl can induce apoptosis in myeloma cells. RPMI8226, U266, and JJN3 cells were 

treated with [Au(d2pype)2]Cl  (0-4 μM) for 24 hours and caspase-3 activity was measured 

using a caspase-3 specific substrate Ac-DEVD-AMC. Our results show that [Au(d2pype)2]Cl 

significantly increased caspase-3 activity in all three myeloma cell lines, suggesting that 

myeloma cells are undergoing apoptosis following [Au(d2pype)2]Cl treatment (Figure 3.2F). 

Furthermore, [Au(d2pype)2]Cl treatment resulted in cleavage of PARP1, a classical marker of 

apoptotic cell death, and increased ƳH2AX accumulation, a marker of DNA fragmentation 

(Figure 3.2G), suggesting that [Au(d2pype)2]Cl induced apoptosis in myeloma cells.  

 

 

 

 

 

 

 

 

 

 



  CHAPTER 3 

69 
 

 

 

 

 

Figure 3.2 [Au(d2pype)2]Cl induces myeloma cell apoptosis via TrxR inhibition. (A) 
RPMI8226, U266 and JJN3 cells were treated with [Au(d2pype)2]Cl (0–4 µM) for 24 hours. 
Post-treatment, protein lysates were prepared and TrxR activity was analysed using DTNB 
reduction assays.  (B-E) Myeloma cell lines (RPMI8226, U266 and JJN3) and non-cancerous 
PBMCs were treated with [Au(d2pype)2]Cl (0-4 µM) for 24, 48 and 72 hours. Cell viability was 
measured using CellTiter-Blue® Cell Viability assays. (F) Apoptosis was measured by 
monitoring the cleavage of Ac-DEVD-AMC by presence of caspase-3 activity in RPMI8226, 
U266 and JJN3 post 24 hours treatment with [Au(d2pype)2]Cl. (G) Western blot analysis was 
conducted for PARP1 and ƳH2AX protein levels from whole cell extracts of myeloma cell lines, 
RPMI8226 and JJN3. HSP90 was used as a loading control. Western blots are representative 
of three independent experiments. Values indicate mean ± SEM of three independent 
experiments performed in triplicate. One-way ANOVA followed by Tukey’s post-test was 
employed. *, P<0.05; **, P<0.01; ٭, #, +, P<0.0001. 
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3.4.2 [Au(d2pype)2]Cl induces intracellular ROS and growth inhibitory effect is ROS 

dependent. 

The Trx system maintains intracellular redox homeostasis by scavenging ROS, and inhibition 

of TrxR using auranofin has been shown to increase intracellular ROS, disrupt intracellular 

redox homeostasis and lead to myeloma cell death (Raninga et al., 2016a; Raninga et al., 

2016b). We therefore examined whether [Au(d2pype)2]Cl induces ROS following TrxR 

inhibition. RPMI8226 and JJN3 cells were treated with [Au(d2pype)2]Cl (0-2 µM) for 24 hours 

and intracellular ROS levels were measured using a ROS-sensitive H2DCFDA dye. Our results 

show that [Au(d2pype)2]Cl treatment significantly increased ROS in both RPMI8226 and JJN3 

cells in a concentration-dependent manner (Figure 3.3A and B), suggesting that 

[Au(d2pype)2]Cl disrupts intracellular redox homeostasis in myeloma cells. To confirm if 

[Au(d2pype)2]Cl  induces myeloma cell apoptosis via ROS induction, we treated RPMI8226 

and JJN3 cells with 2 µM and 1 µM [Au(d2pype)2]Cl, respectively, with or without 10 mM N-

acetyl cysteine (NAC) for 24 hours and subsequently measured caspase-3 activity and cell 

viability. Results showed that while [Au(d2pype)2]Cl significantly increased caspase-3 activity 

(Figure 3.3C and D) and reduced cell viability (Figure 3.3E and F) in RPMI8226 and JJN3 cells, 

addition of NAC was able to rescue RPMI8226 and JJN3 cells from undergoing apoptosis and 

cell death (Figure 3.3E and F). To further confirm the involvement of ROS dependent myeloma 

cell death in response to [Au(d2pype)2]Cl treatment, RPMI8226 and JJN3 cells were co-treated 

with [Au(d2pype)2]Cl in the presence or absence of the glutathione sytem inhibitor, 

buthionine sulphoximine (BSO). We found that [Au(d2pype)2]Cl and BSO co-treatment 

significantly reduced myeloma cell viability compared to a single agent treatment (Figure 

S1.4), resulting in complete cell death.  
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Figure 3.3 [Au(d2pype)2]Cl induces intracellular ROS and growth inhibitory effect is ROS 
dependent. (A, B) RPMI8226 and JJN3 cells were treated with 0–4 µM concentration of 
[Au(d2pype)2]Cl for 24 hours followed by assessment of H2DCFDA oxidation. (C, D) Caspase-3 
activity was measured by monitoring the cleavage of Ac-DEVD-AMC in myeloma cells pre-
treated with 10 mM NAC prior to addition of [Au(d2pype)2]Cl for 24 hours. (E, F) Cell viability 
was assessed by CellTiter-Blue® Cell Viability Assays in RPMI8226 and JJN3 cells following 
treatment with 2 µM and 1 µM of [Au(d2pype)2]Cl (respectively), with or without 10 mM NAC 
for 24 hours. Values indicate mean ± SEM of three independent experiments. One-way 
ANOVA followed by Tukey’s post-test was employed. *, P<0.05; **, P<0.01; ***, P<0.001; 
****, P<0.0001. 
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3.4.3 [Au(d2pype)2]Cl induces apoptosis in bortezomib resistant myeloma cells. 

Upon prolonged treatment with standard-of-care therapy including bortezomib and 

immunomodulatory agents, myeloma patients acquire resistance to these therapies and can 

no longer be treated by the same therapy (McConkey and Zhu, 2008; Niewerth et al., 2015; 

Robak et al., 2018). Hence, new therapies are required to overcome such drug resistance in 

MM patients. We therefore determined the cytotoxic activity of [Au(d2pype)2]Cl on 

bortezomib-resistant myeloma cells . Results showed that [Au(d2pype)2]Cl treatment 

significantly reduced RPMI8226-BR and U266-BR cell viability in a concentration- and time-

dependent manner (Figure 3.4A and B). We also measured TrxR redox activity and caspase-3 

activity in RPMI8226-BR and U266-BR cells following 24 hours treatment with [Au(d2pype)2]Cl 

(0-4 µM). Results demonstrated that TrxR activity was significantly inhibited (Figure 3.4C and 

D) and caspase-3 activity was increased (Figure 3.4E and F) upon [Au(d2pype)2]Cl treatment. 

Thus, our data suggest that [Au(d2pype)2]Cl induces apoptosis in bortezomib-resistant 

myeloma cells via TrxR inhibition. 

 

3.4.4 Clonogenic potential of myeloma cells is diminished upon treatment with 

[Au(d2pype)2]Cl.  

Clonogenic assays are generally used to determine effectiveness of the anti-cancer drug by 

assessing the resistance and ability of cancer cells to form a colony after treatment with the 

drug (Hamburger, 1987; Franken et al., 2006). Bortezomib sensitive parent RPMI8226 cells 

and bortezomib-resistant RPMI8226-BR cells were treated with 0 - 2 μM auranofin and 

[Au(d2pype)2]Cl for 24 hours. It was observed that exposure of RPMI8226 and RPMI8226-BR 

cells to auranofin caused a significant reduction in the number of colonies formed in a 

concentration dependent manner (Figure 3.5A, C and E). On the other hand, [Au(d2pype)2]Cl 

completely abrogated the tumourigenic capacity of myeloma cells after treatment with 2 and 

4 µM of the gold compound for 24 hours (Figure 3.5B, D and F). 
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Figure 3.4 [Au(d2pype)2]Cl induces apoptosis in bortezomib resistant myeloma cells. (A, B) 
Bortezomib-resistant myeloma cell lines RPMI8226-BR and U266-BR were treated with 
indicated concentrations of [Au(d2pype)2]Cl for 24, 48 and 72 hours. Cell viability was 
measured using CellTiter-Blue® Cell Viability Assays. One-way ANOVA followed by Tukey’s 
post-test was employed. ٭, #, +, P<0.0001 where treated samples are compared to 
corresponding untreated control. (C, D) TrxR activity was also analysed after RPMI8226-BR 
and U266-BR cells were treated with indicated concentrations of the [Au(d2pype)2]Cl for 24 
hours by measuring the NADPH-dependent reduction of DTNB by TrxR. (E, F) Caspase-3 
activity was measured by monitoring the cleavage of Ac-DEVD-AMC. Values indicate mean ± 
SEM of three independent experiments performed in triplicate. One-way ANOVA followed by 
Tukey’s post-test was employed. *, P<0.05; **, P<0.01; ***, P<0.001; ****, P<0.0001 
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Figure 3.5 Clonogenic potential of myeloma cells is diminished upon treatment with 
[Au(d2pype)2]Cl. (A, B) Methylcellulose clonogenic assay for RPMI8226 cells treated with 
auranofin and [Au(d2pype)2]Cl at 0, 2 and 4µM. (C - F) Number of RPMI8226 and RPMI8226-
BR colonies formed after treatment with auranofin and [Au(d2pype)2]Cl with indicated 
concentrations. Values indicate mean ± SEM of three independent experiments performed in 
triplicate. One-way ANOVA followed by Tukey’s post-test was employed. **, P < 0.01; ***, 
P<0.001; ****, P<0.0001. 
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3.4.5 [Au(d2pype)2]Cl suppresses myeloma tumour growth in vivo. 

We evaluated the anti-myeloma activity of auranofin and [Au(d2pype)2]Cl in vivo using human 

RPMI8226 xenograft model in immunocompromised NOD/SCID mice. We found that both 

auranofin and [Au(d2pype)2]Cl exerted a significant growth suppression activity in the in vivo 

RPMI8226 xenograft model (Figure 3.6A and B). These data suggested that both of these gold-

based compounds can suppress myeloma growth. We also measured the percentage of 

apoptotic cells in vehicle-, auranofin, and [Au(d2pype)2]Cl-treated RPMI8226 tumours using 

ApopTag staining. Results showed that both auranofin and [Au(d2pype)2]Cl significantly 

increased the percentage of apoptotic cells (approximately 25%) in RPMI8226 tumours 

compared to 5% in vehicle-treated tumours (Figure 3.6C and D).  Since both auranofin and 

[Au(d2pype)2]Cl inhibited TrxR redox activity in vitro, we evaluated TrxR redox activity in 

vehicle-, auranofin-, and [Au(d2pype)2]Cl-treated RPMI8226 primary tumours. Results 

showed that auranofin and [Au(d2pype)2]Cl treatment inhibited TrxR redox activity by 

approximately 75% RPMI8226 primary tumours (Figure 3.6E). Hence, our data suggest that 

[Au(d2pype)2]Cl has the potential to exert an anti-myeloma activity that is comparable to 

auranofin. 

 

3.4.6 [Au(d2pype)2]Cl suppresses myeloma tumour growth via MYC inhibition. 

Next, we aimed to delineate the underlying molecular mechanism for anti-myeloma activity 

of the [Au(d2pype)2]Cl compound. Several studies have reported that the MYC oncogene is 

amplified in more than half of myeloma patients (Affer et al., 2014; Walker et al., 2014a). 

Moreover, MYC has been shown to play a key role in MM disease progression as alterations 

in MYC promote the transition from MGUS to MM (Kuehl and Bergsagel, 2012). Hence, MYC 

represents an attractive therapeutic target in MM.  

To investigate the effect of [Au(d2pype)2]Cl treatment on MYC expression in myeloma cells, 

RPMI8226 and JJN3 cells were treated with 0-2 μM [Au(d2pype)2]Cl for 24 hours before MYC 

mRNA and protein levels were determined by RT-qPCR and western blot analysis, respectively. 

Results showed that [Au(d2pype)2]Cl treatment significantly reduced MYC mRNA levels 

(Figure 3.7A) and markedly reduced MYC protein levels (Figure 3.7B), suggesting that 

[Au(d2pype)2]Cl inhibits MYC at the transcriptional level. In addition to MYC mRNA, 

[Au(d2pype)2]Cl treatment also significantly reduced the mRNA levels of Cyclin D1 (Figure 
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3.7A), a downstream transcriptional target of MYC, suggesting inhibition of the MYC signalling 

pathway. We also examined if auranofin can inhibit the MYC pathway in myeloma cells. 

RPMI8226 and JJN3 cells were treated with 0-2 μM auranofin for 24 hours and MYC protein 

levels were determined. Interestingly, auranofin at the IC50 concentration (2 µM) had no 

effect on MYC protein levels (Figure 3.7B) in either cell line, but at a cytotoxic concentration 

(4 µM) auranofin reduced MYC protein levels in RPMI8226 cells, but not in JJN3 cells (Figure 

S1.5). Moreover, [Au(d2pype)2]Cl treatment markedly reduced MYC protein levels in 

RPMI8226 primary tumors (Figure 3.7C). Hence, our data demonstrated that [Au(d2pype)2]Cl 

may exert anti-myeloma activity through not only TrxR inhibition but MYC inhibition as well.  

We then aimed to examine if the cytotoxic activity of [Au(d2pype)2]Cl is MYC dependent in 

myeloma settings. JJN3 cells were transfected with either HA-tagged empty vector or HA-

tagged wild-type MYC to exogenously increase MYC protein levels (Figure 3.7D). Then 24 

hours post-transfection, cells were treated with or without 1 μM [Au(d2pype)2]Cl for 24 hours 

and cell viability was analysed. Following transfection with wild-type MYC plasmid, MYC 

protein levels were markedly increased in JJN3. Interestingly, MYC overexpression had 

partially rescued JJN3 cells from undergoing cell death in response to [Au(d2pype)2]Cl 

treatment, suggesting that [Au(d2pype)2]Cl exerts its cytotoxic effect in part via MYC 

inhibition.   
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Figure 3.6 [Au(d2pype)2]Cl myeloma tumour growth in vivo. (A-E) The tumour growth 
analysis in human RPMI8226 multiple myeloma xenograft model treated with vehicle, 
auranofin (5 mg/kg, Monday-Friday, IP), or [Au(d2pype)2]Cl (5 mg/kg, Monday-Friday, IP) for 
two weeks. The mean tumour size (A) of each treatment group and bioluminescence images 
of RPMI8226 tumours (B) from each mouse is presented (n=5 mice/group). (C) Representative 
images of ApopTag staining of primary RPMI8226 tumours treated with vehicle, auranofin, or 
[Au(d2pype)2]Cl for 2-weeks. (D) Quantification for percentage of apoptotic cells in primary 
RPMI8226 tumours treated with vehicle, auranofin, or [Au(d2pype)2]Cl for 2-weeks. (E) TrxR 
redox activity was measured in RPMI8226 tumours treated with vehicle, auranofin, or 
[Au(d2pype)2]Cl for 2-weeks. Two-way ANOVA followed by Sidak’s post-test was employed 
for tumour growth analysis. Paired student t test was employed for apoptotic cell analysis and 
TrxR redox activity assays. Values indicate mean ± SEM (n=3). **, P<0.01, ****, P<0.0001. 
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Figure 3.7 [Au(d2pype)2]Cl suppresses myeloma tumour growth via MYC inhibition. (A, B) 
RPMI8226 and JJN3 cells were treated with indicated concentrations of [Au(d2pype)2]Cl for 
24 hours, and MYC and Cyclin D1 mRNA levels were analyzed by RT-qPCR (A) while MYC 
protein levels were analyzed by western blot analysis (B). (C) MYC protein levels were 
analyzed in vehicle-, [Au(d2pype)2]Cl-, and auranofin-treated RPMI8226 primary tumours. 
HSP90 was used as a loading control. (D) JJN3 cells were transfected with empty vector (EV) 
and HA-tagged wild-type MYC plasmid (Wt-MYC) for 24 hours. Following 24 hours 
transfection, transfected cells were treated with indicated concentrations of [Au(d2pype)2]Cl 
for 24 hours and cell viability was analyzed by CellTiter-Blue® Cell Viability Assays Two-way 
ANOVA followed by Tukey’s post-tests was employed. Values indicate mean ± SEM (n = 3).   
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3.5 Discussion 

Disease relapse due to acquisition of drug resistance during the course of the treatment is a 

major cause of death amongst MM patients (Mutlu et al., 2015; Yang and Lin, 2015; Abdi et 

al., 2013). Hence there is a desperate need to develop new anti-myeloma therapies that can 

also efficiently eradicate drug resistant myeloma cells.  

It is known that cancer cells have increased metabolic demands due to their highly 

proliferative nature. This causes production of excessive free radicals or ROS that may cause 

oxidative damage to the cells if the levels of ROS exceed the antioxidant capacity in these cells 

(Zhang et al., 2017). Hence, cancer cells are heavily dependent on antioxidants including the 

Trx system, to maintain redox homeostasis in order to survive (Arnér and Holmgren, 2006; 

Tonissen and Di Trapani, 2009). While cancer and normal cells depend on this system to 

maintain a reduced cellular state, the susceptibility of ROS damage-related cell death 

becomes more apparent in cancer cells as these cells have a narrower margin in reaching the 

maximum cytotoxicity threshold as compared to normal cells when treated with an anti-

cancer drug (Panieri and Santoro, 2016). Hence, targeting cellular antioxidants, such as the 

Trx system can be an effective approach to eradicate cancer cells without causing much 

collateral damage to surrounding normal cells (Stafford et al., 2018).  

Our lab has previously shown that myeloma cells have higher intrinsic oxidative stress 

accompanied with high basal expression of the Trx1 and TrxR1 proteins as compared to 

normal cells (Raninga et al., 2015). While the gold(I) drug auranofin (TrxR inhibitor) was able 

to disrupt the redox homeostasis and cause apoptosis in both sensitive and resistant myeloma 

cells (Raninga et al., 2016b), auranofin acts non-discriminately against many other thiol-

containing compounds (Berners-Price et al., 1986; Rackham et al., 2007). Therefore, our focus 

was to investigate other available gold-based compounds that could potentially overcome the 

blood disease via specific inhibition on the Trx system in myeloma cells. 

Various gold compounds have been designed that have improved reactivity and specificity 

towards selenol-containing proteins, including to TrxR, in order to eradicate cancer cells with 

fewer side effects (Berners-Price et al., 1986; McKeage et al., 2000; Rackham et al., 2007; 

Hickey et al., 2008; Rackham et al., 2011). In this study, we showed that [Au(d2pype)2]Cl was 

able to significantly inhibit the TrxR redox activity in RPMI8226, U266 and JJN3 myeloma cells. 
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The effectiveness of the compound towards TrxR caused significant reduction in cell 

proliferation through induction of apoptotic cell death as demonstrated by increased caspase 

3 activity, cleavage of PARP-1 as well as an increase in the DNA repair biomarker, ƳH2AX in 

myeloma cells (Figure 3.2). These results correlate with previous studies, which demonstrated 

survival dependency of myeloma cells on the Trx system in protecting against their high 

intrinsic oxidative stress for survival and growth (Fink et al., 2015; Raninga et al., 2015; Zheng 

et al., 2018). Additionally, there were no significant cytotoxic effects against normal PBMCs 

isolated from healthy individuals, which reaffirms that the Trx system can be selectively 

targeted in MM. We also showed that myeloma cell death via TrxR inhibition by 

[Au(d2pype)2]Cl is influenced by an increase in intracellular oxidative stress as detected by 

H2DCFDA oxidation or the DCF (dichlorofluorescein) assay (Figure 3.3). As un-controlled 

increase in ROS levels has been shown to be responsible for causing cellular damage and 

induce apoptotic cell death in cancer cells (Du et al., 2012; Harris et al., 2015; Schumacker, 

2015), our study showed that treatment of myeloma cells with the antioxidant N-acetyl 

cysteine (NAC) rescued the myeloma cells from undergoing apoptotic cell death. Furthermore, 

the addition of the glutathione synthesis inhibitor BSO significantly decreased the cell viability 

of the myeloma cells when co-treated with the TrxR-targeting gold compound 

[Au(d2pype)2]Cl. Together, these results showed that the ROS generated as a consequential 

event from TrxR inhibition plays an important role in stimulating apoptosis.  However, it is 

acknowledged that the DCF assay does have certain limitations whereby its hypersensitivity 

to light as well as its readiness to react easily with several oxidizing species, including O2 to 

form superoxide that yields additional H2O2, could generate artificial enhancement of the 

signal intensity in this assay (Kalyanaraman et al., 2012; Hardy et al., 2018).  

Through the years MM patients have been treated with a range of anti-myeloma drugs 

including bortezomib, dexamethasone and thalidomide (Abramson, 2018). Unfortunately, 

this has also resulted in an increase in the number of patients who relapse due to acquired 

resistance gained from prolonged exposure to these drugs (Hu et al., 2012; Anderson, 2016). 

Previously our lab showed that small molecule inhibitors of the Trx system sensitized 

bortezomib-resistant myeloma cells to bortezomib and overcame acquired and hypoxia-

induced bortezomib resistance in these cells (Raninga et al., 2015; Raninga et al., 2016b). In 

this study we showed that [Au(d2pype)2]Cl induced apoptosis in both bortezomib-resistant 
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lines, RPMI8226-BR and U266-BR via TrxR inhibition (Figure 3.4). Following this, we used 

methylcellulose assays to test for the clonogenic potential of bortezomib-sensitive and –

resistant myeloma cells (RPMI8226 and RPMI8226-BR) treated with auranofin or 

[Au(d2pype)2]Cl. Since clonogenic assays are a useful tool for testing and predicting the 

efficacy of drugs for a particular disease, the results could provide early projections of a 

parallel correlation between in vitro drug sensitivity and in vivo or clinical patient sample 

response (Hiraki et al., 1986; Pessina et al., 2005; Berger et al., 1990). We found 

overwhelming positive results, which showed complete abrogation of tumourigenic capacity 

in both parental and resistant myeloma cells when treated with [Au(d2pype)2]Cl, as compared 

to auranofin (Figure 3.5). These results confirm that [Au(d2pype)2]Cl can potently eradicate 

bortezomib-resistant myeloma cells and therefore represents a viable therapy option for 

bortezomib-resistant or refractory MM patients.  

In this study, we have tested for the first time an in vivo anti-cancer activity of auranofin and 

the gold compound using a human RPMI8226 xenograft model. Although anti-myeloma 

activity of auranofin has been tested previously using in vitro models, its in vivo anti-myeloma 

activity has not been tested to date. Our results convincingly show that both auranofin and 

[Au(d2pype)2]Cl significantly inhibited MM tumour growth in vivo and induced apoptosis as 

measured by caspase-3 cleavage. We showed that both auranofin and [Au(d2pype)2]Cl 

exerted anti-myeloma activity via TrxR inhibition in vivo, suggesting that both compounds are 

able to inhibit their primary target TrxR (Figure 3.6). These results warrant further testing of 

the gold compound for the next phase involving pharmacokinetics and toxicology studies as 

there is currently little pharmacokinetic data on gold(I) compounds in animals that evaluate 

the bioavailability and effectiveness of the compound. This will not only encourage the 

development of other gold(I)-based compounds, but also to discover the potential of using 

TrxR targeting compounds as effective anti-myeloma therapies in the future. 

To address the underlying molecular mechanism that may be involved upon treatment with 

[Au(d2pype)2]Cl, we assessed the expression of the MYC oncogene since several studies have 

reported its involvement in promoting the disease progression from non-symptomatic MGUS 

to active MM (Affer et al., 2014; Walker et al., 2014a; Kuehl and Bergsagel, 2012). In addition, 

MYC amplification in MM patients is correlated with acquisition of drug resistance and disease 

relapse as approximately 55% of relapsed MM patients show MYC amplification (Sawyer et 
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al., 2016). Although MYC is amplified in many cancers, targeting MYC has been a huge 

challenge in cancer therapy due to its complicated structure as well as its predominant 

location in the nucleus (Koh et al., 2016; Chen et al., 2018) and therapies targeting MYC have 

not been successful in clinical trials, thus leaving MYC undruggable. Hence, there is a great 

interest in discovering drugs that can indirectly inhibit the expression and oncogenic activity 

of MYC. Our results (Figure 3.7) showed that MYC mRNA and protein levels were significantly 

reduced in myeloma cells in vitro and in vivo upon treatment with [Au(d2pype)2]Cl, indicating 

that the gold compound may exert its anti-cancer activity via MYC inhibition. In contrast, the 

MYC expression levels were less affected by auranofin in RPMI8226 and JJN3 myeloma cells, 

suggesting that auranofin and [Au(d2pype)2]Cl may act via their own distinct mechanism. 

Overall, it is acknowledged that the gold compound, [Au(d2pype)2]Cl, may display broader 

effects in addition to TrxR inhibition. Therefore, further investigations are needed to 

understand the effects of [Au(d2pype)2]Cl that contribute to the downregulation of MYC.  

In conclusion, our findings show that [Au(d2pype)2]Cl significantly induced ROS-dependent 

apoptosis in bortezomib-sensitive and resistant myeloma cells via TrxR inhibition. 

[Au(d2pype)2]Cl also completely inhibited the clonogenic activity of bortezomib-sensitive and 

resistant myeloma cells suggesting that [Au(d2pype)2]Cl is likely to be effective in both newly 

diagnosed and relapsed/refractory MM patients. Moreover, our results showed that 

[Au(d2pype)2]Cl significantly inhibited myeloma tumour growth in vivo. In this study we also 

delineated a novel mechanism for the underlying anti-myeloma activity of [Au(d2pype)2]Cl by 

showing that [Au(d2pype)2]Cl inhibited MYC in myeloma cell lines in vitro as well as in primary 

tumours in vivo. Taken together, our data provides a strong rationale for using improved 

gold(I)-based compounds as not only potential drugs to be used as part of the current MM 

co-treatment regimen for more effective therapeutic approach, but also as a more specific 

tool to better understand the role of the Trx system in controlling the resistant nature of this 

disease. 
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3.6 Supplementary Figures 

 

 

Figure S1.1 Effects on myeloma cells upon treatment with auranofin. RPMI8226, U266 and 
JJN3 were treated with indicated concentrations of auranofin for 24 hours. Cell viability was 
measured using MTS assays (Promega). Values indicate mean ± SEM of three independent 
experiments performed in triplicate. One-way ANOVA followed by Tukey’s post-test was 
employed. *, P < 0.05; **, P < 0.01; ***, P<0.001; ****, P<0.0001. 

 

 

Figure S1.2 Effects of auranofin on TrxR and caspase-3 activity in JJN3 cells. (A) JJN3 was 
treated with 0, 1, 2 and 4 µM auranofin for 24 hours. Cell lysates were prepared and TrxR 
activity was analysed using DTNB reduction assays. (B) Apoptosis was measured by 
monitoring the cleavage of Ac-DEVD-AMC by presence of caspase-3 activity in JJN3 post 24 
hours treatment with auranofin. Values indicate mean ± SEM of three independent 
experiments performed in triplicate. One-way ANOVA followed by Tukey’s post-test was 
employed. *, P < 0.05; **, P < 0.01; ****, P<0.0001. 
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Figure S1.3 TrxR activity in RPMI8226 and JJN3 upon selenium supplementation with 
auranofin or [Au(d2pype)2]Cl treatment. RPMI8226 and JJN3 cells were cultured in 
RPMI1640 medium or without sodium selenite (Na(2)SeO(3)) supplementation for 24 hours 
before treatment with the indicated concentration of auranofin (A, C) and [Au(d2pype)2]Cl (B, 
D) for another 24 hours. TrxR activity assay was used to measure the NADPH-dependent 
reduction of DTNB by TrxR in these cells. Two-way ANOVA followed by Sidak’s post-test was 
employed to determine the significant difference between samples supplemented with or 
without sodium selenite. One-way ANOVA followed by Tukey’s post-test was used for 
comparing TrxR activity between treated samples within each group. Values indicate mean ± 
SD of two independent experiments performed in triplicate *, P < 0.05; **, P < 0.01; ***, 
P<0.001. 

 

A. B.

C. D.
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Figure S1.4 Cell viability of RPMI8226 and JJN3 upon BSO treatment with [Au(d2pype)2]Cl. 
RPMI8226 and JJN3 cells were treated with [Au(d2pype)2]Cl in the presence (+) or absence (-) 
of 30 µM of glutathione synthesis inhibitor buthionine sulphoximine (BSO) for 24 hours. Cell 
viability was measured using CellTiter-Blue® Cell Viability assays. Two-way ANOVA followed 
by Sidak’s post-test was employed to determine the significant difference between samples 
co-treated with or without BSO. One-way ANOVA followed by Tukey’s post-test was used for 
comparing cell viability between treated samples within each group. Values indicate mean ± 
SD of two independent experiments performed in triplicate *, P < 0.05; **, P < 0.01; ***, 
P<0.001; ****, P < 0.0001 

 

 

 

Figure S1.5 Effects on MYC expression in higher concentrations of auranofin. RPMI8226 and 
JJN3 were treated with indicated concentration of auranofin (0 – 4 µM) for 24 hours before 
MYC expression was analysed on western blot. HSP90 was used as a loading control.   
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[Au(d2pype)2]Cl against environment-

mediated drug resistance (EMDR)  
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4.1 Introduction 

One of the main forms of drug resistance that is often associated with MM is the de novo 

resistance or environment-mediated drug resistance (EMDR) (Meads et al., 2008). EMDR 

remains a huge challenge in MM as reports have shown the existence of myeloma subclones, 

which are already resistant prior to drug exposure and are then selected for when anti-cancer 

therapy is applied (Hazlehurst et al., 2003; Paino et al., 2015; Furukawa and Kikuchi, 2016). 

This event is attributed to the fact that myeloma cells mainly proliferate and survive in the 

bone marrow. The bone marrow microenvironment (BMME) hence provides a sanctuary that 

protects myeloma cells from apoptotic stimuli and to allow them to acquire a survival 

advantage prior to drug treatment (Di Marzo et al., 2016).  

By nature, the BMME also offers a hypoxic environment that could enhance the survival of 

myeloma cells. Hypoxia (particularly through the actions of HIF-1α) is one of the key players 

of chemo-resistance in cancer cells (Hu et al., 2012; Colla et al., 2010; Borsi et al., 2014a; Saba 

et al., 2018). The presence of HIF-1α in low oxygen conditions has been found to induce 

angiogenesis, cell proliferation and an increase in the expression of anti-apoptotic genes in 

myeloma cells, hence promoting tumour growth in this hypoxic environment (Hu et al., 2013).  

In addition to hypoxia, the interaction of myeloma cells with BMME causes the occurrence of 

environment-mediated drug resistance, which involves two overlapping mechanisms:  

i) the production of soluble factors from bone marrow stromal cells (BMSCs) that 

activate signal transduction pathways involved in enhancing myeloma cell growth 

and survivability (Di Marzo et al., 2016; Furukawa and Kikuchi, 2016). This 

mechanism is known as soluble factors mediated- drug resistance, SFM-DR. 

ii) the direct adhesion of myeloma cells to BMSCs via expression of cell-adhesion 

molecules, which allow the cells to migrate to secondary BM sites where they can 

eventually invade and proliferate (Damiano et al., 1999; Cheung and Van Ness, 

2001; Ghobrial, 2012). This mechanism is known as cell adhesion mediated-drug 

resistance, CAM-DR. 

Numerous studies have strongly indicated the involvement of hypoxia and EMDR in the 

BMME as key survival strategies for myeloma cells to withstand cytotoxic effects from various 

anti-myeloma drug treatments. Currently, there are very few drugs available that could show 
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promising results when targeting EMDR in MM. Hence, there is an increasing need to discover 

alternative therapies that could potentially be used to overcome this form of drug resistance. 

This chapter continues from the previous chapter (Chapter 3) to explore the use of TrxR-

inhibitors, auranofin and the gold(I) phosphine [Au(d2pype)2]Cl, as potential therapeutic 

agents available to improve anti-myeloma activity by overcoming EMDR in MM. The specific 

aims of this chapter are summarised below: 

1) To evaluate the efficacy of auranofin and [Au(d2pype)2]Cl in affecting the viability of 

myeloma cells under hypoxic conditions. 

2) To assess the efficacy of auranofin and [Au(d2pype)2]Cl against myeloma cells when 

co-cultured with HS5 bone marrow stromal cells (BMSCs) under normoxic and hypoxic 

conditions.  

3) To compare and determine the choice of TrxR inhibitor (auranofin or [Au(d2pype)2]Cl) 

that is most potent and effective in inhibiting attached myeloma cells for subsequent 

studies. 

 

4.2 Results 

4.2.1 Effect of TrxR inhibitors auranofin and [Au(d2pype)2]Cl on the viability of myeloma 

cells under hypoxic conditions 

One of the factors that affects the sensitivity of myeloma cells towards anti-cancer therapies 

is the state of oxygen levels surrounding the cells. Low oxygen conditions provide the cells an 

advantage to survive and to resist drug treatment. To compare the efficacy of auranofin and 

[Au(d2pype)2]Cl against myeloma cells under low oxygen conditions, RPMI8226, U266 and 

JJN3 cells were treated with 0 to 8 µM concentrations of both compounds for 24 hours before 

proceeding to MTT assays. The results shown in Figure 4.1A, B and C indicate that cell viability 

of RPMI8226, U266 and JJN3 cells was significantly decreased with increasing concentrations 

of auranofin and that similar dose response curves were observed in both normoxic (20% O2) 

and hypoxic (1% O2) conditions. Figure 4.1D, E and F show that the three myeloma cell lines 

required higher concentrations of [Au(d2pype)2]Cl to significantly decrease the cell viability 

in hypoxia compared to the cells treated in normoxia. Although [Au(d2pype)2]Cl was observed 
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to be less effective in hypoxia, the cell viability of RPMI8226, U266 and JJN3 cells was still 

decreased in a dosage-dependent manner. 

 

 

Figure 4.1 Inhibitory effects of auranofin and [Au(d2pype)2]Cl on the cell viability of 
myeloma cells under normoxic and hypoxic conditions. (A,D) RPMI8226, (B,E) U266 and (C,F) 
JJN3 cells were treated with auranofin and [Au(d2pype)2]Cl with the indicated concentrations 
for 24 hours in either normoxia (20% O2) or hypoxia (1% O2). The cell viability was measured 
using MTT assays and was plotted as a percentage compared to untreated cells. Values are 
mean ± SEM of three independent experiments performed in duplicate. A nonlinear fit was 
performed using GraphPad Prism7 to determine the dose-response curves. 

 

When the dose response curves of RPMI8226 and JJN3 cells treated with auranofin were 

analysed alongside cells treated with [Au(d2pype)2]Cl in normoxia, RPMI8226 and JJN3 cells 

were observed to display higher sensitivity to [Au(d2pype)2]Cl compared to auranofin (Figure 

4.2A and C). The U266 cells were shown to be more sensitive to [Au(d2pype)2]Cl than 

auranofin when treated at lower concentrations from 0.25 – 2 µM (Figure 4.2B). When the 

dose response curves in hypoxia were analysed, the cell viability of RPMI8226 and JJN3 cells 

A B C 

D E F 
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shared similar sensitivity to both auranofin and [Au(d2pype)2]Cl (Figure 4.2D and F). The U266 

cells however appeared to have higher sensitivity towards auranofin than [Au(d2pype)2]Cl 

when a 4 µM concentration was used in hypoxic conditions (Figure 4.2E).  

 

 

Figure 4.2 Comparison of the cytotoxic effects of auranofin with [Au(d2pype)2]Cl towards 
myeloma cells in normoxic and hypoxic conditions. The viability of (A,D) RPMI8226, (B,E) 
U266 and (C,F) JJN3 cells were assessed under normoxic and hypoxic conditions in response 
to auranofin and [Au(d2pype)2]Cl treatment using MTT assays. The cell viability was measured 
using MTT assays and was plotted as a percentage compared to untreated cells. Values are 
mean ± SEM of three independent experiments performed in duplicate. A nonlinear fit was 
performed using GraphPad Prism7 to determine the dose-response curves. (Results are 
replotted based on data shown in Figure 4.1 to assist comparisons) 

 

 

 

A B C 

D E F 
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4.2.2 Development of co-culture MTT assay 

A co-culture MTT assay was developed in this study to determine the effects of drug 

treatment on the cell viability when myeloma cells were co-cultured with HS5 BMSCs. Several 

optimisation steps were undertaken to achieve consistent results in this assay. 

 

4.2.2.1 HS5 seeding number 

Previous studies have reported the use of various numbers of BMSCs in co-culture 

experiments. In these studies, the number of BMSCs used to coat a 96-well plate ranged from 

2.5 X 103 to 2.5 X 104 cells per well (Uchiyama et al., 1993; Misund et al., 2013; Cheong et al., 

2015; Lin et al., 2017). To optimise the co-culture assay that could provide a confluent 

monolayer (about 85%) of HS5 cells, the number of cells tested was 7.5 x 103, 1 x 104 and 2 X 

104 cells per well. Figure 4.3A and B show that overnight coating of HS5 BMSCs with either 

7.5 x 103 or 1 x 104 cells did not provide the required confluency over the bottom of the well. 

However, when 2 x 104 of HS5 cells (Figure 4.3C) were used, a confluency of about 85 - 90% 

was achieved and an even stromal monolayer was formed that was suitable for maximum 

contact when myeloma cells were added onto it. A monolayer confluency of approximately 

85% was consistently achieved when the HS5 cells were thoroughly mixed as the tendency to 

clump was observed if the cells were not properly mixed as shown in Figure 4.3D.  
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Figure 4.3 Post overnight incubation of HS5 bone marrow stromal cells, HS5 monolayer 
obtained with different seeding numbers. HS5 stromal cells were seeded into a 96-well plate 
with the indicated cell number of 7.5 x 103, 1 x 104 and 2 x 104 cells per well before overnight 
incubation at 37oC, 5% CO2. Images were taken with an iPhone through the Nikon TS100 
inverted microscope at 10 x magnification setting. 

 

 

A B 

C D 

7.5 x 103 cells 1 x 104 cells 

2 x 104 cells 
2 x 104 cells             

if not properly mixed 
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4.2.2.2 Pre-conditioning in different oxygen conditions  

After the optimum number of HS5 cells was determined at 2 x 104, the myeloma cell lines 

RPMI8226, U266 and JJN3 were seeded over the stromal layer at a density of 2.5 x 104 cells 

per well (Uchiyama et al., 1993), which is approximately a 1:1 ratio of myeloma:HS5 cells per 

well. During the early trialling experiments, myeloma cells were initially left to interact with 

BMSCs overnight (one batch in normoxia (20% O2) while the other in hypoxia (1% O2) for pre-

conditioning) prior to treatment with auranofin or gold compound [Au(d2pype)2]Cl for 

another 24 hours. However, with these extended period of co-culturing conditions, the 

metabolic activity, as indicated by the formation of formazan by MTT reduction of the co-

cultured cells, was observed to have lost the linearity between the absorbance generated and 

the number of cells that were still viable after treatment, due to over-confluency of the cells. 

To overcome this problem, pre-conditioning of the myeloma cells was carried out (in either 

normoxic or hypoxic condition) a day before the cells were seeded at 2.5 x 104 cells per well 

onto the HS5 monolayer cells. These co-cultured myeloma and HS5 stromal cells were then 

left to interact for at least 4 hours followed by the addition of inhibitors for another 24 hours 

in either normoxic or hypoxic conditions. Images of the myeloma cells in co-culture with HS5 

BMSCs viewed under the microscope are shown in Figure 4.4. The effect on cell viability of 

the myeloma cells, whether alone or attached to HS5, was then analysed with MTT assays 

(2.2.2.2.1). The overview of the co-culture MTT assay set up is summarised in Figure 4.5. 
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Figure 4.4 Co-culture of myeloma cells with HS5 BMSCs. The RPMI8226, U266 and JJN3 cells 
were seeded onto HS5 cells in a 1:1 ratio. The co-cultures were left to interact for 4 hours 
followed by addition of designated inhibitors for 24 hours at 37oC, 5% CO2 in either normoxic 
(20% O2) or hypoxic (1% O2) conditions. Images were taken with an iPhone through the Nikon 
TS100 inverted microscope at 40 x magnification setting. 

 

 

Figure 4.5 Schematic overview of co-culture MTT assay. The HS5 stromal cells were seeded 
overnight to allow the formation of a confluent monolayer before the pre-conditioned 
myeloma cells, which have been cultured in either normoxia (20% O2) or hypoxia (1% O2) for 
at least 24 hours, were seeded onto the stromal cells. These co-cultures were left to adhere 
and interact for at least 4 hours prior to addition of any required treatment for 24 hours. MTT 
assays were carried out after treatment and analysed on the following day. Grey and red 
coloured cells represent viable and non-viable myeloma cells, respectively. 
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4.2.3 Effect of auranofin and [Au(d2pype)2]Cl on HS5 bone marrow stromal cells 

As shown in Chapter 3, [Au(d2pype)2]Cl was highly specific to myeloma cells and did not 

display cytotoxicity to normal PBMCs. Moreover, previous studies have shown that auranofin 

exhibits low cytotoxicity to non-cancerous cells (including PBMCs, human dermal fibroblasts 

(HNDFs) and human normal epithelial melanocytes (HNEMs)) when compared to cancerous 

cells (Raninga et al., 2015; Sachweh et al., 2015). Hence, the purpose of this experiment was 

to confirm that [Au(d2pype)2]Cl and auranofin were not cytotoxic to the non-cancerous HS5 

stromal cells, which were required for co-culture assays in the subsequent experiments.  

To test for any cytotoxic effect, the stromal cells were treated with 0 – 8 µM of either 

auranofin or [Au(d2pype)2]Cl for 24 hours followed by assessment with MTT assays. As shown 

in Figure 4.6, [Au(d2pype)2]Cl did not display any cytotoxic effect on HS5 cells in both 

normoxic and hypoxic conditions. With respect to auranofin, concentrations from 0 to 4 µM 

did not cause significant cytotoxicity. However, there was an obvious decline in cell viability 

of about 35 – 40% when 8 µM of auranofin was used on the cells. Although the cell viability 

of HS5 cells was observed to have declined at 8 µM auranofin, subsequent co-culture 

experiments were still carried out up to this concentration to standardise the concentrations 

(0 to 8 µM) of auranofin and [Au(d2pype)2]Cl used across all the myeloma cells that are being 

studied in this experiment. 
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Figure 4.6 Effect of auranofin and Au(d2pype)2]Cl on HS5 bone marrow stromal cells. The 
HS5 stromal cells were treated with 0 – 8 µM of auranofin or [Au(d2pype)2]Cl for 24 hours at 
37oC/5% CO2. The cell viability was measured using MTT assays and was plotted as a 
percentage compared to untreated cells. Values indicate mean ± SEM of three independent 
experiments performed in duplicate. One-way ANOVA followed by Dunnett’s post-test was 
employed. ***, P<0.001; **** P<0.0001. 

 

 

4.2.4 Effect of auranofin and [Au(d2pype)2]Cl on myeloma cells co-cultured with HS5 

BMSCs under normoxic and hypoxic conditions. 

Co-culture MTT assays were carried out to assess the efficacy of the TrxR inhibitors, auranofin 

and [Au(d2pype)2]Cl, in decreasing the cell viability of the myeloma cells when co-cultured 

with BMSCs. These co-cultured cells were treated with 0 to 8 µM concentrations of either 

[Au(d2pype)2]Cl or auranofin for 24 hours. MTT assays were then performed to determine 

the cell viability of the attached myeloma cells by subtracting the HS5 readings from the co-

culture readings (2.2.2.2.1).  

 

 

 



  CHAPTER 4 

97 
 

4.2.4.1 Effect of auranofin on attached myeloma cells under normoxic and hypoxic 

conditions 

Results in Figure 4.7A showed that the cell viability of the attached RPMI8226 cells was 

significantly decreased when auranofin was used to treat the cells at concentrations of 2 µM 

and higher. Furthermore, there was no noticeable difference in the response of this myeloma 

cell line towards auranofin when cultured on stromal cells in either normoxia or hypoxia. The 

cell viability of attached U266 cells was also decreased by auranofin when concentrations of 

2 µM and higher were used. However, unlike RPMI8226 cells, there was a noticeable 

(although not significant) difference in the response of attached U266 cells treated in 

normoxic and hypoxic conditions (Figure 4.7B). The JJN3 cells that were co-cultured with HS5 

cells in hypoxia exhibited lower sensitivity to auranofin when compared to the attached 

RPMI8226 and U266 cells. Moreover, the cell viability of the attached JJN3 cells was observed 

to be lower when auranofin was used in normoxia, indicating hypoxia could significantly 

enhance drug resistance in this cell line (Figure 4.7C). 

 

4.2.4.2 Effect of [Au(d2pype)2]Cl on attached myeloma cells under normoxic and hypoxic 

conditions 

The efficacy of [Au(d2pype)2]Cl was evaluated on the attached myeloma cells. By analysing 

the dose response curves in Figure 4.7D and F, it can be observed that the cell viability of 

attached RPMI8226 and JJN3 cells displayed higher resistance towards [Au(d2pype)2]Cl in 

hypoxia when compared to normoxia. The attached RPMI8226 cells showed about 50% 

decrease in cell viability when treated with 2 µM [Au(d2pype)2]Cl in normoxia. However, it 

was observed that these attached RPMI8226 cells were unaffected in hypoxia when the same 

concentration (2 µM [Au(d2pype)2]Cl) was used (Figure 4.7D). Additionally, although attached 

JJN3 cells were less sensitive to [Au(d2pype)2]Cl in hypoxia, the cell viability of this cell line 

was completely inhibited when 4 µM of [Au(d2pype)2]Cl was used in both normoxic and 

hypoxic conditions (Figure 4.7F). The cell viability of attached U266 cells was observed to have 

similar response to [Au(d2pype)2]Cl in both normoxia and hypoxia in a dosage dependent 

manner. About 60% of attached U266 cells were inhibited in both normoxic and hypoxic 

conditions when 8 µM of [Au(d2pype)2]Cl was used (Figure 4.7E). 
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Figure 4.7 Inhibitory effects of auranofin and [Au(d2pype)2]Cl on the cell viability of 
myeloma cells that were attached to HS5 stromal cells under normoxic and hypoxic 
conditions. (A,D) RPMI8226, (B,E) U266 and (C,F) JJN3 were cultured in either normoxia (20% 
O2) or hypoxia (1% O2) overnight before seeding onto HS5 stromal cells. After the cells have 
interacted for 4 hours, the co-culture was treated with 0 – 8 µM auranofin and 
[Au(d2pype)2]Cl for 24 hours. The percentage of cell viability of the attached myeloma cells 
was measured using MTT assay by subtracting the HS5 readings from the co-culture readings 
(2.2.2.2.1). These values represent the specific reading for attached myeloma cells without 
having HS5 in the background. Values are mean ± SEM of three independent experiments 
performed in duplicate. A nonlinear fit was performed using GraphPad Prism7 to determine 
the dose-response curves. 
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4.2.4.3 Comparison of the effect of auranofin and [Au(d2pype)2]Cl on attached myeloma 

cells under normoxic conditions 

The dose response curves were analysed to compare the efficacy of auranofin to 

[Au(d2pype)2]Cl against attached myeloma cells in normoxia. The RPMI8226, U266 and JJN3 

cells that were co-cultured with HS5 BMSCs were observed to exhibit higher sensitivity 

towards [Au(d2pype)2]Cl as compared to auranofin (Figure 4.8A, B and C). At 2 µM 

concentration, the cell viability of attached RPMI8226 and U266 cells were about 40% 

decreased when treated with [Au(d2pype)2]Cl. On the contrary, when 2 µM auranofin was 

used, this concentration did not display significant cytotoxicity to the attached RPMI8226 and 

U266 cells as shown in Figure 4.8 A and B. Moreover, it was observed that the cell viability of 

attached JJN3 cells were completely inhibited (100%) by 8 µM [Au(d2pype)2]Cl as compared 

to about 80% inhibition by auranofin at this same concentration (Figure 4.8C).  

 

4.2.4.4 Comparison of the effect of auranofin and [Au(d2pype)2]Cl on attached myeloma 

cells under hypoxic conditions 

When comparing the efficacy of auranofin to [Au(d2pype)2]Cl on the myeloma cells that were 

co-cultured with HS5 BMSCs in hypoxia, it was observed that the attached JJN3 cells displayed 

higher sensitivity to [Au(d2pype)2]Cl as compared to auranofin (Figure 4.8F). The cell viability 

for the attached JJN3 cells was completely inhibited when 4 µM of [Au(d2pype)2]Cl was used 

whereas a much higher concentration of auranofin (above 8 µM) was required to induce the 

same inhibitory effect. The attached RPMI8226 cells were found to be slightly more sensitive 

to auranofin than to [Au(d2pype)2]Cl when treated with 8 µM concentration in hypoxia 

(Figure 4.8A). About 80% of the attached RPMI8226 cells were significantly inhibited when 8 

µM of auranofin was used (possibly due to the effect of auranofin towards HS5 cells, which 

may have affected the cell viability of attached RPMI8226 cells) and only about 50% were 

inhibited when 8 µM of [Au(d2pype)2]Cl were used in hypoxia. Interestingly, the cell viability 

of attached U266 cells was observed to have similar response to both auranofin and 

[Au(d2pype)2]Cl in hypoxic conditions (Figure 4.8B). About 60% of attached U266 cells were 

inhibited when 8 µM of either auranofin or [Au(d2pype)2]Cl were used in hypoxia. 
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Figure 4.8 Comparison of the cytotoxic effects of auranofin alongside with [Au(d2pype)2]Cl 
towards myeloma cells that were attached to HS5 stromal cells in normoxic and hypoxic 
conditions. (A,D) RPMI8226, (B,E) U266 and (C,F) JJN3 were pre-conditioned in either 
normoxia (20% O2) or hypoxia (1% O2) overnight before seeding onto HS5 stromal cells. After 
the cells were adhered for 4 hours, the co-culture was treated with increasing concentrations 
of auranofin and [Au(d2pype)2]Cl for 24 hours. The cell viability of these attached myeloma 
cells were assessed under normoxic and hypoxic conditions in response to either auranofin 
or [Au(d2pype)2]Cl treatment using MTT assays by subtracting the HS5 readings from the co-
culture readings. The percentage of cell viability was plotted with the values indicating mean 
± SEM of three independent experiments performed in triplicate. A nonlinear fit was 
performed using GraphPad Prism7 to determine the dose-response curves. (Results are 
replotted based on data shown in Figure 4.7 to assist comparisons) 
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4.2.5 Comparison of the effect of auranofin and [Au(d2pype)2]Cl on non-attached and 

attached myeloma cells in normoxic and hypoxic conditions. 

The IC50 values obtained from the dose response curves of non-attached and attached 

myeloma cells treated with auranofin and [Au(d2pype)2]Cl were analysed and compiled in 

Table 4.1. This table was evaluated to compare the potency between auranofin and 

[Au(d2pype)2]Cl on these cells when used in normoxic and hypoxic conditions. A final decision 

could then be made to determine the choice of TrxR inhibitor to be used for the subsequent 

EMDR-related studies in myeloma cells. Overall, there was a strong trend in both normoxia 

and hypoxia indicating that the RPMI8226, U266 and JJN3 cells that were attached to HS5 

cells exhibited noticeable resistance to both auranofin and [Au(d2pype)2]Cl when compared 

to their corresponding non-attached myeloma cells. In normoxia, the IC50 value for attached 

U266 cells treated with auranofin and [Au(d2pype)2]Cl was 4.88 and 3.65 µM, respectively. 

However, when the non-attached U266 cells were treated, the IC50 value obtained was 2.50 

(auranofin) and 2.51 µM ([Au(d2pype)2]Cl). This lower sensitivity was also observed in hypoxia 

where the IC50 value for attached U266 cells treated with auranofin and [Au(d2pype)2]Cl was 

7.37 and 5.40 µM while for non-attached U266 cells was 2.92 and 3.90 µM, respectively. 

The potency of [Au(d2pype)2]Cl was significantly higher than auranofin when it was used in 

normoxia. The attached and non-attached myeloma cells showed that the IC50 values required 

for [Au(d2pype)2]Cl were less than half the IC50 values required for auranofin to inhibit these 

cells (except for non-attached U266 cells). For example, the IC50 needed to inhibit the 

attached RPMI8226, U266 and JJN3 cells were 2.48, 3.65 and 1.17 µM for [Au(d2pype)2]Cl 

whereas for auranofin the IC50 values were 5.52, 4.88 and 3.95 µM, respectively.  

When the potency of auranofin and [Au(d2pype)2]Cl were compared in hypoxia, it was 

observed that [Au(d2pype)2]Cl was more effective than auranofin in inhibiting attached U266 

and JJN3 cells. The IC50 required to inhibit these two attached myeloma cells were 5.40 and 

1.86 µM for [Au(d2pype)2]Cl while IC50 values were 7.37 and 5.91 µM. Surprisingly, a slightly 

higher IC50 value was required for [Au(d2pype)2]Cl (6.84 µM) to inhibit the attached RPMI8226 

cells in hypoxic conditions when compared to auranofin (5.34 µM).  

Based on the overall IC50 values shown in Table 4.1, it was observed that [Au(d2pype)2]Cl, 

when tested across non-attached and attached myeloma cells under normoxic and hypoxic 

conditions, generally displayed better cytotoxicity against these cells with lower IC50 values 
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required as compared to auranofin. Hence, the TrxR inhibitor selected for the subsequent 

studies was [Au(d2pype)2]Cl. 

 

Table 4.1 IC50 values for non-attached and attached RPMI8226, U266 and JJN3 cells treated 
under normoxic and hypoxic conditions. 

 

 

4.3 Discussion 

One of the main goals of this chapter was to explore the potential of using TrxR inhibitors to 

inhibit myeloma cell growth in hypoxic conditions. Hypoxia has been found to induce 

angiogenesis and increase the expression of anti-apoptotic genes including Bcl-2 and Bcl-xL in 

myeloma cells and to promote tumour growth in the hypoxic BMME (Hu et al., 2013). 

Furthermore, TrxR protein expression levels have been previously shown to be upregulated 

in hypoxic myeloma cells (Raninga et al., 2016b). Hence, it is possible that myeloma cells 

grown in the hypoxic environment could be targeted with the use of TrxR inhibitors. Of 

particular interest, the improved gold(I) phosphine complex [Au(d2pype)2]Cl, which has been 

shown to have high cytotoxicity and specificity towards myeloma cells (Sze et al., 2020), was 

further assessed in this chapter (alongside with auranofin) to evaluate its activity against 

myeloma cells that were grown in hypoxic conditions. Following the results that were shown 

in Figure 4.1, the inhibitory effects of [Au(d2pype)2]Cl were observed to be less potent when 

used in hypoxia (compared to normoxia) in all the three myeloma cell lines tested, suggesting 

Auranofin [Au(d2pype)2]Cl Auranofin [Au(d2pype)2]Cl
RPMI8226 4.36 2.30 5.52 2.48

U266 2.50 2.51 4.88 3.65
JJN3 1.68 0.96 3.95 1.17

Auranofin [Au(d2pype)2]Cl Auranofin [Au(d2pype)2]Cl
RPMI8226 4.25 4.39 5.34 6.84

U266 2.92 3.90 7.37 5.40
JJN3 1.70 1.60 5.91 1.86

Myeloma Cell Line
Hypoxia (1% O2)

Non-attached Attached

Myeloma Cell Line
Normoxia (20% O2)

Non-attached Attached
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that the cytoprotective mechanism initiated from hypoxia may affect the potency of 

[Au(d2pype)2]Cl. Interestingly, the inhibitory effects of auranofin towards the myeloma cells 

were observed to be similar in both normoxic and hypoxic conditions. Although the exact 

mechanism of this phenomenon is unknown, it may be possible that auranofin may have 

broader target effects that affected the cytoprotective role of HIF-1α in the hypoxic myeloma 

cells, hence allowing the drug to act similarly in both normoxic and hypoxic conditions. To 

date, there is only one report that showed auranofin could cause the downregulation of the 

HIF-1α expression in pancreatic tumours, although the exact mechanisms for this effect was 

not known (Rios Perez et al., 2019). Hence, further investigations are needed to determine if 

auranofin directly or indirectly affects the functional role of HIF-1α.  

Despite the effect from hypoxia that was shown to lower the potency of [Au(d2pype)2]Cl 

towards myeloma cells, the dose response curves from Figure 4.2 demonstrated that the 

cytotoxic effects of [Au(d2pype)2]Cl in hypoxia were similar to the effects of auranofin. The 

similarities in the dose response curves of [Au(d2pype)2]Cl- and auranofin-treated hypoxic 

myeloma cells suggest that [Au(d2pype)2]Cl was still effective against the hypoxic myeloma 

cells even though the potency of this inhibitor was affected by the protective influence from 

hypoxia.  

The next goal of this chapter was to evaluate the efficacy of auranofin and [Au(d2pype)2]Cl in 

inhibiting myeloma cells that were co-cultured with the BMSCs in normoxic and hypoxic 

conditions. A co-culture MTT assay was developed and optimised (Figure 4.3 and 4.4) in this 

study to measure the cell viability of the myeloma cells that were attached to the HS5 BMSCs 

in a co-culture assay (Figure 4.5). This study used MTT as an affordable, pre-screening tool to 

measure the metabolic dehydrogenase activity in myeloma cells as an indirect measurement 

of their viability (Koyanagi et al., 2016; Aslantürk, 2018). Furthermore, the measurement of 

cell metabolic activity by using MTT to indirectly reflect the viability of the cell is still widely 

applied in research up to this day (Castillo et al., 2018; Stockert et al., 2018; Rekha and Anila, 

2019). Further studies could utilise flow cytometry or fluorescence-activated cell sorting 

(FACS) to measure the cell viability of the treated, attached myeloma cell population from the 

co-culture assay. The usage of an impermeant membrane dye, such as propidium iodide, that 

is normally excluded from viable cells, can be used to differentiate the viable myeloma cells 

from non-viable cells. Then the mixed co-culture of myeloma and HS5 cells can be segregated 
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according to its cell type (Yamaguchi et al., 2014) by using the fluorescence antibodies specific 

to myeloma and HS5 cell surface markers for further analysis. 

As discussed in Chapter 3, auranofin may display off-target effects that could potentially react 

with not just TrxR but other thiol-containing groups or proteins (Mirabelli et al., 1985; 

Berners-Price and Filipovska, 2011; Rackham et al., 2011). Hence, it is possible that these off-

target effects may cause unfavourable outcomes if auranofin is used at high concentrations. 

When auranofin and [Au(d2pype)2]Cl were tested in a range of concentrations up to 8 µM in 

non-cancerous HS5 BMSCs, auranofin exhibited a noticeable cytotoxic effect on these cells at 

8 µM (Figure 4.6). [Au(d2pype)2]Cl, on the other hand, was still non-cytotoxic to the HS5 cells 

even when 8 µM was used, indicating that the high specificity of [Au(d2pype)2]Cl towards TrxR 

was able to selectively target the myeloma cells while leaving normal, non-cancerous HS5 

cells unharmed. 

As auranofin and [Au(d2pype)2]Cl did not cause significant non-specific cytotoxicity to the HS5 

stromal cells at less than 8 µM, subsequent experiments were then carried out by co-culturing 

the myeloma cells with the HS5 cells to analyse the effect of auranofin and [Au(d2pype)2]Cl 

treatment on the viability of the attached myeloma cells. Additionally, a comparison of 

normoxic and hypoxic conditions was also applied in this study to test the physiological aspect 

by mimicking the potential hypoxic BMME influence in MM. Although the results in Figure 4.7 

showed that [Au(d2pype)2]Cl was less potent in hypoxia in all the three attached myeloma 

cell lines as compared to normoxia, cell viability of these attached myeloma cells were still 

inhibited in a dosage-dependent manner. This inhibition indicates that [Au(d2pype)2]Cl was 

still able to overcome the resistance gained by the interaction between the myeloma cells 

and HS5 BMSCs in addition to the resistance observed when the myeloma cells were attached 

in hypoxia. Surprisingly, auranofin, which showed no difference in its inhibitory effects 

towards non-attached myeloma cells in both normoxia and hypoxia in Figure 4.1, was shown 

to have different inhibitory effects when the myeloma cells (particularly U266 and JJN3 cells) 

were co-cultured with the HS5 stromal cells. It is possible that when U266 and JJN3 cells were 

attached to the HS5 cells, the contact between them may have triggered additional signalling 

pathways (possibly by enhancing the role of HIF-1α) that could alter the sensitivity of these 

two myeloma cell lines towards auranofin, thereby causing different inhibitory effects to be 

observed between cells cultured in normoxic and hypoxic conditions.  
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The efficacy of auranofin and [Au(d2pype)2]Cl towards attached myeloma cells was then 

compared by assessing the separate dose response curves compiled in Figure 4.8. When 

comparing auranofin with [Au(d2pype)2]Cl, it was observed that [Au(d2pype)2]Cl was 

significantly more potent than auranofin on JJN3 cells that were in co-culture with HS5 BMSCs 

in both normoxic and hypoxic conditions. Although [Au(d2pype)2]Cl displayed higher potency 

than auranofin against the other two attached myeloma cell lines (except for attached 

RPMI8226 cells in hypoxia), the sensitivities of these attached RPMI8226 and U266 cells 

toward [Au(d2pype)2]Cl were less profound as compared to attached JJN3 cells. The 

difference in sensitivities shown in these results suggest that not all myeloma cells would 

display similar vulnerabilities to the TrxR inhibitors used. Even though myeloma cells in 

general display high levels of TrxR activity, which reflects on their reliance on the antioxidant 

system for survival (Raninga et al., 2015), it was highly likely that different myeloma subtypes 

would display different levels of sensitivity towards [Au(d2pype)2]Cl, depending on the degree 

of dependency that these cells have towards the antioxidant system. The basal TrxR activity 

(as shown in Chapter 3, Figure 2.1A) of the myeloma cells showed that JJN3 cells had the 

highest basal readings (indicating higher dependency on the Trx system) as compared to 

RPMI8226 and U266 cells. This high dependency was further supported by the results 

whereby JJN3 cells were found to be the most sensitive cell line, compared to RPMI8226 and 

U266 cells, when treated with [Au(d2pype)2]Cl (Table 4.1). By considering the fact that JJN3 

was vulnerable with or without the cyto-protection from BMME and/or hypoxia, it is 

therefore possible to overcome EMDR in myeloma cells that are highly dependent on the Trx 

system for survival, as demonstrated by the effectiveness of [Au(d2pype)2]Cl on JJN3 cells.  

Finally, as the IC50 values of auranofin and [Au(d2pype)2]Cl obtained from the dose response 

curves of non-attached and attached myeloma cells were analysed in Table 4.1, the survival 

influence from the myeloma cell interaction with HS5 stromal cells as well as hypoxia was in 

accordance with previous reports, which showed that these two main factors could 

contribute to the survival advantage of myeloma cells to survive prior to drug treatment (Hu 

et al., 2013; Ghobrial, 2012; Di Marzo et al., 2016; Furukawa and Kikuchi, 2016; Nass and 

Efferth, 2018). When the IC50 values of auranofin and [Au(d2pype)2]Cl were analysed, it was 

noted that [Au(d2pype)2]Cl generally displayed much better efficacy by exhibiting lower IC50 
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values as compared to auranofin when applied to either the attached or non-attached 

myeloma cells. 

In summary, the 2D co-culture MTT assay was successfully developed in this study to evaluate 

the response of myeloma cells (that were co-cultured with BMSCs in hypoxic (1% O2) 

conditions that mimic a basic BMME system) towards the TrxR inhibitors auranofin and 

[Au(d2pype)2]Cl. Despite the difference in efficacy observed in normoxic and hypoxic 

conditions, [Au(d2pype)2]Cl was proven to be more potent than auranofin. Although the co-

culture MTT assay was able to measure the cell viability based on the linearity generated 

between the percentage of viable cells and the absorbance obtained, it is also noted that the 

increased cell numbers in this format could potentially contribute to the presence of excess 

proteins, which may affect the potency of the inhibitors, especially auranofin, in this assay. 

Hence, there is a possibility that the increased biomass in this myeloma and HS5 co-culture 

model may influence the end-result of this study. Therefore, less specific inhibitor (auranofin) 

may be required at a much higher concentration, as compared to [Au(d2pype)2]Cl, to 

effectively inhibit myeloma cells in the co-culture assay. Moreover, it would be informative in 

future experiments to measure the TrxR activity of the attached myeloma cells to determine 

whether the cyto-protection gained by these myeloma cells from the co-culture could be 

influenced by TrxR activity in the cells. 

Overall, the results in this chapter indicate that [Au(d2pype)2]Cl has better potential than 

auranofin as an alternative TrxR-inhibiting drug that could be effectively utilised to 

circumvent EMDR displayed by myeloma cells that reside in the BMME. Based on these 

observations, [Au(d2pype)2]Cl was chosen as a tool for subsequent studies aimed at 

understanding the potential mechanisms underlying the possible contribution of the Trx 

system to EMDR in MM. 
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5.1 Introduction 

As shown from the work described in the previous chapter (Chapter 4), the co-culture of 

myeloma cells and HS5 BMSCs have resulted in increased cell viability in the attached 

myeloma cells due to the close interaction between these two cell populations that provides 

an “intrinsic resistance” to the myeloma cells, to subsequent drug exposure. This form of 

resistance, which is also known as EMDR, is attributed by two main overlapping mechanisms 

called soluble factor mediated-drug resistance (SFM-DR) and cell adhesion mediated-drug 

resistance (CAM-DR) (Di Marzo et al., 2016; Furukawa and Kikuchi, 2016).  

This chapter focuses on CAM-DR and was aimed to investigate if the Trx system has an 

influence in controlling CAM-DR in MM.  It is known that cell adhesion molecules mediate the 

physical interaction of myeloma cells with BMSCs and also with extracellular matrix (ECMs) 

(Parmo-Cabañas et al., 2004; Shain et al., 2009; Katz, 2010; Roccaro et al., 2014). One of the 

most prominent cell adhesion molecules, the integrin Very Late Activation Antigen-4 (VLA-4) 

has been shown to mediate myeloma-BMSC interactions (by binding to its ligand Vascular Cell 

Adhesion Molecule-1 (VCAM-1)) as well as myeloma-ECM interactions (via fibronectin). 

Studies have shown that upon adhesion, apoptotic pathways were suppressed by triggering 

the secretion of cytokine IL-6 by BMSCs and myeloma cells (Nefedova et al., 2003; Furukawa 

and Kikuchi, 2016). This cytokine can then induce cell proliferation and survival (Chauhan et 

al., 1996; Damiano et al., 1999), which ultimately contribute survival advantage to these 

attached myeloma cells prior to drug treatment (Landowski et al., 2003; Noborio-Hatano et 

al., 2009; Katz, 2010; Di Marzo et al., 2016).  

To date, direct targeting of an adhesion molecule has not been very successful in treating MM 

patients with CAM-DR due to unfavourable side effects (Yaldizli and Putzki, 2009; Podar et al., 

2011; Hoepner et al., 2014). Therefore, the effort to discover alternative ways to overcome 

CAM-DR, especially in advanced or relapsed patients, is still under development. This chapter 

focuses on an indirect downregulation of the expression of adhesion molecules, particularly 

VLA-4, via the redox regulatory systems in the quest to overcome CAM-DR.  

Myeloma cells have been demonstrated to have increased dependency on the Trx system as 

compared to normal cells (Raninga et al., 2015; Raninga et al., 2016b; Sze et al., 2020), but to 

date no studies have been carried out to investigate if there is a connection between this 
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antioxidant system and the expression of the VLA-4 cell adhesion molecule in myeloma cells. 

Hence in this chapter, the TrxR inhibitor [Au(d2pype)2]Cl was further utilised to investigate its 

myeloma-inhibitory role in connection to CAM-DR in MM.  

The aims of this chapter were as follows: 

 

i) To assess the adhesion properties of myeloma cells towards BMSCs following 

inhibition of TrxR with [Au(d2pype)2]Cl. 

ii) To determine the effects of inhibition of TrxR with [Au(d2pype)2]Cl on the 

expression of the VLA-4 cell adhesion molecule. 

iii) To determine if the NF-ĸB signalling pathway is involved in the possible 

crosstalk/connection between the Trx system and CAM-DR. 

 

5.2 Results  

5.2.1 Development of co-culture luciferase assays 

A co-culture luciferase assay was developed with modifications based on an assay described 

by Cheong et al. (2015). In this project, the effect of drug treatment on the adhesion 

properties of myeloma cells was assessed by utilising a genetically engineered myeloma cell 

line called RPMI8226-Luc that constitutively expresses the luciferase enzyme. When the co-

culture was treated with the designated inhibitor, a gentle wash was applied to remove any 

non-attached cells. The remaining RPMI8226-Luc cells that were still adhered to the HS5 cells 

were then detected for their adhesion capabilities by measuring the production of 

bioluminescence signal generated by these myeloma cells after a substrate called D-luciferin 

was applied to them.  

Several optimisation steps were undertaken to achieve consistent results in this assay.  
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5.2.1.1 Seeding number of HS5 BMSCs and RPMI8226-Luc cells 

This optimisation step was carried out concurrently with the co-culture MTT assay as 

described in Chapter 4, Section 4.2.2. Briefly, the number of HS5 cells tested was 7.5 x 103, 1 

x 104 and 2 X 104 cells/well based on the cell numbers published in previous reports (Misund 

et al., 2013; Cheong et al., 2015; Lin et al., 2017). Final results showed that seeding of 2 X 104 

cells/well was the optimum number required to provide a confluent (about 85%) monolayer 

of HS5 cells on a 96-well plate format (Chapter 4, Figure 4.3). After the seeding number of 

HS5 stromal cells was set at 2 X 104 cells/well, the RPMI8226-Luc cells were then seeded at 

2.5 X 104 cells/well over the HS5 stromal layer based on a published protocol presented by 

Uchiyama and co-workers (1993). At 2.5 X 104 cells/well, the RPMI8226-Luc cells were 

observed to spread evenly over the HS5 stromal layer, and these numbers were used for all 

subsequent co-culture luciferase assays. 

 

5.2.1.2 Washing optimisation 

This was the most crucial step as it was required to effectively wash off the non-attached 

myeloma cells while leaving the attached cells and HS5 BMSC monolayer undisturbed after a 

treatment was applied to the co-culture. Despite the availability of published methods that 

included washes with buffers (HBSS or serum-free RPMI1640) (Cheong et al., 2015; Lin et al., 

2017), washes with inversion (Wang et al., 2007) or centrifugal inversion (Uchiyama et al., 

1993), none of these methods were thoroughly described. Hence, a few washing methods 

and techniques were trialled to find one that could consistently remove non-attached 

myeloma cells, while at the same time leaving the remaining attached myeloma cells and HS5 

stromal layer undisturbed.  

When trialling for effective washing steps, the medium was firstly removed from the treated, 

overnight co-culture. Then, about an equal volume of 1 X PBS was gently laid over the treated 

co-cultured cells followed by gentle aspiration to remove the PBS containing non-attached 

cells. It was discovered that multiple washes (2 to 3 repeated washes) were problematic as 

they caused significant loss or damage to the monolayers. Moreover, inversion of the plate 

to remove the non-attached cells was tested, but this procedure did not remove the non-

attached cells effectively, thereby causing the end results to be inconsistent. Finally, a single 

wash with PBS followed by a gentle aspiration was found to be the most effective in removing 
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the non-attached myeloma cells because this method was able to provide consistent results 

by leaving the remaining attached myeloma and HS5 stromal layer undisturbed throughout 

the experiments. 

After the washing step was established, the remaining RPMI8226-Luc cells that were still 

attached to the HS5 monolayer were treated with 1 X D-luciferin substrate for 20 minutes in 

the 37oC incubator to allow time for the attached myeloma cell to generate a luminescence 

signal. The bioluminescence signal (representing the relative number of attached cells) was 

then read on a plate reader for analysis. An overview of the co-culture luciferase assay is 

summarised in Figure 5.1.  

 

 

 

 

Figure 5.1 Schematic overview of co-culture luciferase assay. The HS5 stromal cells were 
seeded overnight to allow the formation of a confluent monolayer. On the following day, the 
RPMI8226-Luc cells were seeded onto the stromal cells. These co-cultures were left to adhere 
and interact for at least 4 hours before addition of any required treatment for 24 hours. Non-
attached cells were washed off on the next day with PBS before the luminescence substrate 
D-luciferin was added to the remaining cells that were still attached to the HS5 monolayer. 
This was followed by incubation for 20 minutes at 37oC and the bioluminescence signal was 
read with the FLUOstar Omega (BMG Labtech). Wells containing only HS5 cells were used as 
a negative control. 
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5.2.2 Effect of TrxR inhibition with [Au(d2pype)2]Cl on the adhesion properties of 

myeloma cells 

To determine if inhibition of TrxR has an effect on the adhesion of myeloma cells to the HS5 

stromal layer, the co-culture of RPMI8226-Luc cells and HS5 BMSCs were treated with or 

without 2 µM [Au(d2pype)2]Cl for 24 hours. The bortezomib-resistant RPMI8226-Luc cells, 

which have been previously established in the lab (Raninga et al., 2015), were also included 

in this study to determine if similar effects apply to the adhesion properties of bortezomib-

resistant myeloma cells after the [Au(d2pype)2]Cl treatment. Following 24-hours of 2 µM 

treatment, the non-attached cells were removed by gentle washing and D-luciferin was then 

added to the co-culture where the remaining RPMI8226-Luc cells that were still attached to 

HS5 cells were quantified. Based on the results shown in Figure 5.2, both the bortezomib-

sensitive and –resistant RPMI8226-Luc cells displayed significant loss of adhesion, as 

represented by the luminescence signal, towards the HS5 monolayer after treatment with 2 

µM of [Au(d2pype)2]Cl when compared to untreated cells.   

 

 

 

 

 

 

 

 

 

Figure 5.2 Effect of TrxR inhibition with [Au(d2pype)2]Cl on the adhesion properties of 
RPMI8226 cells. The myeloma RPMI8226-Luc bortezomib-sensitive and -resistant cells were 
left to attach to the HS5 monolayer for 4 hours before 2 µM of [Au(d2pype)2]Cl was added to 
the co-culture assay. Post 24-hour treatment, the medium was removed and the co-culture 
was washed with PBS to remove non-attached RPMI8226-Luc cells from the co-culture assay. 
The luminescence substrate D-luciferin was then added and incubated for 20 minutes at 37oC 
before plate reading. The relative luminescence values are shown as mean ± SEM of three 
independent experiments performed in triplicate. Unpaired student’s t test was performed. 
*, P<0.05; **, P<0.01 
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To further investigate if TrxR inhibition was involved for the changes in adhesion properties 

of the myeloma cells towards BMSC, a targeted knockdown approach was carried out 

whereby siTrxR1 was used to specifically target the TrxR1 in these cells. As shown in Figure 

5.3A, the transfection of siTrxR1 successfully suppressed the expression of TrxR1 protein after 

48 hours in RPMI8226-Luc cells when compared to the blank (B) and the control siRNA (siCtrl) 

samples. Following the successful transfection, the transfected cells were analysed with co-

culture luciferase assays (2.2.2.2.2) for assessment of their adhesion properties toward the 

HS5 monolayer cells. Based on the results shown in Figure 5.3B, it was observed that siTrxR1 

transfected RPMI8226-Luc cells exhibited significant decrease in the number of attached cells 

as compared to cells transfected with control siRNAs. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.3 Effect of targeted siRNA knockdown on TrxR1 towards the adhesion properties 
of RPMI8226 cells. (A) RPMI8226-Luc cells were transfected with 10 nmol/L of either control 
(siCtrl) or TrxR1 specific siRNA (siTrxR1). A blank ‘B’ that consisted of RPMI8226-Luc cells, was 
also transfected without siRNAs in this experiment. The TrxR1 protein levels were analysed 
48 hours post-transfection on western blot. Vinculin was used as a loading control. (B) 
Transfected cells were concurrently analysed with co-culture luciferase assays where they 
were seeded onto the HS5 stromal layer for 24 hours. Non-attached cells were washed off 
from the co-culture on the next day to assess for their adhesion properties. The relative 
luminescence values are shown as mean ± SEM of three independent experiments performed 
in triplicate. Unpaired student’s t test was performed. *, P<0.05. 

A 

B 



  CHAPTER 5 

114 
 

5.2.3 The effect of TrxR inhibition on the expression of cell adhesion molecule integrin 

alpha 4, VLA-4 in myeloma cells 

Since the inhibition of TrxR with either [Au(d2pype)2]Cl or by siRNA knockdown was shown to 

affect the cell adhesion of myeloma cells to the BMSCs, the next approach was to determine 

if the Trx system could influence the expression of a cell adhesion molecule, VLA-4. The 

integrin VLA-4 is often found to be overexpressed on myeloma cells and it specifically binds 

to its ligands VCAM-1 (which is normally expressed on BMSCs) and fibronectin (Sanz-

Rodriguez et al., 2001; Noborio-Hatano et al., 2009; Soodgupta et al., 2016). Moreover, VLA-

4 is often implicated in the homing and migration of myeloma cells to the bone marrow 

stroma (Terpos et al., 2016; Barwe et al., 2017). This experiment was carried out to investigate 

if changes to the Trx system via TrxR inhibition could affect the expression levels of VLA-4, 

since earlier co-culture luciferase assay results shown in Figure 5.2 and 5.3 had indicated the 

possible influence of the Trx system towards the cell adhesion properties of myeloma cells. 

To determine if VLA-4 expression was affected when the Trx system was impaired, RPMI8226 

cells were treated with [Au(d2pype)2]Cl for 24 hours. After treatment, the mRNA and protein 

expression levels of VLA-4 were analysed with RT-qPCR and western blot analysis, respectively. 

Results presented in Figure 5.4A show that TrxR inhibition with [Au(d2pype)2]Cl resulted in a 

significant decrease in the mRNA expression levels of VLA-4. The decrease in VLA-4 was 

further confirmed by western blot analysis, as shown in Figure 5.4B, where the whole cell 

lysates from the treated RPMI8226 cells showed a marked decrease in VLA-4 protein levels. 

After confirming that TrxR inhibition in myeloma cells resulted in decreased VLA-4 expression, 

a subsequent experiment was carried out in a co-culture format to analyse VLA-4 expression 

when myeloma cells are attached to the BMSCs (as described in 2.2.2.2.3 and 2.2.2.2.4). A 

schematic diagram depicting the steps involved for analysing the gene and protein expression 

of VLA-4 in attached myeloma cells is summarised in Figure 5.5.  
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Figure 5.4 Expression of cell adhesion molecule VLA-4 in RPMI8226 after treatment with 
TrxR inhibitor [Au(d2pype)2]Cl. The RPMI8226 cells were treated with or without 2 μM 
[Au(d2pype)2]Cl for 24 hours. (A) The VLA-4 mRNA expression levels were analysed by RT-
qPCR and normalized against the ribosomal protein L32 housekeeping gene. The 2-ΔΔCt 
method was used to analyse gene expression. Values indicate mean ± SEM (n = 3). Unpaired 
student’s t test was employed. ****, P < 0.0001 (B) The VLA-4 protein levels from whole cell 
lysates were analysed by western blotting and β-actin was used as loading control. Western 
blot shown is a representative of three independent experiments.  

 

 

Figure 5.5 Schematic overview of co-culture experiments for VLA-4 gene and protein 
expression analysis. The myeloma cells were seeded onto the confluent monolayer of HS5 
stromal cells that has been grown overnight. These co-cultures were left to adhere and 
interact for at least 4 hours. The non-attached cells were removed after 4 hours followed by 
re-supplementation of the remaining attached myeloma cells with HS5 monolayer with new 
RPMI1640 growth media. The co-culture was then treated with the inhibitor [Au(d2pype)2]Cl 
for 24 hours. The treated, attached myeloma cells were gently washed off from the stromal 
layer on the next day with PBS. These harvested cells were then either treated with TRIsure 
for RNA extraction or NP-40 lysis buffer for whole cell lysate protein extraction. The total RNA 
and protein extracted from these cells were used in subsequent experiments for RT-qPCR and 
western blot analysis. 

A B 
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To evaluate the status of VLA-4 expression in co-culture assays, RPMI8226 cells were left to 

interact with HS5 stromal cells for at least 4 hours. After that, non-attached myeloma cells 

were removed from the co-culture followed by immediate re-supplementation of pre-

warmed fresh RPMI1640 media to the remaining myeloma cells that were still attached to 

the stromal layer. These co-cultures were then treated with or without 2 μM [Au(d2pype)2]Cl. 

After 24 hours, the attached myeloma cells were gently washed off from the HS5 monolayer. 

These attached cells along with non-attached myeloma cell samples were then processed for 

RNA extraction and cDNA synthesis followed by RT-qPCR analysis. The results in Figure 5.6 

showed that there was a significant increase in the mRNA expression of VLA-4 when the 

RPMI8226 cells were attached to the HS5 stromal cells compared to the non-attached 

RPMI8226 cells. Interestingly, the mRNA levels of VLA-4 in these attached myeloma cells were 

decreased to basal levels by the addition of 2 μM [Au(d2pype)2]Cl, suggesting that TrxR 

inhibition could result in decreased expression of VLA-4 in both attached and non-attached 

myeloma cells. 

 

 

 

 

 

 

 

 

 

 

Figure 5.6 The TrxR inhibitor [Au(d2pype)2]Cl affects the mRNA expression levels of the  
VLA-4 adhesion molecule in attached myeloma cells. RPMI8226 cells were co-cultured with 
HS5 stromal cells and treated with or without 2 μM [Au(d2pype)2]Cl for 24 hours. The 
attached myeloma cells were gently removed from the co-culture. The total RNA of non-
attached and attached cells were then extracted and analysed with RT-qPCR to determine the 
mRNA expression of VLA-4. The mRNA expression levels were normalized against the 
ribosomal protein L32 housekeeping gene. Values indicate mean ± SEM of three independent 
experiments. One-way ANOVA followed by Dunnett’s post-test was employed. **, P<0.01; 
n.s.,non-significant 
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Following the observation that VLA-4 expression was markedly downregulated after the 

inhibition of TrxR, it was next determined if the downregulation of VLA-4 expression has a 

connection to the NF-ĸB signalling pathway. There have been numerous studies that reported 

the key role of NF-ĸB in assisting the pathogenesis of CAM-DR in MM (Landowski et al., 2003; 

Tai et al., 2006; Demchenko and Kuehl, 2010; Yen and Hsiao, 2018). Hence, to determine if 

the NF-ĸB signalling pathway is involved, the whole cell lysate samples from non-attached 

cells alongside with untreated (0 µM) and treated (2 µM) attached RPMI8226 and U266 cells 

were analysed with western blotting. The protein expression levels of VLA-4 were increased 

in both of the myeloma cell lines upon attachment to the HS5 cells, however, when treated 

with the TrxR inhibitor [Au(d2pype)2]Cl, the protein expression levels of VLA-4 were 

dramatically decreased as shown in Figure 5.7A. This decrease in the VLA-4 protein expression 

was also observed to coincide with the expression levels of the p65 NF-ĸB subunit in both 

attached RPMI8226 and U266 cells, suggesting that VLA-4 expression may be linked to the 

NF-ĸB signalling pathway. 

To date, no studies have been carried out to determine the effect of [Au(d2pype)2]Cl towards 

the NF-ĸB signalling pathway. The western blot results shown in Figure 5.7A indicated that 

the treatment of the attached myeloma cells with [Au(d2pype)2]Cl resulted in a significant 

decrease in the expression of both the p65 NF-ĸB subunit and VLA-4 proteins. The RT-qPCR 

analysis was then carried out to determine if the RPMI8226 and U266 cells treated with 2 µM 

[Au(d2pype)2]Cl could affect activity of the NF-ĸB signalling pathway. The mRNA expression 

analysis confirmed that the expression of downstream NF-ĸB regulated genes (Bcl-xL, survivin 

and cyclin D1) was downregulated in RPMI8226 and U266 cells after 24 hours treatment with 

2 µM [Au(d2pype)2]Cl  when compared to untreated cells (Figure 5.7B). 
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Figure 5.7 Downregulation of VLA-4 expression from TrxR inhibition could be linked to the 
NF-ĸB signalling pathway. (A) RPMI8226 cells were co-cultured with HS5 stromal cells and 
treated with or without 2 μM [Au(d2pype)2]Cl for 24 hours. The attached cells were gently 
removed from the co-culture. The lysates of the attached cells were analysed with western 
blotting to determine the protein expression levels of VLA-4 and the p65 subunit of NF-ĸB 
with β-actin used as loading control. Western blot shown is a representative of three 
independent experiments. (B) RPMI8226 and U266 cells were treated with or without 
[Au(d2pype)2]Cl for 24 hours followed by RT-qPCR analysis to determine the expression levels 
of downstream NF-ĸB target genes after TrxR was inhibited by [Au(d2pype)2]Cl. The mRNA 
expression levels were normalized against the ribosomal protein L32 housekeeping gene with 
values indicating mean ± SEM (n = 3). Unpaired student’s t test was employed for each gene 
group. *, P < 0.05; **, P<0.01; ***, P<0.001. 
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5.2.4 Inhibition of the NF-ĸB signalling pathway influences the expression of VLA-4 in 

myeloma cells 

Since the inhibition of TrxR with [Au(d2pype)2]Cl has been shown to decrease the expression 

of downstream target genes of the NF-ĸB signalling pathway, which also coincided with the 

downregulation of VLA-4, the next step was to assess if specific inhibition of NF-ĸB could result 

in the same outcome as treatment with [Au(d2pype)2]Cl. The cell lysates from the U266 cells 

that have been treated with 5 and 10 µM BAY 11-7082 (inhibitor of IκB kinase, (IKK)) for 24 

hours were analysed with western blotting. The results (Figure 5.8) show that inhibition of 

NF-ĸB with BAY 11-7082 has markedly reduced the expression of VLA-4 in a dosage-

dependent manner.  

 

 

 

 

 

 

 

 

 

Figure 5.8 Inhibition of NF-ĸB signalling pathway reduces expression of VLA-4 in myeloma 
cells. U266 cells were treated with 0, 5 and 10 µM of BAY 11-7082 (IKK inhibitor) for 24 hours 
before being lysed with NP40 lysis buffer to obtain whole cell lysate extracts. The lysates were 
analysed with western blotting to determine the protein expression levels of VLA-4 and the 
p65 subunit of NF-ĸB with β-actin used as a loading control. Western blot shown is a 
representative of three independent experiments. 
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In silico analysis was also conducted to discover if NF-ĸB could potentially be involved in the 

regulation of VLA-4 gene expression. A region of 1685 bp upstream from the transcription 

start site (TSS) of the VLA-4 gene was selected to search for potential NF-ĸB binding sites 

(2.2.13). A NF-ĸB binding site motif that showed a high degree of conservation (about 95 – 

100%) between human and 4 closely related species was identified (Figure 5.9A) and the 

binding site location was verified on the VLA-4 gene sequence (Figure 5.9B). The predicted 

binding sequence was then compared to the NF-ĸB motif obtained from positional weight 

matrices (PWM). Results in Figure 5.9C show that the putative binding site was a close match 

to the consensus NF-ĸB motif from the TRANSFAC20113 database (V$NFKB_Q6_01, M00774). 

A schematic representation is shown in Figure 5.9D to indicate the position of the putative 

NF-κB binding motif at -209 to -193 relative to the TSS of the VLA-4 gene. 
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Figure 5.9 Putative NF-ĸB binding site in the VLA-4 gene promoter region. The NF-ĸB 
transcription factor binding site (TFBS) was detected in the human VLA-4 gene promoter 
based on the TRANSFAC20113 database (V$NFKB_Q6_01, M00774). (A) Visualization of the 
conserved NF-ĸB TBFS is shown across 5 species. (B) The alignment region was magnified, and 
the sites were inspected at base level. The conserved sequences (highlighted in orange) were 
compared to the VLA-4 gene sequence where the putative binding site of NF-ĸB is highlighted 
in cyan. The TSS is marked in green and the start codon in yellow. (C) The putative NF-ĸB 
binding site was compared with the positional weight matrix (PWM) obtained from the 
TRANSFAC20113 database (V$NFKB_Q6_01, M00774). (D) The putative NF-ĸB binding site in 
the promoter region is located -209 bases upstream of the TSS. 
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5.3 Discussion 

Several studies have been undertaken to overcome CAM-DR in MM (Cheung and Van Ness, 

2001; Holt et al., 2005; Noborio-Hatano et al., 2009; Jacamo et al., 2014). While previous 

studies were able to report positive results in overcoming CAM-DR by utilising specific 

inhibitors including blocking antibodies and specific knockdown shRNA or siRNAs to re-

sensitize these attached, resistant myeloma cells (Olson et al., 2005; Noborio-Hatano et al., 

2009; Podar et al., 2011), the outcome in treating MM patients remains a challenge due to 

unfavourable side effects. In fact, more studies are also required as the resistance gained from 

myeloma cells when in contact with BMSCs could potentially involve other compensatory 

factors. One of these compensatory factors includes the increased expression of antioxidants, 

which has been shown to activate a complex network of other survival mechanisms for these 

cells to survive (Nalvarte et al., 2015; Yen and Hsiao, 2018). Hence, alternative therapeutic 

approaches are needed to effectively overcome not only CAM-DR, but also the dependency 

on antioxidant systems as myeloma cells could use this compensatory approach to survive 

against cytotoxic anti-myeloma treatments. This chapter was focused on determining the 

potential influence that the Trx system may have on CAM-DR, especially with the expression 

of the integrin VLA-4, as it is one of the most important cell adhesion molecules responsible 

for homing the myeloma cells to the bone marrow stroma microenvironment (Furukawa and 

Kikuchi, 2016).  

To date, no research has been reported that evaluates the effects of TrxR inhibition on the 

adhesion properties of myeloma cells when co-cultured with BMSCs. Therefore, a co-culture 

luciferase assay was developed in this study to assess the adhesion properties of the myeloma 

cells when treated with the TrxR inhibitor, [Au(d2pype)2]Cl (Figure 5.1). The myeloma cell line 

used, RPMI8226-Luc, harbours a luciferase gene that is constitutively expressed in the cells, 

thereby allowing the viable attached cells to be quantified based on the bioluminescence 

signal generated when D-luciferin substrate is added to the co-culture assay. The HS5 BMSCs 

do not harbour the luciferase gene, which made this assay selective for assessing the adhesion 

properties of RPMI8226-Luc after treatment, since there was no interference of luminescence 

signal coming from the stromal layer. 

Following the optimisation of the co-culture luciferase assay protocol, the effect of TrxR 

inhibition with [Au(d2pype)2]Cl on the adhesion properties of RPMI8226-Luc cells 
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(bortezomib-sensitive and -resistant cells) to the HS5 stromal layer was analysed. As shown 

in Figure 5.2, there was a significant decrease in the adhesion of the RPMI8226-Luc cells 

treated with [Au(d2pype)2]Cl to the stromal cells. This result suggests that there is a high 

possibility that the Trx system could have an influence on the adhesive capabilities of 

myeloma cells. Furthermore, the bortezomib-resistant RPMI8226-Luc cells were observed to 

be more sensitive to [Au(d2pype)2]Cl as there were less bortezomib-resistant RPMI8226-Luc 

cells that were still attached to the stromal layer after treatment, as compared to the sensitive 

cells. These observed differences are consistent with other reports where resistant cancer 

cells had a higher reliance on their antioxidative capacity due to increased oxidative stress 

generated from pro-longed exposure to cytotoxic drugs (Marzano et al., 2007; Landriscina et 

al., 2009; Liu et al., 2011). Hence, when these bortezomib-resistant RPMI8226-Luc cells were 

treated with [Au(d2pype)2]Cl, it was possible that the adhesion properties of these cells could 

be further compromised due to their higher dependency on the Trx system as compared to 

the sensitive RPMI8226-Luc cells. To further verify that the inhibition of TrxR could decrease 

the cell adhesion properties of myeloma cells towards BMSCs, a targeted TrxR1 siRNA 

knockdown was used. The results shown in Figure 5.3 confirmed that inhibition of the Trx 

system with siTrxR1 resulted in a significant decrease in the adhesion properties of myeloma 

cells to the bone marrow stromal layer.  

A subsequent study was then performed to determine if the Trx system could influence the 

expression of integrin VLA-4, which is widely known for assisting myeloma cells to bind to the 

bone marrow stroma (Damiano et al., 1999; Redondo-Muñoz et al., 2019). As shown in Figure 

5.4, the inhibition of TrxR with [Au(d2pype)2]Cl revealed that the changes in the antioxidant 

system could directly affect the expression of VLA-4 at both transcriptional and translational 

levels. These results suggest that inhibition of the TrxR with [Au(d2pype)2]Cl may be able to 

provide an alternative approach to overcome CAM-DR by downregulating the expression of 

cell adhesion molecules like VLA-4. Following the discovery that inhibition of TrxR could affect 

the expression of VLA-4, the myeloma cells were further assessed in the co-culture assays 

(Figure 5.5). The expression of VLA-4 in attached myeloma cells was evaluated and the results 

in Figure 5.6 showed that the mRNA expression of VLA-4 was increased in myeloma cells upon 

attachment to the HS5 stromal cells. Interestingly, when the TrxR inhibitor [Au(d2pype)2]Cl 

was applied to the co-culture,  the expression of VLA-4 mRNA was significantly decreased to 
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a basal level similar to the expression levels observed in the non-attached myeloma cells. The 

increase of VLA-4 expression in attached myeloma cells also indicates that a possible “positive 

feedback loop” may have occurred upon attachment to the BMSCs, thereby stimulating a 

signal that led to further upregulation of VLA-4 expression in the myeloma cells. This observed 

increase in VLA-4 may be speculated to enhance CAM-DR by providing myeloma cells better 

anchorage to the BMSCs, thereby allowing these two cell populations to interact and induce 

signalling pathways involved in promoting cell proliferation and survival. However, when the 

Trx system was inhibited with [Au(d2pype)2]Cl, an unknown mechanism could have 

terminated this “feedback loop” thereby halting the upregulation of VLA-4, which then caused 

these attached myeloma cells to possibly maintain or decrease its VLA-4 expression to the 

basal levels. Future work is needed to study the real-time expression of VLA-4 in the same 

myeloma cell population when treated with or without the TrxR inhibitor [Au(d2pype)2]Cl. 

The real-time expression status of VLA-4 could then be assessed to confirm if inhibition of the 

Trx system affects the expression of VLA-4 by either halting or reversing this potential 

feedback loop that increased the expression of VLA-4 in attached myeloma cells. 

A study has reported that the cell adhesion mediated by binding of VLA-4 to its ligand VCAM-

1 on bone marrow stroma could initiate the activation of NF-ĸB signalling pathways in 

leukemia cells (Jacamo et al., 2014). Additionally, the Trx system is known to have a function 

as a regulator of NF-ĸB whereby the TrxR was shown to have control on the transactivation 

of gene expression by NF-ĸB (Heilman et al., 2011). These findings suggested that there may 

be possible overlapping crosstalks between the Trx system, VLA-4 and NF-ĸB, which prompted 

further experiments to be performed. The lysates from the attached RPMI8226 and U266 cells 

treated with or without [Au(d2pype)2]Cl  were analysed with western blotting and results 

indicated that inhibition of TrxR had an effect on both the expression of VLA-4 and the p65 

subunit of NF-ĸB (Figure 5.7). To date, there are no reports that show the effects on NF-ĸB 

inhibition towards the expression of VLA-4. Many of the reported studies about CAM-DR 

involving VLA-4 have revolved around its interaction with its ligand VCAM-1 that contributed 

to the activation of NF-ĸB signalling pathways leading to pro-survival mechanisms to take 

place (Noborio-Hatano et al., 2009; Jacamo et al., 2014; Di Marzo et al., 2016; Furukawa and 

Kikuchi, 2016). Since the results shown in Figure 5.7 indicated that the expression of VLA-4 

may be influenced by the NF-ĸB signalling pathway via TrxR inhibition, a further test was 
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conducted by introducing the NF-ĸB inhibitor, BAY 11-7082 (inhibitor of IKK) directly to the 

myeloma cells. The results shown in Figure 5.8, for the first time, verified that inhibition of 

the NF-ĸB signalling pathway has a direct involvement in the expression of VLA-4 in myeloma 

cells. Moreover, preliminary in silico analysis in Figure 5.9 has shown that there is a putative 

NF-ĸB binding site within the VLA-4 gene promoter region. Hence, it can be hypothesized that 

the inhibition of TrxR with [Au(d2pype)2]Cl could have negatively regulated the NF-ĸB 

signalling pathway, similar to observations reported by Heilman et al. (2011), thereby causing 

the downregulation of VLA-4 expression seen in the treated myeloma cells. The proposed 

mechanism hypothesised for this outcome is displayed in Figure 5.10 where it summarises 

the potential link that connects the influence of the Trx system towards CAM-DR. It also shows 

how the NF-ĸB signalling pathway may be involved, which could possibly control the 

expression of VLA-4 in myeloma cells. Although further experimental approaches are needed 

to validate this hypothesis, this present study represents a potential mechanism that 

demonstrates the possible role of the Trx system in influencing its target proteins that are 

involved in the pathogenesis of CAM-DR. 
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Figure 5.10 Proposed mechanism for the link between the Trx system and CAM-DR in 
myeloma cells. It is hypothesised that the Trx system could influence cell adhesion mediated 
drug resistance in MM by indirectly downregulating the expression of cell adhesion molecule, 
VLA-4, which is one of the main players involved in CAM-DR. The blue dash arrows (- - -) 
represent the proposed mechanism between the Trx system and CAM-DR in myeloma cells. 
It is hypothesised that targeting the Trx system by inhibiting the TrxR could negatively 
regulate the function of NF-ĸB, which could then potentially affect the transcription of the 
VLA-4 gene, which is responsible for CAM-DR. 

Myeloma cell 
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Crosstalk of the Trx system and MUC1 in 

CAM-DR 



  CHAPTER 6 

128 
 

6.1 Introduction 

Mucin 1 (MUC1) is a heterodimeric O-glycoprotein often found to be upregulated and 

aberrantly glycosylated in a majority of solid tumours and haematological malignancies, 

including MM (Kawano et al., 2008; Raina et al., 2009; Yin et al., 2010; Stroopinsky et al., 2016; 

Andrulis et al., 2014; Jain et al., 2015). MUC1 confers cancer cells with a range of advantages 

including interaction and binding of cancer cells to other cells through other cell surface 

receptors like epidermal growth factor receptors, as well as to transduce signals required for 

the transformation process (Cascio and Finn, 2016; van Putten and Strijbis, 2017). Depending 

on the glycosylation profile of its structure, MUC1 has been shown to mediate cell adhesion 

by binding to adhesion molecules like ICAM-1, E-selectin and sialoadhesin in tumour cells 

(Regimbald et al., 1996; Zhang et al., 1996; Nath et al., 1999; McDermott et al., 2001; 

Hollingsworth and Swanson, 2004; Horm and Schroeder, 2013). Several reports have linked 

the role of MUC1 to the pathogenesis of MM, making this mucin a potential therapeutic target 

for MM treatment (Cloosen et al., 2006; Kawano et al., 2008; Yin et al., 2010; Andrulis et al., 

2014; Bar-Natan et al., 2017). 

A potential crosstalk between MUC1 and antioxidants in myeloma cells has recently been 

reported whereby MUC1 inhibition could induce ROS-mediated apoptotic cell death via a 

consequent downregulation of TP53-induced glycolysis and apoptosis regulator (TIGAR), 

which is responsible for NADPH production through regulation of glycolysis by redirecting 

glycolytic intermediates to the pentose phosphate pathway (PPP) (Bensaad et al., 2006; Yin 

et al., 2012). This MUC1 inhibition was shown to decrease the recycling of glutathione, which 

subsequently increased the ROS levels in myeloma cells leading to cell death. Interestingly, 

although myeloma cells were shown to be dependent on the Trx system to maintain its redox 

homeostasis (Raninga et al., 2015; Raninga et al., 2016b; Sze et al., 2020) and NADPH is a 

major part of the system, to date no reports have been made to link the possible crosstalk 

between the Trx system and MUC1. Hence, it is of great interest in this study to discover if 

there is a connection between the Trx system and MUC1 in MM. 

One of the main aims of this project was to investigate the feasibility of an alternative 

therapeutic approach to overcome CAM-DR in myeloma cells. MUC1 has been shown to be 

overexpressed in myeloma cells and could initiate cell adhesion between cells by binding to 

its ligands including ICAM-1 (which is also highly expressed on the BMSCs (Winter et al., 2001)). 
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Moreover, the previous work shown in Chapter 5 has indicated the involvement of the Trx 

system with the expression of VLA-4 by affecting the adhesion capabilities of myeloma cells 

toward BMSCs. Therefore, this chapter was aimed at investigating if MUC1 expression has 

connections with the Trx system and whether it also has an adhesive role similar to VLA-4 in 

assisting CAM-DR in MM. Hence, the aims for this study are listed below: 

1) To determine if inhibition of TrxR with [Au(d2pype)2]Cl could affect MUC1 expression

and to compare with VLA-4 in myeloma cells

2) To assess the adhesion of myeloma cells to BMSCs when MUC1 expression is

suppressed

3) To dissect the potential mechanism that may be involved in the possible crosstalk

between the Trx system and MUC1

6.2 Results 

6.2.1 Basal expression status of MUC1 in myeloma cell lines 

Unlike MUC1, the expression profile of VLA-4 has been well established in all the three 

myeloma cell lines (RPMI8226, U266 and JJN3) used in this study (Faid et al., 1996). This 

experiment was carried out to determine the expression profile of MUC1 in these three 

myeloma cell lines. The expression profile of VLA-4 was also tested in the same cell lysates. 

The whole cell protein lysates extracted from RPMI8226, U266 and JJN3 cells as well as PBMCs 

(non-cancerous cell control) were analysed by western blotting (Figure 6.1). Results indicated 

that unlike RPMI8226 and U266 cells, JJN3 cells do not express MUC1. Furthermore, it was 

confirmed that the three myeloma cell lines, RPMI8226, U266 and JJN3 cells used in this study 

do express the VLA-4 cell adhesion molecule.  
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Figure 6.1 Basal expression levels of MUC1 in myeloma cell lines. About 2 X 106 cells from 
each cell line were lysed with NP40 lysis buffer and analysed with western blotting to 
determine the basal expression levels of MUC1 and VLA-4. The PBMCs were isolated from 
whole blood of healthy individuals. The β-actin was used as a loading control. Western blot 
shown is a representative of three independent experiments. 

 

6.2.2 Inhibition of TrxR with [Au(d2pype)2]Cl downregulates the expression of MUC1 in 

myeloma cells 

As RPMI8226 and U266 cells have been shown to express MUC1, the next aim was to 

determine if treatment with the TrxR inhibitor [Au(d2pype)2]Cl could downregulate the 

expression of MUC1 similar to VLA-4 (as reported in Chapter 5) in these cells. These myeloma 

cell lines were treated with or without 2 μM [Au(d2pype)2]Cl for 24 hours followed by analysis 

with RT-qPCR. As shown in Figure 6.2A, the inhibition of TrxR caused a significant two-fold 

reduction in the mRNA levels of MUC1. This decrease in MUC1 expression coincided with 

downregulation of VLA-4 expression upon treatment with [Au(d2pype)2]Cl. The protein levels 

of the MUC1 were then analysed with western blotting upon treatment with [Au(d2pype)2]Cl 

and were shown to be effectively downregulated in a dose dependent manner (Figure 6.2B). 
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Figure 6.2 Effect of TrxR inhibition with [Au(d2pype)2]Cl on the MUC1 expression in 
myeloma cells. The RPMI8226 and U266 cells were treated with indicated concentrations of 
[Au(d2pype)2]Cl for 24 hours. (A) The MUC1 mRNA expression levels were analysed by RT-
qPCR and normalized against the ribosomal protein L32 housekeeping gene. The 2-ΔΔCt 
method was used to analyse gene expression. Values indicate mean ± SEM (n = 3). Unpaired 
student’s t test was employed. **, P < 0.01. (B) The MUC1 protein levels from whole cell 
lysates were analysed by western blotting and β-actin was used as a loading control. The 
western blot shown is a representative of three independent experiments.  

 

A further confirmation was also carried out to determine if specific TrxR inhibition with a 

siRNA targeted knockdown could similarly affect the expression of MUC1 the same way as 

the [Au(d2pype)2]Cl used in myeloma cells. As shown in Figure 6.3, the transfection of siTrxR1 

was confirmed to cause significant downregulation on the mRNA levels of MUC1 when 

compared to the blank (B) and the control siRNA (siCtrl) samples. 

 

 

A 

B 
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Figure 6.3 Inhibition of TrxR with siRNA targeted knockdown decreases the MUC1 
expression in myeloma cells. RPMI8226 cells were transfected with 10 nmol/L of either 
control (siCtrl) or TrxR1 specific siRNA (siTrxR1). A blank ‘B’ that consisted of RPMI8226 cells, 
was also mock-transfected without siRNAs in this experiment. The MUC1 gene expression was 
analysed by RT-qPCR using the 2-ΔΔCt method and the levels were normalized against the 
ribosomal protein L32 housekeeping gene. Values indicate mean ± SEM (n = 3). Unpaired 
student’s t test was employed. *, P < 0.05. 

6.2.3 The expression status of MUC1 in co-culture assay 

The expression of MUC1 in the co-culture assays was assessed in myeloma cells that are in 

close contact with BMSCs. The RPMI8226 and U266 cells were left to interact with HS5 

monolayer stromal cells for 24 hours. These attached cells were then gently removed from 

the co-culture while leaving the stromal layer undisturbed for RT-qPCR analysis. The results 

shown in Figure 6.4 indicate that the expression of MUC1 was significantly upregulated with 

a 3- and 3.5-fold increase observed in the attached RPMI8226 and U266 cells respectively, 

compared to the non-attached cells.  
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Figure 6.4 The MUC1 gene expression level in myeloma cells post-attachment to HS5 BMSCs. 
RPMI8226 and U266 cells were seeded over HS5 monolayer cells for 24 hours. The attached 
cells were then carefully removed from the stromal layer before the total RNA were extracted 
from these cells. The gene expression of MUC1 was analysed with RT-qPCR whereby the 
mRNA expression levels were normalized against the ribosomal protein L32 housekeeping 
gene. Values indicate mean ± SEM of three independent experiments. Unpaired student’s t 
test was employed. *, P < 0.05; **, P < 0.01. 

 

 

6.2.4 Effect on the MUC1 expression in attached myeloma cells after treatment with 

[Au(d2pype)2]Cl 

Since the cell adhesion molecule MUC1 was significantly upregulated in the myeloma cells 

that were attached to the BMSCs (Figure 6.4), a subsequent experiment was carried out to 

determine if the increased expression of this mucin could be downregulated by the TrxR 

inhibitor [Au(d2pype)2]Cl. It has been reported that MUC1 binds to its ligand ICAM-1 

(Regimbald et al., 1996; Hollingsworth and Swanson, 2004; Geng et al., 2012; Di Marzo et al., 

2016), which has been shown to be expressed on various cells including BMSCs (Lavigne et al., 

2004; Liu et al., 2018). As these findings have supported that MUC1 could bind to ICAM-1, 

which is expressed on BMSCs and thus allows attachment of the myeloma cells to the BMSCs, 

it was of interest to determine if the expression of MUC1 in attached myeloma cells could be 

influenced by inhibition of the Trx system. The results shown in Figure 6.5A indicate that the 

mRNA expression levels of MUC1 were increased upon interaction with the BMSCs. However, 
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if the attached myeloma cells were treated with [Au(d2pype)2]Cl, MUC1 mRNA levels were 

returned to basal levels.  

The attached myeloma cells were further assessed to determine if the inhibition of the Trx 

system using [Au(d2pype)2]Cl could also decrease MUC1 protein levels in the attached cells, 

similar to the effects observed for VLA-4 in Chapter 5. RPMI8226 and U266 cells were co-

cultured with HS5 cells for 4 hours prior to treatment with or without 2 μM [Au(d2pype)2]Cl. 

After treatment for 24 hours, whole cell lysates from the attached RPMI8226 and U266 cells 

from the co-culture assay were then analysed with western blotting. As shown in Figure 6.5B, 

the protein expression levels of MUC1 were observed to be highly expressed in both non-

attached and attached myeloma cell lines. However, when these attached cells were treated 

with the TrxR inhibitor [Au(d2pype)2]Cl, the expression levels of MUC1 were dramatically 

decreased (coinciding with the VLA-4 expression) even though the cells were left in close 

contact with the HS5 stromal cells. 
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Figure 6.5 Effect on MUC1 expression in myeloma cells from co-culture assay after 
treatment with TrxR inhibitor [Au(d2pype)2]Cl. RPMI8226 and U266 cells were co-cultured 
with HS5 stromal cells and treated with or without 2 μM [Au(d2pype)2]Cl for 24 hours. (A) The 
total RNA was extracted from the RPMI8226 cells that had been removed from the co-culture. 
RT-qPCR was used to determine the mRNA expression of MUC1. The mRNA expression levels 
were normalized against the ribosomal protein L32 housekeeping gene. Values indicate mean 
± SEM of three independent experiments. One-way ANOVA followed by Dunnett’s post-test 
was employed. *, P<0.05; n.s., non-significant. (B) The whole cell lysates from the sample 
extracts were analysed with western blotting to determine the protein expression levels of 
MUC1 and integrin VLA-4. β-actin was used as loading control. The western blot shown is a 
representative of three independent experiments. 
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6.2.5 Targeted knockdown of MUC1 affects adhesion properties in myeloma cells 

Previous results shown in Chapter 5 indicated that the inhibition of the Trx system could 

significantly affect the adhesion properties of myeloma cells, including downregulation of 

VLA-4. Additionally, with the discovery of a possible crosstalk between the Trx system and 

MUC1, a subsequent experiment was carried out to determine if silencing MUC1 could also 

have an effect on the adhesion of these myeloma cells to BMSCs. In this experiment, 

RPMI8226-Luc cells were used as they harbour the luciferase gene in their genome, which 

provides a bioluminescence signal (allowing direct measurement of the number of viable 

myeloma cells that are attached) to be detected in the co-culture luciferase assay. As shown 

in Figure 6.6A, the RPMI8226-Luc cells were transfected with two different siRNAs (siMUC1(1) 

and siMUC1(2)) targeting the MUC1 mRNA. Results showed that at post 48-hour transfection, 

the MUC1 protein levels were successfully downregulated in these cells while the blank (B) 

and control siRNA (siCtrl) samples showed no change. After the expression status of MUC1 

was verified with western blotting, the transfected cells were further analysed with a co-

culture luciferase assay and it was observed that siMUC1(1) and siMUC1(2) transfected 

RPMI8226-Luc cells showed a significant decrease in their adhesion properties whereas the 

cells transfected with either control siRNA or blank were not affected as shown in Figure 6.6B. 

Following the successful siRNA knockdown on MUC1, another experimental approach was 

tested whereby the RPMI8226-Luc cells were treated with a specific MUC1 peptide inhibitor, 

GO-201 (Raina et al., 2009). The RPMI8226-Luc cells were treated with or without 5 µM GO-

201 for 72 hours. After treatment, these myeloma cells were harvested and seeded over HS5 

BMSCs for analysis in the co-culture luciferase assay. As shown in Figure 6.7, the addition of 

5 µM GO-201 in RPMI8226-Luc cells after 72 hours could affect the capability of the cells to 

attach to BMSCs. 
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Figure 6.6 Effect on adhesion properties of myeloma cells after siRNA knockdown on MUC1. 
RPMI8226-Luc cells were transfected with 10 nmol/L of either control (siCtrl) or MUC1 
specific siRNAs (siMUC1 (1) and siMUC1 (2)). A blank control that consisted of RPMI8226-Luc 
cells, was also mock-transfected without siRNAs in this experiment. (A) The whole cell lysate 
from the transfected cells were analysed 48 hours post-transfection on a western blot to 
determine the protein levels of MUC1. Vinculin was used as a loading control. (B) The 
transfected cells were analysed with co-culture luciferase assay where they were seeded onto 
the HS5 stromal layer for 24 hours. Non-adhered cells were washed from the co-culture and 
on the next day the remaining attached cells were then treated with 1 X D-luciferin to obtain 
luminescence readings. The relative luminescence was measured with the values indicating 
mean ± SEM of three independent experiments performed in triplicate. One-way ANOVA 
followed by Dunnett’s post-test was employed. *, P<0.05. 
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Figure 6.7 Effect of MUC1 peptide inhibitor, GO-201 on the adhesion properties of myeloma 
cells.  RPMI8226-Luc cells were treated with or without 5 µM GO-201 for 72 hours before 
collected and seeded onto HS5 BMSC monolayer for analysis using co-culture luciferase assay. 
The relative luminescence signal was measured with the values indicating mean ± SEM of 
three independent experiments performed in triplicate. Unpaired student’s t test was 
performed. *, P<0.05. 

6.2.6 Effect of MUC1 knockdown on the Trx system 

The inhibition of the Trx system by either TrxR siRNA knockdown or treatment with 

[Au(d2pype)2]Cl has been shown to significantly decrease the expression of MUC1. While 

other studies have shown that inhibition of MUC1 could downregulate the glutathione system 

via TIGAR (Yin et al., 2012; Yin et al., 2014), it has not been previously reported if the Trx 

system could be controlled by the same mechanism. Hence, to determine if MUC1 can affect 

the Trx system, the RPMI8226 cells were transfected with siMUC1(1) or siMUC1(2), along with 

the negative control, siCtrl. After 48 hours post-transfection, the transfected cells were 

analysed to assess the effect of MUC1 knockdown on the TrxR activity in these cells. As shown 

in Figure 6.8A, the targeted knockdown on MUC1 did not affect the TrxR activity in the 

myeloma cells. The cells transfected with siTrxR1, which knockdowned TrxR1 protein levels (a 

positive control for this experiment), appeared to have a noticeable, although not statistically 

significant negative effect on the TrxR activity (Figure 6.8B). 
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Figure 6.8 Effect of MUC1 knockdown on the TrxR activity in myeloma cells. (A, B) RPMI8226 
cells were transfected with 10 nmol/L of indicated siRNAs and followed by incubation at 37oC 
for 48 hours. A blank control (RPMI8226 cells) was also transfected without siRNAs in this 
experiment. The transfected cells were lysed with NP-40 lysis buffer and analysed by 
measuring the NADPH-dependent reduction of DTNB by TrxR. Values indicate mean ± SEM of 
three independent experiments performed in triplicate.  

 

6.2.7 Effect of TrxR inhibition with [Au(d2pype)2]Cl on MUC1 expression may be 

influenced by NF-ĸB and Sp1 

Results reported in Chapter 5 have shown that treatment of myeloma cells with the TrxR 

inhibitor [Au(d2pype)2]Cl resulted in significant downregulation of VLA-4 expression levels, 

possibly via the NF-ĸB signalling pathway. Moreover, it has been reported that expression of 

MUC1 could be regulated by NF-ĸB (Thathiah et al., 2004; Theodoropoulos and Carraway, 

2007). Hence, to investigate if downregulation of the MUC1 expression levels resulting from 

the TrxR inhibition with [Au(d2pype)2]Cl involved NF-ĸB, the RPMI8226 cells were treated 

with or without 2 μM [Au(d2pype)2]Cl for 24 hours followed by analysis with RT-qPCR to 

determine the expression of MUC1 alongside with the p65 subunit of NF-ĸB. The results in 

Figure 6.9A show that the downregulation of MUC1 coincided with the downregulation of the 

p65 subunit of NF-ĸB mRNA expression levels after the myeloma cells were treated with 2 μM 

of [Au(d2pype)2]Cl. A subsequent experiment was then carried out using the NF-ĸB inhibitor 

A B 
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BAY 11-7082 to confirm if inhibition of NF-ĸB could downregulate the expression of MUC1. 

The whole cell lysates from treated RPMI8226 and U266 cells were analysed with western 

blotting and results confirmed that the expression of MUC1 was decreased when NF-ĸB 

activity was inhibited by BAY 11-7082 in a dose dependent manner (Figure 6.9B).   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.9 Expression of MUC1 is dependent on the NF-ĸB signalling pathway. (A) RPMI8226 
cells were treated with or without [Au(d2pype)2]Cl for 24 hours before the cells were lysed 
with TriSURE (Bioline) for RNA extraction. Total RNA was processed for cDNA synthesis before 
analysed with RT-qPCR to determine the expression levels of MUC1 and the p65 subunit of 
NF-ĸB. The mRNA expression levels were normalized against the ribosomal protein L32 
housekeeping gene with values indicating mean ± SEM (n = 3). Unpaired student’s t test was 
employed for each gene group. *, P < 0.05. (B) RPMI8226 and U266 cells were treated with 0, 
5 and 10 µM of BAY 11-7082 (IKK inhibitor) for 24 hours before whole cell lysates were 
analysed with western blotting to determine the protein expression levels of MUC1 and the 
p65 subunit of NF-ĸB with β-actin used as a loading control. Western blot shown is a 
representative of three independent experiments. 
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Another transcription factor that has also been reported to regulate the expression of MUC1 

is the specificity protein-1 (Sp1) (Kuwahara et al., 2005; Theodoropoulos and Carraway, 2007). 

An experiment was conducted to investigate if the inhibition of TrxR with [Au(d2pype)2]Cl 

could cause changes to the expression of both Sp1 and NF-ĸB. The western blot results shown 

in Figure 6.10 demonstrated that the downregulation of MUC1 that resulted from the 

inhibition of TrxR corresponded with a decrease in protein expression of both Sp1 and NF-ĸB 

in RPMI8226 and U266 cells in a dose dependent manner. The effect on the expression of 

MUC1 that correlated with the expression of both Sp1 and NF-ĸB suggests that 

[Au(d2pype)2]Cl could potentially influence the expression or activity of these two 

transcription factors, which could then result in the downregulation of MUC1 in these 

myeloma cells. 

 

 

 

Figure 6.10 Effect of TrxR inhibition with [Au(d2pype)2]Cl on the expression of transcription 
factors for MUC1 expression: NF-ĸB and Sp1. RPMI8226 and U266 cells were treated with 0, 
1 and 2 µM of [Au(d2pype)2]Cl for 24 hours. The whole cell lysates were then analysed with 
western blot to determine the protein expression levels of MUC1, Sp1 and the p65 subunit of 
NF-ĸB with β-actin used as a loading control. Western blot shown is a representative of three 
independent experiments. 
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6.3 Discussion 

The onco-glycoprotein MUC1 has been reported to drive tumourigenesis by regulating several 

pathways including cell proliferation, resistance to apoptosis and tissue invasion in cancer 

cells (Schroeder et al., 2003; Hollingsworth and Swanson, 2004; Kawano et al., 2008; Alam et 

al., 2014). Additionally, MUC1 was shown to confer advantage to cancer cells by allowing a 

number of potential ligands or cell surface receptors to bind to or interact with other cells 

thereby causing pro-survival mechanisms to be activated (Cascio and Finn, 2016). As this 

project was focused on overcoming CAM-DR in MM, one of the main aims in this chapter was 

to investigate if aberrant expression of MUC1 in myeloma cells was involved in influencing 

adhesion properties of these cells towards the bone marrow stroma. 

The first experimental approach in this project was to assess by western blotting the basal 

expression of MUC1 in the three myeloma cell lines (RPMI8226, U266 and JJN3) used in this 

project.  The results in Figure 6.1 indicated that JJN3 cells did not express MUC1 when 

compared to RPMI8226 and U266 cells. The absence of MUC1 expression displayed by JJN3 

cells suggests a possibility that MUC1 could be exclusively expressed at different stages of 

MM as RPMI8226 and U266 cells were derived from donors with active MM stage while JJN3 

cells were derived from a donor with a late and advanced stage of MM called plasma cell 

leukemia (PCL). Hence, it is possible that RPMI8226 and U266 cells express and utilise MUC1 

during its active myeloma stage to enhance its progression towards the final advanced PCL 

stage. Alternatively, the differences observed in the MUC1 expression profile displayed by 

these three myeloma cell lines could also suggest that while a majority of the myeloma cells 

express this cell adhesion glycoprotein (Kawano et al., 2008), some of them (in this case, JJN3 

cells) may not express or depend on MUC1 for their oncogenic or cell adhesion function. 

Recently, MUC1 has been implicated in an indirect antioxidative role against ROS by 

influencing a novel p53-inducible protein called TIGAR that functions to regulate glycolysis in 

the pentose phosphate pathway (PPP). This mechanism was proposed to protect cancer cells 

(including myeloma cells) against oxidative stress by upregulating the production of NADPH, 

hence activating the glutathione system (Bensaad et al., 2006; Yin et al., 2012; Yin et al., 2014). 

Although this event indicated a strong connection between the MUC1 and the antioxidant 

system in cancer cells, the interrelation between the Trx system and MUC1 has yet to be 

reported. For the first time this study was carried out with the use of a novel TrxR inhibitor 
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[Au(d2pype)2]Cl to determine if the inhibition of the Trx system could affect the MUC1 

expression in myeloma cells. As shown in Figure 6.2, when RPMI8226 and U266 cells were 

treated with [Au(d2pype)2]Cl, MUC1 expression was significantly decreased at both  its mRNA 

and protein level. This observation strongly indicated that the Trx system was able to directly 

influence the expression of MUC1. This result was further supported by results reported in 

Figure 6.3 when the siRNA targeted knockdown against the TrxR1 in myeloma cells showed 

significant downregulation of MUC1 mRNA levels.  

Following the observation that the Trx system could potentially control MUC1 expression in 

myeloma cells, the subsequent approach was to determine if the Trx system and mucin’s 

interrelation could also play a role in controlling the adhesion properties of myeloma cells 

toward the BMSCs, similar to the relationship observed between the Trx system and VLA-4 in 

Chapter 5.  To date, the role of MUC1 in conferring CAM-DR in MM has not been clearly 

defined. Two review papers (Morgan et al., 2012; Di Marzo et al., 2016) have mentioned 

MUC1’s involvement in CAM-DR, however a study on its mechanism has not been published 

or reported elsewhere. Hence, studies were carried out in this chapter to discover if MUC1 

could have a contributory role in cell adhesion properties that may assist myeloma cells to 

attach to BMSCs.  

When RPMI8226 and U266 cells were co-cultured with the HS5 BMSCs, the expression levels 

of MUC1 were analysed to determine if the close contact with these stromal cells could induce 

the myeloma cells to upregulate the expression of MUC1. It was observed that the expression 

of MUC1 was significantly upregulated in myeloma cells that were attached to BMSCs (Figure 

6.4). This was in accordance with a recent report, which showed that these two myeloma cell 

lines in co-culture with BMSCs had increased expression of MUC1 (Bar-Natan et al., 2017). 

Although their study was focused on the role of MUC1 in providing chemoresistance via the 

signal transduction pathways that MUC1 could induce, the role of MUC1 as a possible cell 

adhesion molecule that could potentially be involved in tethering of the myeloma cells to the 

stromal cells is unknown.  

Following the results shown in Figure 6.5, the expression of MUC1 in attached myeloma cells 

was significantly downregulated by the addition of [Au(d2pype)2]Cl. The adhesion properties 

of these myeloma cells were then assessed to evaluate if specific knockdown of MUC1 could 

decrease the number of attached cells in the co-culture luciferase assay. The co-culture 
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luciferase assay results shown in Figure 6.6 demonstrated that the siRNA knockdown of MUC1 

in RPMI8226-Luc cells could decrease the ability of myeloma cells to bind to BMSCs. This was 

further verified when the MUC1 inhibitor (GO-201) was used and resulted in a decrease in the 

number of attached cells after treatment (Figure 6.7). Although GO-201 is known to inhibit 

the dimerization of MUC1 molecule, which prevents the activation of its cytoplasmic domain 

from inducing oncogenic downstream signalling pathways (Ahmad et al., 2009; Raina et al., 

2009), the actual mechanism on how this inhibitor could decrease the adhesion properties in 

myeloma cells is still unknown and requires further investigation. A possible explanation for 

the effects on adhesion may be due to the structural changes in the extracellular domain (ECD) 

of MUC1 that could have occurred when GO-201 was used. This event may be possible as it 

has been demonstrated in separate studies that inhibiting the dimerization of cell adhesion 

molecules including the junctional adhesion molecule-A (JAMA) and P-cadherin, could affect 

the migration and adhesion capabilities of cells (Severson et al., 2008; Kudo et al., 2017). 

There are also other reports that indicated the antioxidative role of MUC1 in controlling the 

ROS levels in cancer cells by upregulating the NADPH production in the pentose phosphate 

pathway via TIGAR increasing the reduction of GSSG to GSH (Yin et al., 2012; Yin et al., 2014). 

Thus far, this project has demonstrated that the Trx system could directly influence the 

expression of MUC1 in myeloma cells. However, there had not been a study carried out to 

evaluate the effects of downregulating MUC1 on the Trx system, which was assessed in this 

project. When MUC1 in RPMI8226 cells was silenced with siRNAs and the cells were then 

tested for their TrxR activity, it was observed that there were no changes in TrxR activity 

(Figure 6.8). This was interesting because previous studies have indicated that inhibition of 

MUC1 impacts the NADPH production, which is also essential for the Trx system activity, and 

increases ROS levels in the myeloma, leukemia, and colorectal cancer cells, hence promoting 

cell death (Ahmad et al., 2009; Yin et al., 2014; Ahmad et al., 2017). However, in this study 

myeloma cells that were treated with either MUC1 siRNAs or the MUC1 peptide inhibitor (GO-

201) did not appear to have altered cell viability (data not shown). Moreover, with no changes 

observed in the TrxR activity of these myeloma cells after downregulation of MUC1, it was 

unclear if MUC1 had a direct influence in maintaining its antioxidative role in cancer cell, or 

at least in myeloma cells. Therefore, further investigation will be needed to understand this 

phenomenon. 
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To dissect the mechanism that may be involved in the connection between the Trx system 

and MUC1 expression, the role of NF-ĸB in CAM-DR was further explored in this study to 

evaluate if inhibition of NF-ĸB as a result from treatment with [Au(d2pype)2]Cl could be 

involved in downregulating the expression of MUC1. It has been reported that the Trx system 

could redox-regulate NF-ĸB by enhancing the DNA binding on its target genes, including NF-

ĸB itself (Matthews et al., 1992; Ohno et al., 1998; Heilman et al., 2011). Additionally, the 

downstream target genes of NF-ĸB (cyclin D1, survivin and Bcl-xL) have been found to be 

downregulated when the myeloma cells were treated with the Trx inhibitor [Au(d2pype)2]Cl 

as shown in Figure 5.7B, Chapter 5.  

Although NF-ĸB has been demonstrated to regulate the expression of MUC1 in breast, human 

uterine epithelial and prostate cancer cell lines (Lagow and Carson, 2002; Thathiah et al., 2004; 

Ahmad et al., 2009; Xiang et al., 2018), its regulatory role on the expression of MUC1 in 

myeloma cells has not been reported elsewhere. Therefore, the next experiment was carried 

out to investigate if NF-ĸB is involved in the connection between the Trx system and MUC1 in 

myeloma cells, similar to the observations obtained between this antioxidant system and VLA-

4 in Chapter 5. When RT-qPCR analysis was carried out on RPMI8226 cells treated with 

[Au(d2pype)2]Cl, the p65 subunit of NF-ĸB mRNA expression levels were downregulated and 

corresponded with the relative expression levels of MUC1 as shown in Figure 6.8. Further 

tests were then carried out with the use of BAY 11-7082, the NF-ĸB inhibitor (Lee et al., 2012), 

to investigate if the inhibition of NF-KB could repeat the downregulating effects seen in MUC1 

expression, which were previously shown to decrease by the [Au(d2pype)2]Cl treatment. 

Based on the western blot results obtained from RPMI8226 and U266 cells that were treated 

with BAY 11-7082 (Figure 6.9), it was evident that the inhibition of NF-ĸB could significantly 

decrease the expression of MUC1 in these myeloma cells. These observations suggest that 

the possible role of MUC1 in assisting cell adhesion of these myeloma cells may depend on 

the regulatory role of the Trx system in controlling the function of NF-ĸB. However, further 

studies are needed to support this hypothesis.  

In addition to NF-ĸB, it was reported that MUC1 expression could also be regulated by the 

transcription factor Sp1 (Kuwahara et al., 2005; Theodoropoulos and Carraway, 2007). 

Moreover, the Trx system has been shown to have a redox-regulatory role on Sp1 by 

enhancing this transcription factor’s DNA binding activity on the Sp1 consensus sequence 
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located on its target genes, including itself (Bloomfield et al., 2003). By combining these 

findings, it was of interest to investigate if the decrease of MUC1 expression observed in 

[Au(d2pype)2]Cl treated myeloma cells involves Sp1. The western blot results indicated that 

Sp1 expression was markedly decreased (similar to NF-ĸB) upon TrxR inhibition, which 

coincided with the decrease in MUC1 expression observed in treated myeloma cells (Figure 

6.10). Furthermore, there have been reports that indicated Sp1 and the p65 subunit of NF-ĸB 

could interact together as trans-activators to control the gene expression in cells (Perkins et 

al., 1994; Beauchef et al., 2012). Since the western blot results (Figure 6.10) showed that the 

decrease in protein expression of Sp1 and the p65 subunit of NF-ĸB coincided with the 

decrease in MUC1 expression, there is a possibility that Sp1 and p65 of NF-ĸB may interact 

and form a complex involved in controlling the expression of MUC1 to initiate cell adhesion 

in myeloma cells. This hypothesis, however, requires further investigation as targeted 

knockdown on either Sp1 or NF-ĸB, or both, as well as ChIP studies are needed to confirm if 

a Sp1/ p65 NF-ĸB complex is involved in controlling the expression of MUC1 in myeloma cells. 

A schematic diagram is presented in Figure 6.11 to depict the proposed mechanisms that may 

be involved between the expression of MUC1 and the Trx system. 

Overall, the results obtained in this chapter have demonstrated for the first time that the Trx 

system could potentially have a regulatory control on the expression of MUC1 via either Sp1 

or NF-ĸB. The co-culture assays in this study have demonstrated that MUC1 could have an 

influence on the cell adhesion properties of myeloma cells towards BMSCs. Although these 

findings do not provide definite proof to indicate MUC1 enhances the adhesion capability of 

myeloma cells in CAM-DR, this study has highlighted:- 1) the potential of utilising the TrxR 

inhibitor [Au(d2pype)2]Cl as an important tool to dissect mechanisms controlled by the Trx 

system and 2) the possibility of overcoming CAM-DR by inhibiting the expression of MUC1, in 

addition to VLA-4, as a cell adhesion molecule responsible for tethering the myeloma cells to 

BMSCs. 
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Figure 6.11 Proposed mechanisms involved in the connection between the Trx system and 
MUC1 expression. It was hypothesized that the Trx system could influence the expression of 
MUC1 in MM. The preliminary results in this chapter have indicated that inhibition of TrxR 
with [Au(d2pype)2]Cl could significantly decrease the expression of MUC1 in myeloma cells. 
The solid black arrows (       ) represent the redox-regulation of NF-ĸB or Sp1 by the Trx system. 
The black dash lines (- - -) represent the proposed regulation of MUC1 gene by either NF-ĸB 
or Sp1 following the inhibition of the Trx system. The blue curved arrows (        ) represent the 
ability of NF-ĸB and Sp1 to bind to its own promoter and regulate its own gene expression. 
Hence, it is proposed that inhibition of the Trx system may influence the self-regulation of NF-
ĸB and Sp1. The red dash line (- - -) represents another proposed mechanism that involves 
the possibility of a Sp1/NF-ĸB complex being involved in controlling the expression of MUC1 
in myeloma cells via the Trx system. 
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7.1 Final discussion 

Cancer cells, including myeloma cells have been shown to upregulate expression of 

antioxidant systems to increase their chemoresistance and evasion from apoptotic cell death 

(Raffel et al., 2003; Arnér and Holmgren, 2006; Tonissen and Di Trapani, 2009; Lincoln et al., 

2010; Bhatia et al., 2015; Zhang et al., 2017). It was hypothesised that their dependency on 

antioxidants could be targeted as an effective therapeutic approach as studies have shown 

that inhibition of antioxidants can result in increased oxidative stress and further cell damage, 

which could overcome the anti-apoptotic mechanisms and thereby leading to cell death 

(Pennington et al., 2005; Landriscina et al., 2009). The main goal of this project was to 

investigate the potential of targeting the Trx system with the gold(I) compound, 

[Au(d2pype)2]Cl as a tool for studying the underlying mechanisms that may be responsible for 

the development of resistance in MM.  

Earlier reports have shown that auranofin could display anti-cancer activity in myeloma cells 

(Raninga et al., 2015; Raninga et al., 2016b). However, there are also studies that indicated 

auranofin’s limitation due to its non-discriminate binding to random thiol groups, including 

to serum proteins. This limitation could render auranofin ineffective when used either in in 

vivo or in tissue culture media with high serum content (Mirabelli et al., 1985; Berners-Price 

et al., 1986; McKeage et al., 2000; Rackham et al., 2007; Hickey et al., 2008; Rackham et al., 

2011). To overcome the limitation that is associated with auranofin, [Au(d2pype)2]Cl was 

synthesized to exhibit less thiol reactivity with improved lipophilicity, which allows selective 

targeting to the TrxR based on the differences in mitochondrial membrane potential displayed 

by the cancer and normal non-cancerous cells (Berners-Price et al., 1986; McKeage et al., 2000; 

Rackham et al., 2011).  

This research has evaluated the efficacy of the TrxR inhibitor [Au(d2pype)2]Cl for its anti-

myeloma activity in both in vitro and in vivo models. The ability of [Au(d2pype)2]Cl to 

effectively abrogate the tumourigenic capacity in clonogenic assays as well as to inhibit cell 

proliferation by inducing ROS-mediated cell death in both bortezomib-sensitive and -resistant 

myeloma cells has demonstrated the feasibility of targeting the Trx system as an effective 

therapeutic approach in MM. In addition to significant inhibition of myeloma tumour growth 

in vivo, [Au(d2pype)2]Cl could also significantly decrease the expression of MYC, which is a 
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proto-oncogene reported to be amplified in more than half of myeloma patients and plays a 

key role in MM disease progression by promoting transition from MGUS to MM (Affer et al., 

2014; Walker et al., 2014a). The exact mechanism on how the TrxR inhibition with 

[Au(d2pype)2]Cl could downregulate the expression of MYC however, remains unclear and 

requires further investigation to determine the key players involved.  

Numerous reports have shown that cancer cells can withstand the cytotoxic effects from anti-

cancer therapy due to the cytoprotective role of HIF-1α and activation of pro-survival 

mechanisms as a result from interaction with BMSCs and/or ECMs (Hu et al., 2013; Furukawa 

and Kikuchi, 2016; Borsi et al., 2014a; Borsi et al., 2014b; Di Marzo et al., 2016; Saba et al., 

2018). Therefore, this research was also aimed to evaluate and compare the effectiveness of 

TrxR inhibitors, auranofin and [Au(d2pype)2]Cl in overcoming resistance in myeloma cells that 

are co-cultured with BMSCs in hypoxia. To study the mechanisms involved, a co-culture MTT 

assay was developed and optimised in this research to create a 2D model as a simple and cost 

effective method that could be used in the lab to further evaluate the efficacy of the inhibitors 

against myeloma cells in co-cultures. The results obtained in this research showed that 

[Au(d2pype)2]Cl overall displayed better anti-cancer activity as compared to auranofin against 

myeloma cells that were treated in same culture with BMSCs, in both normoxic and hypoxic 

conditions. These co-culture assay results were also in accordance to the results obtained 

with in vivo experiments, which showed significant growth suppression activity in the in vivo 

RPMI8226 xenograft model. These anti-myeloma results combined have demonstrated that 

the 2D co-culture assay could be used as an initial screening platform to study and evaluate 

the efficacy of an inhibitor in treating myeloma cells that were grown with BMSCs.  

The selectivity of [Au(d2pype)2]Cl towards myeloma cells has allowed the gold compound to 

be used at high concentrations without causing significant cytotoxic effects on normal, non-

cancerous cells. On the other hand, auranofin was found to display off-target cytotoxicity on 

non-cancerous BMSCs when used at higher concentrations, suggesting that unfavourable side 

effects could occur in normal cells if auranofin is used at a higher dosage to kill cancer cells. 

However, because auranofin was also able to display similar inhibitory effects on myeloma 

cells in both normoxic and hypoxic conditions, it is possible that auranofin may have broader 

target effects when compared to [Au(d2pype)2]Cl. Auranofin’s broad target effects could have 

affected the cytoprotective role of HIF-1α in the hypoxic myeloma cells, hence allowing the 
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drug to behave similarly in both normoxic and hypoxic conditions. Therefore, auranofin may 

still be considered for anti-cancer therapy, provided that the safe-level range is determined 

prior to treatment to prevent unfavorable cytotoxic effects on normal cells. 

Taken together, this research indicates that gold (I) compounds, including [Au(d2pype)2]Cl, 

can have high selectivity against myeloma cells and they can potentially be complemented 

with other anti-myeloma therapy without causing additional off-target side effects on normal 

cells. Furthermore, as myeloma cells express higher levels of TrxR due to their high 

intracellular ROS levels (Lipchick et al., 2016), the addition of these TrxR inhibitors to current 

cancer treatment approaches including chemotherapeutic drugs and physical irradiation, 

could further increase ROS levels thereby promoting cell death in myeloma cells (Zhang et al., 

2017). 

One of the main forms of drug resistance that is often associated with MM is CAM-DR, which 

involves the interaction of myeloma cells with BMSCs via its adhesion molecules (Damiano et 

al., 1999). CAM-DR plays an integral role in the drug resistance of MM as there is a subset of 

myeloma cells adhered to the BMME that could evade cytotoxic effects of the anti-cancer 

agents and potentially be selected after a period of exposure to those treatments (Nefedova 

et al., 2003; Landowski et al., 2003; Katz, 2010). Hence, there is a huge interest in cancer 

research aiming to reverse CAM-DR by targeting the adhesion molecules that are involved in 

assisting cancer cells attachment. Currently, direct targeting of an adhesion molecule with 

strategies including monoclonal antibodies have not been very successful in treating MM 

patients with CAM-DR due to unfavourable side effects (Yaldizli and Putzki, 2009; Podar et al., 

2011; Hoepner et al., 2014). Hence, this project was focused on indirect targeting of cell 

adhesion molecules via alternative regulatory pathways to overcome CAM-DR in myeloma 

cells. In this study, the 2D co-culture assays were developed into cell adhesion assays that 

could measure the adhesion capabilities of myeloma cells. This assay was adapted from 

Cheong et al. (2016) based on the concept of using luciferase expressing myeloma cells to 

track the cells that are still attached to the BMSCs after treatment. With the co-culture 

luciferase assays optimised in this study, the TrxR inhibitor [Au(d2pype)2]Cl was then used as 

a tool to determine the influence of the Trx system towards the cell adhesion properties of 

myeloma cells.  
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This research has demonstrated that inhibition of the Trx system could significantly affect the 

adhesion capabilities of myeloma cells. The treatment of myeloma and BMSCs co-culture with 

[Au(d2pype)2]Cl caused a significant decrease in the number of myeloma cells that could still 

be attached to BMSCs. As VLA-4 is one of the major cell adhesion molecules responsible for 

homing and tethering the myeloma cells to the BMME (Damiano et al., 1999; Redondo-Muñoz 

et al., 2019), this research examined the effects of inhibition of the Trx system on the 

expression of VLA-4. The results from TrxR inhibition showed that VLA-4 was significantly 

downregulated at both transcriptional and translational levels. Further analysis indicated that 

upon attachment to BMSCs in co-culture, the VLA-4 expression was upregulated, suggesting 

that VLA-4 could be regulated in a “positive feedback loop” that may further enhance CAM-

DR to provide more adhesive structure and assist myeloma cells to anchor to BMSCs. However, 

when the myeloma cells that were still in contact with BMSCs were treated with TrxR inhibitor 

[Au(d2pype)2]Cl, the upregulation of VLA-4 was observed to revert to its basal levels. It is 

noted that there is a limitation to this experiment as the reversal of VLA-4 expression to basal 

levels after [Au(d2pype)2]Cl treatment did not come from the same population of cells that 

showed upregulation of VLA-4 after initial attachment. Hence, future work will need to 

include real-time assessment of the expression status of VLA-4 in the same cell population to 

determine if inhibition of the Trx system via TrxR decreases the expression of VLA-4 by 

controlling the proposed positive feedback loop observed in attached myeloma cells.  

It is widely accepted that CAM-DR is attributed to the activation of NF-ĸB signalling pathways, 

which cause a plethora of pro-survival genes to be expressed in myeloma cells that are 

attached to the BMME (Noborio-Hatano et al., 2009; Furukawa and Kikuchi, 2016; Di Marzo 

et al., 2016). It is known that the Trx system could regulate NF-ĸB via two potential 

mechanisms: - 1) the thioredoxin (Trx) could redox-regulate the NF-ĸB binding activity to its 

target genes via reduction to its critical cysteine residue in the DNA binding region (Matthews 

et al., 1992; Harper et al., 2001) or 2) the TrxR could control the transactivation of NF-ĸB 

regulated genes (Heilman et al., 2011). This study was carried out to investigate if NF-ĸB is 

involved in the potential crosstalk between the Trx system and VLA-4 that affects the 

adhesion properties of myeloma cells. The preliminary results in this study indicated that 

inhibition of TrxR could decrease the expression of NF-ĸB, thereby affected its activity in 

regulating its downstream target genes, and possibly itself. When NF-ĸB was inhibited by BAY 
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11-7082, the results in this study showed that inhibition of NF-ĸB could significantly

downregulate the expression of VLA-4 in these myeloma cells. Additionally, the in silico 

studies that were carried out in this research revealed that there were three putative NF-ĸB 

binding regions in the promoter region of the VLA-4 gene that may be responsible for the 

regulation of VLA-4 expression. Overall, these preliminary findings suggest that the Trx system 

may control VLA-4 expression via its regulation on NF-ĸB. However, future investigations are 

needed to verify if the inhibition of TrxR could have affected either the transactivation of NF-

ĸB regulated genes or binding activity of NF-ĸB or both that resulted in significantly decreased 

VLA-4 expression.  

This research has also defined the potential role of MUC1 in influencing the adhesive 

capabilities of myeloma cells that could contribute to CAM-DR. Not only has MUC1 been 

linked to the pathogenesis of MM (Cloosen et al., 2006; Kawano et al., 2008; Yin et al., 2010; 

Andrulis et al., 2014; Bar-Natan et al., 2017), this glycoprotein has also been shown to mediate 

cell adhesion by binding to adhesion molecules like ICAM-1, E-selectin and sialoadhesin in 

tumour cells (Regimbald et al., 1996; Zhang et al., 1996; Nath et al., 1999; McDermott et al., 

2001; Hollingsworth and Swanson, 2004; Horm and Schroeder, 2013). To date, the implication 

of aberrant expression of MUC1 towards CAM-DR in MM has not been clearly defined or 

reported elsewhere. Additionally, although MUC1 has been shown to have interrelations with 

antioxidants, including the GSH system, in cancer cells (Bensaad et al., 2006; Yin et al., 2012; 

Yin et al., 2014), the relationship between the Trx system and MUC1 was not established 

elsewhere prior to this study.  

The results shown in this research have indicated that inhibition of TrxR with [Au(d2pype)2]Cl 

could significantly downregulate the expression of MUC1 in myeloma cells. More importantly, 

the targeted siRNA knockdown of MUC1 could also decrease the adhesive capabilities of 

myeloma cells to BMSCs. Hence, it is possible that MUC1 could be one of the cell adhesion 

molecules (alongside VLA-4) that is responsible for tethering myeloma cells to their BMME, 

thereby contributing to the possibility of development of CAM-DR in MM. Additionally, 

despite the earlier reports that indicated the indirect antioxidative role of MUC1 by 

upregulating the NADPH production in the pentose phosphate pathway (Yin et al., 2012; Yin 

et al., 2014; Yin et al., 2017), this study has showed that siRNA silencing of MUC1 did not 

affect the TrxR activity (although NADPH is a major part of the Trx system) in myeloma cells. 
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It is possible that MUC1 could be a downstream target of the Trx system through regulation 

of specific transcription factors.  

Further investigations are needed to dissect the underlying mechanisms that are involved in 

the downregulation of MUC1 expression after treatment with [Au(d2pype)2]Cl that affected 

the adhesion properties of myeloma cells. Thus far, this study has showed a possibility that 

inhibition of the Trx system via TrxR could negatively regulate the expression of NF-ĸB and 

Sp1, which have both been reported to drive the expression of MUC1 (Thathiah et al., 2004; 

Kuwahara et al., 2005; Theodoropoulos and Carraway, 2007). As the Trx system has been 

previously shown to regulate the DNA binding activity of NF-ĸB and Sp1 (Matthews et al., 

1992; Harper et al., 2001; Bloomfield et al., 2003), it is highly likely that either NF-ĸB or Sp1 

or both could be involved in the crosstalk between the Trx system and MUC1. However, more 

studies are still needed in the future to study the redox state of Trx in concurrent with the 

analysis of the activity of these two transcription factors that may potentially be involved in 

regulating the MUC1 expression in myeloma cells upon treatment with [Au(d2pype)2]Cl. 

Based on the results presented in this thesis, it can be concluded that targeting TrxR could 

provide an effective alternative approach in the future development of MM therapeutic 

regimen. The gold(I) complex, [Au(d2pype)2]Cl, which was synthesized to exert higher 

selectivity towards selenol- and thiol-containing redox regulating proteins like TrxR (McKeage 

et al., 2000; Hickey et al., 2008), has displayed significant anti-myeloma activity in both in vitro 

and in vivo models. Moreover, the development of co-culture assays in this study has allowed 

[Au(d2pype)2]Cl to be utilised as an investigative tool to determine potential role or influence 

of the Trx system towards the expression of target cell adhesion proteins (like VLA-4 and 

MUC1 as the focus of this study) that are associated with CAM-DR in MM. While 

[Au(d2pype)2]Cl was able to demonstrate its potential as an effective therapeutic agent that 

could improve MM patients’ treatment outcome, the selectivity of this compound has proven 

to be useful in future functional studies to understand mechanisms that are involved in the 

cellular changes related to the effects from TrxR inhibition. 
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7.2 Future work 

While this research has showed that [Au(d2pype)2]Cl could exert significant anti-myeloma 

activity, it would be of great interest to extend this work by further assessing the efficacy of  

[Au(d2pype)2]Cl in a MM murine model like the 5TGM1 multiple myeloma transplanted 

C57BL6/KaLwRij model (which is a spontaneously-derived inbred mouse strain predisposed 

to myeloma). Various parameters including bone destruction, EMDR and tumour expansion 

could then be further studied in MM murine models that are treated with [Au(d2pype)2]Cl 

(Oyajobi et al., 2003; Fowler et al., 2009; Cheong et al., 2015). It would also be valuable to 

assess [Au(d2pype)2]Cl in clinical samples. The access to MM patient samples obtained from 

different stages of disease including MGUS, newly diagnosed, relapsed and PCL stage would 

be very useful to allow the cytotoxic effects of [Au(d2pype)2]Cl to be assessed in human 

patient samples. As different developmental stages of MM could display different responses 

to a treatment, testing of [Au(d2pype)2]Cl as a single agent therapy or in combination with 

other available frontline MM drugs (bortezomib, lenalidomide, melphalan etc.) on MM 

patient samples could also provide better understanding for the development of effective 

anti-myeloma therapy regimen in the near future. 

The co-culture luciferase assays that were used in this research thus far have strongly 

indicated the involvement of the Trx system in connection to CAM-DR by controlling the 

expression of cell adhesion molecules in myeloma cells. This assay was developed to provide 

a cell attachment model that could be used as a pre-screening platform to analyse the 

adhesion of treated myeloma cells to BMSCs in a co-culture environment. As this research has 

shown preliminary results that suggest the involvement of the Trx system in affecting the cell 

adhesion properties of myeloma cells, future work is needed to confirm if the affected cell 

adhesion molecules (for example, MUC1, which was downregulated upon [Au(d2pype)2]Cl 

treatment) could introduce changes to the adhesion force between the myeloma cells and 

BMSCs. By incorporating the use of a single cell force spectroscopy (SCFS) with atomic force 

microscopy (AFM), the results that can be obtained from this method may strengthen the 

hypothesis to confirm if the targeted siRNA knockdown of MUC1 and/or [Au(d2pype)2]Cl 

could significantly affect the strength of adhesion between a myeloma cell and a BMSC. The 

utilisation of AFM probe SCFS in the future could allow myeloma cell to be immobilized to an 

AFM cantilever where it will be used as a probe. This probe can then be attached to BMSC for 
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a set amount of time, followed by withdrawal of the cantilever at constant speed to detach 

the myeloma cell from BMSC. During this process, the cantilever deflection is recorded as 

force-distance curve and the highest force recorded will then be used to represent the 

myeloma cell’s adhesion strength (Puech et al., 2005; Khalili and Ahmad, 2015; Langhe et al., 

2016). A schematic diagram is shown in Figure 7.1 to depict a general AFM-based SCFS set up 

for a potential study of adhesion strength between myeloma cell and BMSC. This method 

could be utilised for future studies on other possible cell adhesion molecules that may be 

directly influenced or affected by the TrxR inhibition using [Au(d2pype)2]Cl.  

Figure7.1 Schematic depiction of atomic force microscopy-based single cell force 
spectroscopy (AFM-based SCFS). A single myeloma cell is bound to a tip-less AFM cantilever 
via fibronectin. The cantilever will then be lowered onto a BMSC grown on a coverslip. After 
a specified contact time, the cantilever will be retracted at a constant speed until the 
myeloma cell is fully detached from the BMSC. During this process, the cantilever deflection 
is recorded by force distance spectroscopy to analyse the force-distance curve that represents 
the myeloma cell’s adhesion strength towards BMSC. 

Finally, as the Trx system has been reported to have a regulatory role in controlling the DNA 

binding activity of transcription factors like NF-ĸB and Sp1 (Matthews et al., 1992; Harper et 

al., 2001; Bloomfield et al., 2003), it would be useful to further utilise [Au(d2pype)2]Cl as a 

tool to dissect the underlying mechanisms that are involved between the Trx system and 

expression of cell adhesion molecules (including VLA-4 and MUC1) in myeloma cells. To 

explore these potential mechanisms in the future, binding activity of NF-ĸB and Sp1 

transcription factors on the VLA-4 or MUC1 gene promoter can be assessed with chromatin 

immunoprecipitation (ChIP) assays on myeloma cells treated with or without [Au(d2pype)2]Cl. 
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Furthermore, it would be of interest to study the effects of TrxR inhibition with 

[Au(d2pype)2]Cl towards the redox state of Trx in the treated myeloma cells with redox 

western blotting. The potential results obtained from redox western blot may provide an 

indication as to whether the inhibition of TrxR with [Au(d2pype)2]Cl involves changes to the 

redox state Trx’s cysteine residues, which could then possibly affect the DNA binding activity 

of NF-ĸB or Sp1 towards the CAM-DR related genes in myeloma cells. 



REFERENCES 

157 

References 

Abdi, J., Chen, G. & Chang, H. 2013. Drug resistance in multiple myeloma: latest findings and new 
concepts on molecular mechanisms. Oncotarget, 4, 2186-2207. 

Abramson, H. N. 2018. The Multiple Myeloma Drug Pipeline-2018: Review of Small Molecules and 
Their Therapeutic Targets. Clinical Lymphoma, Myeloma and Leukemia, 18, 611-627. 

Affer, M., Chesi, M., Chen, W. G., Keats, J. J., Demchenko, Y. N., Roschke, A. V., Van Wier, S., Fonseca, 
R., Bergsagel, P. L. & Kuehl, W. M. 2014. Promiscuous MYC locus rearrangements hijack 
enhancers but mostly super-enhancers to dysregulate MYC expression in multiple myeloma. 
Leukemia, 28, 1725-1735. 

Ahmad, R., Alam, M., Hasegawa, M., Uchida, Y., Al-Obaid, O., Kharbanda, S. & Kufe, D. 2017. 
Targeting MUC1-C inhibits the AKT-S6K1-elF4A pathway regulating TIGAR translation in 
colorectal cancer. Mol Cancer, 16. 

Ahmad, R., Raina, D., Joshi, M. D., Kawano, T., Ren, J., Kharbanda, S. & Kufe, D. 2009. MUC1-C 
oncoprotein functions as a direct activator of the nuclear factor-kappaB p65 transcription 
factor. Cancer Res, 69, 7013-21. 

Alam, M., Rajabi, H., Ahmad, R., Jin, C. & Kufe, D. 2014. Targeting the MUC1-C oncoprotein inhibits 
self-renewal capacity of breast cancer cells. Oncotarget, 5, 2622-2634. 

Aller, S. G., Yu, J., Ward, A., Weng, Y., Chittaboina, S., Zhuo, R., Harrell, P. M., Trinh, Y. T., Zhang, Q., 
Urbatsch, I. L. & Chang, G. 2009. Structure of P-glycoprotein reveals a molecular basis for 
poly-specific drug binding. Science, 323, 1718-22. 

Anderson, K. C. 2016. Progress and Paradigms in Multiple Myeloma. Clinical cancer research : an 
official journal of the American Association for Cancer Research, 22, 5419-5427. 

Anderson, S. M., Beck, B., Sterud, S., Lockhorst, R. & Ngorsuraches, S. 2019. Evaluating the use of 
appropriate anticoagulation with lenalidomide and pomalidomide in patients with multiple 
myeloma. J Oncol Pharm Pract, 25, 806-812. 

Andrulis, M., Ellert, E., Mandel, U., Clausen, H., Lehners, N., Raab, M. S., Goldschmidt, H. & Schwartz-
Albiez, R. 2014. Expression of Mucin-1 in multiple myeloma and its precursors: correlation 
with glycosylation and subcellular localization. Histopathology, 64, 799-806. 

Angelastro, A., Dawson, W. M., Luk, L. Y. P. & Allemann, R. K. 2017. A Versatile Disulfide-Driven 
Recycling System for NADP+ with High Cofactor Turnover Number. ACS Catalysis, 7, 1025-
1029. 

Angelucci, F., Sayed, A. A., Williams, D. L., Boumis, G., Brunori, M., Dimastrogiovanni, D., Miele, A. E., 
Pauly, F. & Bellelli, A. 2009. Inhibition of Schistosoma mansoni thioredoxin-glutathione 
reductase by auranofin: structural and kinetic aspects. J Biol Chem, 284, 28977-85. 

Arner, E. S. & Holmgren, A. 2000. Physiological functions of thioredoxin and thioredoxin reductase. 
Eur J Biochem, 267, 6102-9. 

Arnér, E. S. J. 2009. Focus on mammalian thioredoxin reductases — Important selenoproteins with 
versatile functions. Biochimica et Biophysica Acta (BBA) - General Subjects, 1790, 495-526. 

Arnér, E. S. J. & Holmgren, A. 2006. The thioredoxin system in cancer. Seminars in Cancer Biology, 16, 
420-426.

Arrigo, A.-P. 1999. Gene expression and the thiol redox state. Free Radical Biology and Medicine, 27, 
936-944.

Aslantürk, Ö. S. 2018. In Vitro Cytotoxicity and Cell Viability Assays: Principles, Advantages, and 
Disadvantages, InTech. 



REFERENCES 

158 

Australian Institute of Health and Welfare, A. 2018. Cancer Data in Australia: Multiple Myeloma 
[Online]. Available: https://www.aihw.gov.au/reports/cancer/cancer-data-in-australia/ 
[Accessed]. 

Badros, A. Z., Vij, R., Martin, T., Zonder, J. A., Kunkel, L., Wang, Z., Lee, S., Wong, A. F. & Niesvizky, R. 
2013. Carfilzomib in multiple myeloma patients with renal impairment: pharmacokinetics 
and safety. Leukemia, 27, 1707-1714. 

Bafna, S., Kaur, S. & Batra, S. K. 2010. Membrane-bound mucins: the mechanistic basis for 
alterations in the growth and survival of cancer cells. Oncogene, 29, 2893-904. 

Baker, A., Payne, C. M., Briehl, M. M. & Powis, G. 1997. Thioredoxin, a Gene Found Overexpressed in 
Human Cancer, Inhibits Apoptosis In Vitro and In Vivo. Cancer Research, 57, 5162-5167. 

Bar-Natan, M., Stroopinsky, D., Luptakova, K., Coll, M. D., Apel, A., Rajabi, H., Pyzer, A. R., Palmer, K., 
Reagan, M. R., Nahas, M. R., Karp Leaf, R., Jain, S., Arnason, J., Ghobrial, I. M., Anderson, K. 
C., Kufe, D., Rosenblatt, J. & Avigan, D. 2017. Bone marrow stroma protects myeloma cells 
from cytotoxic damage via induction of the oncoprotein MUC1. British Journal of 
Haematology, 176, 929-938. 

Barwe, S. P., Quagliano, A. & Gopalakrishnapillai, A. 2017. Eviction from the sanctuary: Development 
of targeted therapy against cell adhesion molecules in acute lymphoblastic leukemia. 
Seminars in oncology, 44, 101-112. 

Bataille , R. & Harousseau , J.-L. 1997. Multiple Myeloma. New England Journal of Medicine, 336, 
1657-1664. 

Beauchef, G., Bigot, N., Kypriotou, M., Renard, E., Poree, B., Widom, R., Dompmartin-Blanchere, A., 
Oddos, T., Maquart, F. X., Demoor, M., Boumediene, K. & Galera, P. 2012. The p65 subunit of 
NF-kappaB inhibits COL1A1 gene transcription in human dermal and scleroderma fibroblasts 
through its recruitment on promoter by protein interaction with transcriptional activators (c-
Krox, Sp1, and Sp3). Journal of Biological Chemistry, 287, 3462-78. 

Bensaad, K., Tsuruta, A., Selak, M. A., Vidal, M. N. C., Nakano, K., Bartrons, R., Gottlieb, E. & 
Vousden, K. H. 2006. TIGAR, a p53-Inducible Regulator of Glycolysis and Apoptosis. Cell, 126, 
107-120.

Berger, D. P., Henss, H., Winterhalter, B. R. & Fiebig, H. H. 1990. The clonogenic assay with human 
tumor xenografts: evaluation, predictive value and application for drug screening. Annals of 
oncology : official journal of the European Society for Medical Oncology, 1, 333. 

Berners-Price, S., Bowen, R., Hambley, T. & Healy, P. 1999. NMR and structural studies of gold(I) 
chloride adducts with bidentate 2-, 3- and 4-pyridyl phosphines. Journal of the Chemical 
Society, Dalton Transactions, 1337-1346. 

Berners-Price, S. J. & Filipovska, A. 2011. Gold compounds as therapeutic agents for human diseases. 
Metallomics, 3, 863-73. 

Berners-Price, S. J., Mirabelli, C. K., Johnson, R. K., Mattern, M. R., Mccabe, F. L., Faucette, L. F., Sung, 
C. M., Mong, S. M., Sadler, P. J. & Crooke, S. T. 1986. In vivo antitumor activity and in vitro
cytotoxic properties of bis[1,2-bis(diphenylphosphino)ethane]gold(I) chloride. Cancer
Research, 46, 5486-93.

Berners‐Price, S. J. 2011. Gold‐Based Therapeutic Agents: A New Perspective. In: ALESSIO, P. D. E. 
(ed.) Bioinorganic Medicinal Chemistry Weinheim, Germany: Wiley‐VCH Verlag GmbH & 
Co. KGaA. 

Bhatia, M., Mcgrath, K. L., Di Trapani, G., Charoentong, P., Shah, F., King, M. M., Clarke, F. M. & 
Tonissen, K. F. 2015. The thioredoxin system in breast cancer cell invasion and migration. 
Redox biology, 8, 68-78. 

Bianchi, G. & Anderson, K. C. 2014. Understanding biology to tackle the disease: Multiple myeloma 
from bench to bedside, and back. CA Cancer J Clin, 64, 422-44. 

Bianchi, G. & Ghobrial, I. M. 2014. Biological and Clinical Implications of Clonal Heterogeneity and 
Clonal Evolution in Multiple Myeloma. Current Cancer Therapy Reviews, 10, 70-79. 



  REFERENCES 

159 
 

Bianchi, G. & Munshi, N. C. 2015. Pathogenesis beyond the cancer clone(s) in multiple myeloma. 
Blood, 125, 3049. 

Bindoli, A., Rigobello, M. P., Scutari, G., Gabbiani, C., Casini, A. & Messori, L. 2009. Thioredoxin 
reductase: A target for gold compounds acting as potential anticancer drugs. Coordination 
Chemistry Reviews, 253, 1692-1707. 

Bladé, J., Fernández De Larrea, C., Rosiñol, L., Cibeira, M. T., Jiménez, R. & Powles, R. 2011. Soft-
Tissue Plasmacytomas in Multiple Myeloma: Incidence, Mechanisms of Extramedullary 
Spread, and Treatment Approach. Journal of Clinical Oncology, 29, 3805-3812. 

Bladé, J. & Rosiñol, L. 2005. Renal, hematologic and infectious complications in multiple myeloma. 
Best Practice & Research Clinical Haematology, 18, 635-652. 

Bloomfield, K. L., Osborne, S. A., Kennedy, D. D., Clarke, F. M. & Tonissen, K. F. 2003. Thioredoxin-
mediated redox control of the transcription factor Sp1 and regulation of the thioredoxin 
gene promoter. Gene, 319, 107-116. 

Borsi, E., Perrone, G., Terragna, C., Martello, M., Dico, A. F., Solaini, G., Baracca, A., Sgarbi, G., 
Pasquinelli, G., Valente, S., Zamagni, E., Tacchetti, P., Martinelli, G. & Cavo, M. 2014a. 
Hypoxia inducible factor-1 alpha as a therapeutic target in multiple myeloma. Oncotarget, 5, 
1779-92. 

Borsi, E., Perrone, G., Terragna, C., Martello, M., Zamagni, E., Tacchetti, P., Pantani, L., Brioli, A., Dico, 
A. F., Zannetti, B. A., Rocchi, S. & Cavo, M. 2014b. HIF-1α inhibition blocks the cross talk 
between multiple myeloma plasma cells and tumor microenvironment. Experimental Cell 
Research, 328, 444-455. 

Bradford, J. W. & Baldwin, A. S. 2014. IKK/nuclear factor-kappaB and oncogenesis: roles in tumor-
initiating cells and in the tumor microenvironment. Advances in Cancer Research, 121, 125-
145. 

Brioli, A., Melchor, L., Cavo, M. & Morgan, G. J. 2014. The impact of intra‐clonal heterogeneity on 
the treatment of multiple myeloma. British Journal of Haematology, 165, 441-454. 

Brossart, P., Schneider, A., Dill, P., Schammann, T., Grünebach, F., Wirths, S., Kanz, L., Bühring, H.-J. & 
Brugger, W. 2001. The Epithelial Tumor Antigen MUC1 Is Expressed in Hematological 
Malignancies and Is Recognized by MUC1-specific Cytotoxic T-Lymphocytes. Cancer 
Research, 61, 6846. 

Butler, L. M., Zhou, X., Xu, W. S., Scher, H. I., Rifkind, R. A., Marks, P. A. & Richon, V. M. 2002. The 
histone deacetylase inhibitor SAHA arrests cancer cell growth, up-regulates thioredoxin-
binding protein-2, and down-regulates thioredoxin. Proc Natl Acad Sci U S A, 99, 11700-5. 

Cagnetta, A., Lovera, D., Grasso, R., Colombo, N., Canepa, L., Ballerini, F., Calvio, M., Miglino, M., 
Gobbi, M., Lemoli, R. & Cea, M. 2015. Mechanisms and Clinical Applications of Genome 
Instability in Multiple Myeloma. BioMed Research International, 2015, 8. 

Cancer-Australia. 2019. Myeloma in Australia Statistics [Online]. Available: https://myeloma-
cancer.canceraustralia.gov.au/statistics [Accessed]. 

Cascio, S. & Finn, O. 2016. Intra- and Extra-Cellular Events Related to Altered Glycosylation of MUC1 
Promote Chronic Inflammation, Tumor Progression, Invasion, and Metastasis. Biomolecules, 
6, 39. 

Cascio, S., Zhang, L. & Finn, O. J. 2011. MUC1 protein expression in tumor cells regulates 
transcription of proinflammatory cytokines by forming a complex with nuclear factor-kappaB 
p65 and binding to cytokine promoters: importance of extracellular domain. J Biol Chem, 
286, 42248-56. 

Castillo, C., Zaror, S., Gonzalez, M., Hidalgo, A., Burgos, C. F., Cabezas, O. I., Hugues, F., Jiménez, S. P., 
González-Horta, E., González-Chavarría, I., Gavilán, J., Montesino, R., Sánchez, O., Lopez, M. 
G., Fuentealba, J. & Toledo, J. R. 2018. Neuroprotective effect of a new variant of Epo 
nonhematopoietic against oxidative stress. Redox Biology, 14, 285-294. 

Cavo, M., Tacchetti, P., Patriarca, F., Petrucci, M. T., Pantani, L., Galli, M., Di Raimondo, F., Crippa, C., 
Zamagni, E., Palumbo, A., Offidani, M., Corradini, P., Narni, F., Spadano, A., Pescosta, N., 



  REFERENCES 

160 
 

Deliliers, G. L., Ledda, A., Cellini, C., Caravita, T., Tosi, P. & Baccarani, M. 2010. Bortezomib 
with thalidomide plus dexamethasone compared with thalidomide plus dexamethasone as 
induction therapy before, and consolidation therapy after, double autologous stem-cell 
transplantation in newly diagnosed multiple myeloma: a randomised phase 3 study. The 
Lancet, 376, 2075-2085. 

Chauhan, D., Uchiyama, H., Akbarali, Y., Urashima, M., Yamamoto, K., Libermann, T. & Anderson, K. 
1996. Multiple myeloma cell adhesion-induced interleukin-6 expression in bone marrow 
stromal cells involves activation of NF-kappa B. Blood, 87, 1104-1112. 

Chauhan, S. C., Ebeling, M. C., Maher, D. M., Koch, M. D., Watanabe, A., Aburatani, H., Lio, Y. & Jaggi, 
M. 2012. MUC13 mucin augments pancreatic tumorigenesis. Molecular Cancer Therapeutics, 
11, 24-33. 

Chen, H., Liu, H. & Guoliang, Q. 2018. Targeting oncogenic Myc as a strategy for cancer treatment. 
Signal Transduction and Targeted Therapy, 3, 1-7. 

Cheong, C. M., Chow, A. W., Fitter, S., Hewett, D. R., Martin, S. K., Williams, S. A., To, L. B., 
Zannettino, A. C. & Vandyke, K. 2015. Tetraspanin 7 (TSPAN7) expression is upregulated in 
multiple myeloma patients and inhibits myeloma tumour development in vivo. Experimental 
Cell Research, 332, 24-38. 

Chesi, M. & Bergsagel, P. L. 2013. Molecular pathogenesis of multiple myeloma: basic and clinical 
updates. International journal of hematology, 97, 313-323. 

Cheung, W. C. & Van Ness, B. 2001. The bone marrow stromal microenvironment influences 
myeloma therapeutic response in vitro. Leukemia, 15, 264-71. 

Cloosen, S., Gratama, J., Van Leeuwen, E. B. M., Senden-Gijsbers, B. L. M. G., Oving, E. B. H., Von 
Mensdorff-Pouilly, S., Tarp, M. A., Mandel, U., Clausen, H., Germeraad, W. T. V. & Bos, G. M. 
J. 2006. Cancer specific Mucin-1 glycoforms are expressed on multiple myeloma. British 
Journal of Haematology, 135, 513-516. 

Colla, S., Storti, P., Donofrio, G., Todoerti, K., Bolzoni, M., Lazzaretti, M., Abeltino, M., Ippolito, L., 
Neri, A., Ribatti, D., Rizzoli, V., Martella, E. & Giuliani, N. 2010. Low bone marrow oxygen 
tension and hypoxia-inducible factor-1alpha overexpression characterize patients with 
multiple myeloma: role on the transcriptional and proangiogenic profiles of CD138(+) cells. 
Leukemia, 24, 1967-70. 

Cowan, A. J., Allen, C., Barac, A., Basaleem, H., Bensenor, I., Curado, M. P., Foreman, K., Gupta, R., 
Harvey, J., Hosgood, H. D., Jakovljevic, M., Khader, Y., Linn, S., Lad, D., Mantovani, L., Nong, 
V. M., Mokdad, A., Naghavi, M., Postma, M., Roshandel, G., Shackelford, K., Sisay, M., 
Nguyen, C. T., Tran, T. T., Xuan, B. T., Ukwaja, K. N., Vollset, S. E., Weiderpass, E., Libby, E. N. 
& Fitzmaurice, C. 2018. Global Burden of Multiple Myeloma: A Systematic Analysis for the 
Global Burden of Disease Study 2016. JAMA Oncology, 4, 1221-1227. 

Damdimopoulos, A. E., Miranda-Vizuete, A., Pelto-Huikko, M., Gustafsson, J. A. & Spyrou, G. 2002. 
Human mitochondrial thioredoxin. Involvement in mitochondrial membrane potential and 
cell death. J Biol Chem, 277, 33249-57. 

Damiano, J. S., Cress, A. E., Hazlehurst, L. A., Shtil, A. A. & Dalton, W. S. 1999. Cell adhesion mediated 
drug resistance (CAM-DR): role of integrins and resistance to apoptosis in human myeloma 
cell lines. Blood, 93, 1658-67. 

Das, K. C. & Das, C. K. 2000. Thioredoxin, a Singlet Oxygen Quencher and Hydroxyl Radical Scavenger: 
Redox Independent Functions. Biochemical and Biophysical Research Communications, 277, 
443-447. 

Dekker, J., Rossen, J. W. A., Büller, H. A. & Einerhand, A. W. C. 2002. The MUC family: an obituary. 
Trends in Biochemical Sciences, 27, 126-131. 

Demchenko, Y. N. & Kuehl, W. M. 2010. A critical role for the NFkB pathway in multiple myeloma. 
Oncotarget, 1, 59-68. 

Dhodapkar, M. V. 2016. MGUS to myeloma: a mysterious gammopathy of underexplored 
significance. Blood, 128, 2599. 



  REFERENCES 

161 
 

Di Marzo, L., Desantis, V., Solimando, A. G., Ruggieri, S., Annese, T., Nico, B., Fumarulo, R., Vacca, A. 
& Frassanito, M. A. 2016. Microenvironment drug resistance in multiple myeloma: emerging 
new players. Oncotarget; Vol 7, No 37. 

Dimopoulos, M. A., Leleu, X., Palumbo, A., Moreau, P., Delforge, M., Cavo, M., Ludwig, H., Morgan, 
G. J., Davies, F. E., Sonneveld, P., Schey, S. A., Zweegman, S., Hansson, M., Weisel, K., 
Mateos, M. V., Facon, T. & Miguel, J. F. S. 2014. Expert panel consensus statement on the 
optimal use of pomalidomide in relapsed and refractory multiple myeloma. Leukemia, 28, 
1573-1585. 

Doyle, L. & Ross, D. D. 2003. Multidrug resistance mediated by the breast cancer resistance protein 
BCRP (ABCG2). Oncogene, 22, 7340-58. 

Du, Y., Zhang, H., Lu, J. & Holmgren, A. 2012. Glutathione and glutaredoxin act as a backup of human 
thioredoxin reductase 1 to reduce thioredoxin 1 preventing cell death by aurothioglucose. 
Journal of Biological Chemistry, 287, 38210-9. 

Durand, R. E. & Sutherland, R. M. 1972. Effects of intercellular contact on repair of radiation damage. 
Experimental Cell Research, 71, 75-80. 

Faid, L., Van Riet, I., De Waele, M., Facon, T., Schots, R., Lacor, P. & Van Camp, B. 1996. Adhesive 
interactions between tumour cells and bone marrow stromal elements in human multiple 
myeloma. European Journal of Haematology, 57, 349-58. 

Fang, J., Lu, J. & Holmgren, A. 2005. Thioredoxin reductase is irreversibly modified by curcumin: a 
novel molecular mechanism for its anticancer activity. Journal of Biological Chemistry, 280, 
25284-90. 

Farina, A. R., Cappabianca, L., Desantis, G., Ianni, N. D., Ruggeri, P., Ragone, M., Merolle, S., Tonissen, 
K. F., Gulino, A. & Mackay, A. R. 2011. Thioredoxin stimulates MMP-9 expression, de-
regulates the MMP-9/TIMP-1 equilibrium and promotes MMP-9 dependent invasion in 
human MDA-MB-231 breast cancer cells. FEBS Letters, 585, 3328-3336. 

Farina, A. R., Tacconelli, A., Cappabianca, L., Desantis, G., Gulino, A. & Mackay, A. R. 2003. 
Thioredoxin inhibits microvascular endothelial capillary tubule formation. Experimental Cell 
Research, 291, 474-483. 

Ferlay, J., Soerjomataram, I., Dikshit, R., Eser, S., Mathers, C., Rebelo, M., Parkin, D. M., Forman, D. & 
Bray, F. 2015. Cancer incidence and mortality worldwide: sources, methods and major 
patterns in GLOBOCAN 2012. Int J Cancer, 136, E359-86. 

Fessler, S. P., Wotkowicz, M. T., Mahanta, S. K. & Bamdad, C. 2009. MUC1* is a determinant of 
trastuzumab (Herceptin) resistance in breast cancer cells. Breast Cancer Research and 
Treatment, 118, 113. 

Fink, E. E., Mannava, S., Bagati, A., Bianchi-Smiraglia, A., Nair, J. R., Moparthy, K., Lipchick, B. C., 
Drokov, M., Utley, A., Ross, J., Mendeleeva, L. P., Savchenko, V. G., Lee, K. P. & Nikiforov, M. 
A. 2015. Mitochondrial thioredoxin reductase regulates major cytotoxicity pathways of 
proteasome inhibitors in multiple myeloma cells. Leukemia, 30, 104. 

Fiskus, W., Saba, N., Shen, M., Ghias, M., Liu, J., Gupta, S. D., Chauhan, L., Rao, R., Gunewardena, S., 
Schorno, K., Austin, C. P., Maddocks, K., Byrd, J., Melnick, A., Huang, P., Wiestner, A. & 
Bhalla, K. N. 2014. Auranofin induces lethal oxidative and endoplasmic reticulum stress and 
exerts potent preclinical activity against chronic lymphocytic leukemia. Cancer Research, 74, 
2520-32. 

Flohe, L., Brigelius-Flohe, R., Saliou, C., Traber, M. G. & Packer, L. 1997. Redox regulation of NF-kappa 
B activation. Free Radical Biology and Medicine 22, 1115-26. 

Fonseca, R., Blood, E., Rue, M., Harrington, D., Oken, M. M., Kyle, R. A., Dewald, G. W., Van Ness, B., 
Van Wier, S. A., Henderson, K. J., Bailey, R. J. & Greipp, P. R. 2003. Clinical and biologic 
implications of recurrent genomic aberrations in myeloma. Blood, 101, 4569-4575. 

Fowler, J. A., Mundy, G. R., Lwin, S. T., Lynch, C. C. & Edwards, C. M. 2009. A murine model of 
myeloma that allows genetic manipulation of the host microenvironment. Disease Models & 
Mechanisms, 2, 604-11. 



  REFERENCES 

162 
 

Franken, N. a. P., Rodermond, H. M., Stap, J., Haveman, J. & Van Bree, C. 2006. Clonogenic assay of 
cells in vitro. Nature Protocols, 1, 2315. 

Furukawa, Y. & Kikuchi, J. 2016. Epigenetic mechanisms of cell adhesion-mediated drug resistance in 
multiple myeloma. International Journal of Hematology, 104, 281-292. 

Gan, L., Yang, X. L., Liu, Q. & Xu, H. B. 2005. Inhibitory effects of thioredoxin reductase antisense RNA 
on the growth of human hepatocellular carcinoma cells. Journal of Biological Chemistry, 96, 
653-64. 

Gautam, S. K., Kumar, S., Cannon, A., Hall, B., Bhatia, R., Nasser, M. W., Mahapatra, S., Batra, S. K. & 
Jain, M. 2017. MUC4 mucin- a therapeutic target for pancreatic ductal adenocarcinoma. 
Expert Opinion on Therapeutic Targets, 21, 657-669. 

Geng, Y., Yeh, K., Takatani, T. & King, M. R. 2012. Three to Tango: MUC1 as a Ligand for Both E-
Selectin and ICAM-1 in the Breast Cancer Metastatic Cascade. Frontiers in Oncology, 2, 76. 

Ghobrial, I. M. 2012. Myeloma as a model for the process of metastasis: implications for therapy. 
Blood, 120, 20-30. 

Gottesman, M. M. 2002. Mechanisms of cancer drug resistance. Annu Rev Med, 53, 615-27. 
Gupta, B. K., Maher, D. M., Ebeling, M. C., Stephenson, P. D., Puumala, S. E., Koch, M. R., Aburatani, 

H., Jaggi, M. & Chauhan, S. C. 2014. Functions and regulation of MUC13 mucin in colon 
cancer cells. Journal of Gastroenterology, 49, 1378-1391. 

Haendeler, J. 2006. Thioredoxin-1 and Posttranslational Modifications. Antioxidants & Redox 
Signaling, 8, 1723-1728. 

Hamburger, A. W. 1987. The human tumor clonogenic assay as a model system in cell biology. Int J 
Cell Cloning, 5, 89-107. 

Hardy, M., Zielonka, J., Karoui, H., Sikora, A., Michalski, R., Podsiadły, R., Lopez, M., Vasquez-Vivar, J., 
Kalyanaraman, B. & Ouari, O. 2018. Detection and Characterization of Reactive Oxygen and 
Nitrogen Species in Biological Systems by Monitoring Species-Specific Products. Antioxidants 
& redox signaling, 28, 1416-1432. 

Harper, R., Wu, K., Chang, M. M., Yoneda, K., Pan, R., Reddy, S. P. & Wu, R. 2001. Activation of 
nuclear factor-kappa b transcriptional activity in airway epithelial cells by thioredoxin but 
not by N-acetyl-cysteine and glutathione. American Journal of Respiratory Cell and Molecular 
Biology, 25, 178-85. 

Harris, I. S., Treloar, A. E., Inoue, S., Sasaki, M., Gorrini, C., Lee, K. C., Yung, K. Y., Brenner, D., Knobbe-
Thomsen, C. B., Cox, M. A., Elia, A., Berger, T., Cescon, D. W., Adeoye, A., Brustle, A., 
Molyneux, S. D., Mason, J. M., Li, W. Y., Yamamoto, K., Wakeham, A., Berman, H. K., Khokha, 
R., Done, S. J., Kavanagh, T. J., Lam, C. W. & Mak, T. W. 2015. Glutathione and thioredoxin 
antioxidant pathways synergize to drive cancer initiation and progression. Cancer Cell, 27, 
211-22. 

Hazlehurst, L. A., Landowski, T. H. & Dalton, W. S. 2003. Role of the tumor microenvironment in 
mediating de novo resistance to drugs and physiological mediators of cell death. Oncogene, 
22, 7396-7402. 

Heilman, J. M., Burke, T. J., Mcclain, C. J. & Watson, W. H. 2011. Transactivation of gene expression 
by NF-κB is dependent on thioredoxin reductase activity. Free radical biology & medicine, 51, 
1533-1542. 

Hickey, J. L., Ruhayel, R. A., Barnard, P. J., Baker, M. V., Berners-Price, S. J. & Filipovska, A. 2008. 
Mitochondria-targeted chemotherapeutics: the rational design of gold(I) N-heterocyclic 
carbene complexes that are selectively toxic to cancer cells and target protein selenols in 
preference to thiols. Journal of the American Chemical Society, 130, 12570-1. 

Hiraki, S., Ohnoshi, T., Numata, T., Kishimoto, N., Mori, K., Yonei, T., Yamashita, H. & Kimura, I. 1986. 
Anticancer drug sensitivity by human tumor clonogenic assay. Acta Med Okayama, 40, 265-
9. 



REFERENCES 

163 

Hirota, K., Murata, M., Sachi, Y., Nakamura, H., Takeuchi, J., Mori, K. & Yodoi, J. 1999. Distinct roles 
of thioredoxin in the cytoplasm and in the nucleus. A two-step mechanism of redox 
regulation of transcription factor NF-kappaB. Journal of Biological Chemistry, 274, 27891-7. 

Ho, S. B., Dvorak, L. A., Moor, R. E., Jacobson, A. C., Frey, M. R., Corredor, J., Polk, D. B. & Shekels, L. 
L. 2006. Cysteine-rich domains of muc3 intestinal mucin promote cell migration, inhibit
apoptosis, and accelerate wound healing. Gastroenterology, 131, 1501-17.

Hoepner, R., Faissner, S., Salmen, A., Gold, R. & Chan, A. 2014. Efficacy and side effects of 
natalizumab therapy in patients with multiple sclerosis. Journal of central nervous system 
disease, 6, 41-49. 

Hoke, G. D., Rush, G. F., Bossard, G. F., Mcardle, J. V., Jensen, B. D. & Mirabelli, C. K. 1988. 
Mechanism of alterations in isolated rat liver mitochondrial function induced by gold 
complexes of bidentate phosphines. Journal of Biological Chemistry, 263, 11203-10. 

Hollingsworth, M. A., Strawhecker, J. M., Caffrey, T. C. & Mack, D. R. 1994. Expression of MUC1, 
MUC2, MUC3 and MUC4 mucin mRNAs in human pancreatic and intestinal tumor cell lines. 
International Journal of Cancer, 57, 198-203. 

Hollingsworth, M. A. & Swanson, B. J. 2004. Mucins in cancer: protection and control of the cell 
surface. Nature Reviews Cancer, 4, 45-60. 

Holmgren, A. 1985. Thioredoxin. Annual Review of Biochemistry, 54, 237-271. 
Holmgren, A. & Lu, J. 2010. Thioredoxin and thioredoxin reductase: Current research with special 

reference to human disease. Biochemical and Biophysical Research Communications, 396, 
120-124.

Holt, R. U., Baykov, V., Ro, T. B., Brabrand, S., Waage, A., Sundan, A. & Borset, M. 2005. Human 
myeloma cells adhere to fibronectin in response to hepatocyte growth factor. 
Haematologica, 90, 479-88. 

Honeggar, M., Beck, R. & Moos, P. J. 2009. Thioredoxin reductase 1 ablation sensitizes colon cancer 
cells to methylseleninate-mediated cytotoxicity. Toxicology and Applied Pharmacology, 241, 
348-55.

Horm, T. M. & Schroeder, J. A. 2013. MUC1 and metastatic cancer: expression, function and 
therapeutic targeting. Cell Adh Migr, 7, 187-98. 

Housman, G., Byler, S., Heerboth, S., Lapinska, K., Longacre, M., Snyder, N. & Sarkar, S. 2014. Drug 
Resistance in Cancer: An Overview. Cancers, 6, 1769-1792. 

Hu, J., Van Valckenborgh, E., Menu, E., De Bruyne, E. & Vanderkerken, K. 2012. Understanding the 
hypoxic niche of multiple myeloma: therapeutic implications and contributions of mouse 
models. Disease Models & Mechanisms, 5, 763. 

Hu, Y., Liu, J. & Huang, H. 2013. Recent agents targeting HIF-1alpha for cancer therapy. Journal of 
Cellular Biochemistry, 114, 498-509. 

Ishii, T., Itoh, K., Takahashi, S., Sato, H., Yanagawa, T., Katoh, Y., Bannai, S. & Yamamoto, M. 2000. 
Transcription factor Nrf2 coordinately regulates a group of oxidative stress-inducible genes 
in macrophages. J Biol Chem, 275, 16023-9. 

Itoh, K., Chiba, T., Takahashi, S., Ishii, T., Igarashi, K., Katoh, Y., Oyake, T., Hayashi, N., Satoh, K., 
Hatayama, I., Yamamoto, M. & Nabeshima, Y.-I. 1997. An Nrf2/Small Maf Heterodimer 
Mediates the Induction of Phase II Detoxifying Enzyme Genes through Antioxidant Response 
Elements. Biochemical and Biophysical Research Communications, 236, 313-322. 

Iwao-Koizumi, K., Matoba, R., Ueno, N., Kim, S. J., Ando, A., Miyoshi, Y., Maeda, E., Noguchi, S. & 
Kato, K. 2005. Prediction of Docetaxel Response in Human Breast Cancer by Gene Expression 
Profiling. Journal of Clinical Oncology, 23, 422-431. 

Jaakkola, P., Mole, D. R., Tian, Y. M., Wilson, M. I., Gielbert, J., Gaskell, S. J., Von Kriegsheim, A., 
Hebestreit, H. F., Mukherji, M., Schofield, C. J., Maxwell, P. H., Pugh, C. W. & Ratcliffe, P. J. 
2001. Targeting of HIF-alpha to the von Hippel-Lindau ubiquitylation complex by O2-
regulated prolyl hydroxylation. Science, 292, 468-72. 



  REFERENCES 

164 
 

Jacamo, R., Chen, Y., Wang, Z., Ma, W., Zhang, M., Spaeth, E. L., Wang, Y., Battula, V. L., Mak, P. Y., 
Schallmoser, K., Ruvolo, P., Schober, W. D., Shpall, E. J., Nguyen, M. H., Strunk, D., Bueso-
Ramos, C. E., Konoplev, S., Davis, R. E., Konopleva, M. & Andreeff, M. 2014. Reciprocal 
leukemia-stroma VCAM-1/VLA-4-dependent activation of NF-κB mediates chemoresistance. 
Blood, 123, 2691-2702. 

Jackson, N., Lowe, J., Ball, J., Bromidge, E., Ling, N. R., Larkins, S., Griffith, M. J. & Franklin, I. M. 1989. 
Two new IgA1-kappa plasma cell leukaemia cell lines (JJN-1 & JJN-2) which proliferate in 
response to B cell stimulatory factor 2. Clinical & Experimental Immunology 75, 93-9. 

Jagannath, S., Durie, B. G. M., Wolf, J., Camacho, E., Irwin, D., Lutzky, J., Mckinley, M., Gabayan, E., 
Mazumder, A., Schenkein, D. & Crowley, J. 2005. Bortezomib therapy alone and in 
combination with dexamethasone for previously untreated symptomatic multiple myeloma. 
British Journal of Haematology, 129, 776-783. 

Jain, S., Stroopinsky, D., Yin, L., Rosenblatt, J., Alam, M., Bhargava, P., Clark, R. A., Kupper, T. S., 
Palmer, K., Coll, M. D., Rajabi, H., Pyzer, A., Bar-Natan, M., Luptakova, K., Arnason, J., Joyce, 
R., Kufe, D. & Avigan, D. 2015. Mucin 1 is a potential therapeutic target in cutaneous T-cell 
lymphoma. Blood, 126, 354-62. 

Jeng, M.-F., Campbell, A. P., Begley, T., Holmgren, A., Case, D. A., Wright, P. E. & Dyson, H. J. 1994. 
High-resolution solution structures of oxidized and reduced Escherichia coli thioredoxin. 
Structure, 2, 853-868. 

Jepson, S., Komatsu, M., Haq, B., Arango, M. E., Huang, D., Carraway, C. A. & Carraway, K. L. 2002. 
Muc4/sialomucin complex, the intramembrane ErbB2 ligand, induces specific 
phosphorylation of ErbB2 and enhances expression of p27(kip), but does not activate 
mitogen-activated kinase or protein kinaseB/Akt pathways. Oncogene, 21, 7524-32. 

Jonckheere, N., Skrypek, N. & Van Seuningen, I. 2014. Mucins and tumor resistance to 
chemotherapeutic drugs. Biochimica et Biophysica Acta (BBA) - Reviews on Cancer, 1846, 
142-151. 

Jung, H. J. & Seo, Y. R. 2012. Protective effects of thioredoxin-mediated p53 activation in response to 
mild hyperthermia. Oncology Reports, 27, 650-6. 

Kalra, A. V. & Campbell, R. B. 2009. Mucin overexpression limits the effectiveness of 5-FU by 
reducing intracellular drug uptake and antineoplastic drug effects in pancreatic tumours. 
European Journal of Cancer, 45, 164-73. 

Kalyanaraman, B., Darley-Usmar, V., Davies, K. J. A., Dennery, P. A., Forman, H. J., Grisham, M. B., 
Mann, G. E., Moore, K., Roberts, L. J., 2nd & Ischiropoulos, H. 2012. Measuring reactive 
oxygen and nitrogen species with fluorescent probes: challenges and limitations. Free radical 
biology & medicine, 52, 1-6. 

Kapoor, P., Kumar, S., Fonseca, R., Lacy, M. Q., Witzig, T. E., Hayman, S. R., Dispenzieri, A., Buadi, F., 
Bergsagel, P. L., Gertz, M. A., Dalton, R. J., Mikhael, J. R., Dingli, D., Reeder, C. B., Lust, J. A., 
Russell, S. J., Roy, V., Zeldenrust, S. R., Stewart, A. K., Kyle, R. A., Greipp, P. R. & Rajkumar, S. 
V. 2009. Impact of risk stratification on outcome among patients with multiple myeloma 
receiving initial therapy with lenalidomide and dexamethasone. Blood, 114, 518-21. 

Karlenius, T. C., Shah, F., Yu, W. C., Hawkes, H. J., Tinggi, U., Clarke, F. M. & Tonissen, K. F. 2011. The 
selenium content of cell culture serum influences redox-regulated gene expression. 
Biotechniques, 50, 295-301. 

Katz, B. Z. 2010. Adhesion molecules--The lifelines of multiple myeloma cells. Semin Cancer Biol, 20, 
186-95. 

Kawano, T., Ahmad, R., Nogi, H., Agata, N., Anderson, K. & Kufe, D. 2008. MUC1 oncoprotein 
promotes growth and survival of human multiple myeloma cells. International Journal of 
Oncology, 33, 153-9. 

Keats, J. J., Chesi, M., Egan, J. B., Garbitt, V. M., Palmer, S. E., Braggio, E., Van Wier, S., Blackburn, P. 
R., Baker, A. S., Dispenzieri, A., Kumar, S., Rajkumar, S. V., Carpten, J. D., Barrett, M., 



  REFERENCES 

165 
 

Fonseca, R., Stewart, A. K. & Bergsagel, P. L. 2012. Clonal competition with alternating 
dominance in multiple myeloma. Blood, 120, 1067-1076. 

Khalili, A. A. & Ahmad, M. R. 2015. A Review of Cell Adhesion Studies for Biomedical and Biological 
Applications. International journal of molecular sciences, 16, 18149-18184. 

Kim, Y. C., Yamaguchi, Y., Kondo, N., Masutani, H. & Yodoi, J. 2003. Thioredoxin-dependent redox 
regulation of the antioxidant responsive element (ARE) in electrophile response. Oncogene, 
22, 1860-5. 

Kirkpatrick, D. L., Kuperus, M., Dowdeswell, M., Potier, N., Donald, L. J., Kunkel, M., Berggren, M., 
Angulo, M. & Powis, G. 1998. Mechanisms of Inhibition of the Thioredoxin Growth Factor 
System by Antitumor 2-Imidazolyl Disulfides. Biochemical Pharmacology, 55, 987-994. 

Koh, C. M., Sabo, A. & Guccione, E. 2016. Targeting MYC in cancer therapy: RNA processing offers 
new opportunities. Bioessays, 38, 266-75. 

Koyanagi, M., Koyanagi, M., Kawakabe, S., Kawakabe, S., Arimura, Y. & Arimura, Y. 2016. A 
comparative study of colorimetric cell proliferation assays in immune cells. Cytotechnology, 
68, 1489-1498. 

Kreft, L., Soete, A., Hulpiau, P., Botzki, A., Saeys, Y. & De Bleser, P. 2017. ConTra v3: a tool to identify 
transcription factor binding sites across species, update 2017. Nucleic Acids Res, 45, W490-
w494. 

Kudo, S., Caaveiro, J. M., Nagatoishi, S., Miyafusa, T., Matsuura, T., Sudou, Y. & Tsumoto, K. 2017. 
Disruption of cell adhesion by an antibody targeting the cell-adhesive intermediate (X-dimer) 
of human P-cadherin. Scientific Reports, 7, 39518. 

Kuehl, W. M. & Bergsagel, P. L. 2012. MYC addiction: a potential therapeutic target in MM. Blood, 
120, 2351-2. 

Kufe, D. W. 2009. Mucins in cancer: function, prognosis and therapy. Nat Rev Cancer, 9, 874-85. 
Kumari, S., Badana, A. K., G, M. M., G, S. & Malla, R. 2018. Reactive Oxygen Species: A Key 

Constituent in Cancer Survival. Biomarker insights, 13, 1-9. 
Kuwahara, I., Lillehoj, E. P., Hisatsune, A., Lu, W., Isohama, Y., Miyata, T. & Kim, K. C. 2005. 

Neutrophil elastase stimulates MUC1 gene expression through increased Sp1 binding to the 
MUC1 promoter. American Journal of Physiology-Lung Cellular and Molecular Physiology, 
289, 355-62. 

Lafleur, M. A., Drew, A. F., De Sousa, E. L., Blick, T., Bills, M., Walker, E. C., Williams, E. D., Waltham, 
M. & Thompson, E. W. 2005. Upregulation of matrix metalloproteinases (MMPs) in breast 
cancer xenografts: A major induction of stromal MMP-13. International Journal of Cancer, 
114, 544-554. 

Lagow, E. L. & Carson, D. D. 2002. Synergistic stimulation of MUC1 expression in normal breast 
epithelia and breast cancer cells by interferon-gamma and tumor necrosis factor-alpha. 
Journal of Cellular Biochemistry, 86, 759-72. 

Landgren, O., Kyle, R. A., Pfeiffer, R. M., Katzmann, J. A., Caporaso, N. E., Hayes, R. B., Dispenzieri, A., 
Kumar, S., Clark, R. J., Baris, D., Hoover, R. & Rajkumar, S. V. 2009. Monoclonal gammopathy 
of undetermined significance (MGUS) consistently precedes multiple myeloma: a 
prospective study. Blood, 113, 5412. 

Landowski, T. H., Olashaw, N. E., Agrawal, D. & Dalton, W. S. 2003. Cell adhesion-mediated drug 
resistance (CAM-DR) is associated with activation of NF-kappa B (RelB/p50) in myeloma cells. 
Oncogene, 22, 2417-21. 

Landriscina, M., Maddalena, F., Laudiero, G. & Esposito, F. 2009. Adaptation to Oxidative Stress, 
Chemoresistance, and Cell Survival. Antioxidants & Redox Signaling, 11, 2701-2716. 

Langhe, R. P., Gudzenko, T., Bachmann, M., Becker, S. F., Gonnermann, C., Winter, C., Abbruzzese, 
G., Alfandari, D., Kratzer, M. C., Franz, C. M. & Kashef, J. 2016. Cadherin-11 localizes to focal 
adhesions and promotes cell-substrate adhesion. Nature Communications, 7, 10909. 



REFERENCES 

166 

Laurent, T. C., Moore, E. C. & Reichard, P. 1964. Enzymatic synthesis of deoxyribonucleotides: IV. 
Isolation and characterization of thioredoxin, the hydrogen donor from Escherichia coli B. 
Journal of Biological Chemistry, 239, 3436-44. 

Lavigne, P., Benderdour, M., Lajeunesse, D., Shi, Q. & Fernandes, J. C. 2004. Expression of ICAM-1 by 
osteoblasts in healthy individuals and in patients suffering from osteoarthritis and 
osteoporosis. Bone, 35, 463-470. 

Lee, J., Rhee, M. H., Kim, E. & Cho, J. Y. 2012. BAY 11-7082 is a broad-spectrum inhibitor with anti-
inflammatory activity against multiple targets. Mediators of Inflammation, 2012, 416036. 

Lee, S., Kim, S. M. & Lee, R. T. 2013. Thioredoxin and Thioredoxin Target Proteins: From Molecular 
Mechanisms to Functional Significance. Antioxidants & Redox Signaling, 18, 1165-1207. 

Lee, Y. J., Galoforo, S. S., Berns, C. M., Chen, J. C., Davis, B. H., Sim, J. E., Corry, P. M. & Spitz, D. R. 
1998. Glucose Deprivation-induced Cytotoxicity and Alterations in Mitogen-activated Protein 
Kinase Activation Are Mediated by Oxidative Stress in Multidrug-resistant Human Breast 
Carcinoma Cells. Journal of Biological Chemistry, 273, 5294-5299. 

Leist, M., Raab, B., Maurer, S., Rösick, U. & Brigelius-Flohé, R. 1996. Conventional cell culture media 
do not adequately supply cells with antioxidants and thus facilitate peroxide-induced 
genotoxicity. Free radical biology & medicine, 21, 297-306. 

Leontieva, O. V., Natarajan, V., Demidenko, Z. N., Burdelya, L. G., Gudkov, A. V. & Blagosklonny, M. 
V. 2012. Hypoxia suppresses conversion from proliferative arrest to cellular senescence.
Proceedings of the National Academy of Sciences, 109, 13314-13318.

Li, C., Thompson, M. A., Tamayo, A. T., Zuo, Z., Lee, J., Vega, F., Ford, R. J. & Pham, L. V. 2012. Over-
expression of Thioredoxin-1 mediates growth, survival, and chemoresistance and is a 
druggable target in diffuse large B-cell lymphoma. Oncotarget, 3, 314-326. 

Ligtenberg, M. J. L., Buijs, F., Vos, H. L. & Hilkens, J. 1992. Suppression of Cellular Aggregation by High 
Levels of Episialin. Cancer Research, 52, 2318. 

Lin, L., Zhang, X., Cao, L., An, Q., Hao, J., Zhang, Y., Jin, R., Chang, Y., Huang, X., Lu, J. & Ge, Q. 2017. 
Reelin promotes adhesion of multiple myeloma cells to bone marrow stromal cells via 
integrin β1 signaling. Journal of Cancer, 8, 2212-2222. 

Lincoln, D. T., Al-Yatama, F., Mohammed, F. M. A., Al-Banaw, A. G., Al-Bader, M., Burge, M., 
Sinowatz, F. & Singal, P. K. 2010. Thioredoxin and Thioredoxin Reductase Expression in 
Thyroid Cancer Depends on Tumour Aggressiveness. Anticancer Research, 30, 767-775. 

Lincoln, D. T., Ali Emadi, E. M., Tonissen, K. F. & Clarke, F. M. 2003. The thioredoxin-thioredoxin 
reductase system: over-expression in human cancer. Anticancer Res, 23, 2425-33. 

Lipchick, B. C., Fink, E. E. & Nikiforov, M. A. 2016. Oxidative stress and proteasome inhibitors in 
multiple myeloma. Pharmacological research, 105, 210-215. 

Liu, X., Caffrey, T. C., Steele, M. M., Mohr, A., Singh, P. K., Radhakrishnan, P., Kelly, D. L., Wen, Y. & 
Hollingsworth, M. A. 2014. MUC1 regulates cyclin D1 gene expression through p120 catenin 
and beta-catenin. Oncogenesis, 3, e107. 

Liu, X., Pietsch, K. E. & Sturla, S. J. 2011. Susceptibility of the antioxidant selenoenyzmes thioredoxin 
reductase and glutathione peroxidase to alkylation-mediated inhibition by anticancer 
acylfulvenes. Chemical Research in Toxicology, 24, 726-36. 

Liu, Y.-F., Zhang, S.-Y., Chen, Y.-Y., Shi, K., Zou, B., Liu, J., Yang, Q., Jiang, H., Wei, L., Li, C.-Z., Zhao, M., 
Gabrilovich, D. I., Zhang, H. & Zhou, J. 2018. ICAM-1 Deficiency in the Bone Marrow Niche 
Impairs Quiescence and Repopulation of Hematopoietic Stem Cells. Stem cell reports, 11, 
258-273.

Lokhorst, H. M., Plesner, T., Laubach, J. P., Nahi, H., Gimsing, P., Hansson, M., Minnema, M. C., 
Lassen, U., Krejcik, J., Palumbo, A., Van De Donk, N. W. C. J., Ahmadi, T., Khan, I., Uhlar, C. 
M., Wang, J., Sasser, A. K., Losic, N., Lisby, S., Basse, L., Brun, N. & Richardson, P. G. 2015. 
Targeting CD38 with Daratumumab Monotherapy in Multiple Myeloma. New England 
Journal of Medicine, 373, 1207-1219. 



REFERENCES 

167 

Lonial, S., Dimopoulos, M., Palumbo, A., White, D., Grosicki, S., Spicka, I., Walter-Croneck, A., 
Moreau, P., Mateos, M.-V., Magen, H., Belch, A., Reece, D., Beksac, M., Spencer, A., 
Oakervee, H., Orlowski, R. Z., Taniwaki, M., Röllig, C., Einsele, H., Wu, K. L., Singhal, A., San-
Miguel, J., Matsumoto, M., Katz, J., Bleickardt, E., Poulart, V., Anderson, K. C. & Richardson, 
P. 2015. Elotuzumab Therapy for Relapsed or Refractory Multiple Myeloma. New England
Journal of Medicine, 373, 621-631.

Lu, J., Chew, E. H. & Holmgren, A. 2007. Targeting thioredoxin reductase is a basis for cancer therapy 
by arsenic trioxide. Proc Natl Acad Sci U S A, 104, 12288-93. 

Lu, J. & Holmgren, A. 2014a. The thioredoxin antioxidant system. Free Radical Biology and Medicine, 
66, 75-87. 

Lu, J. & Holmgren, A. 2014b. The thioredoxin antioxidant system. Free Radic Biol Med, 66, 75-87. 
Lu, W. & Zheng, J. 2013. The function of mucins in the COPD airway. Current Respiratory Care 

Reports, 2, 155-166. 
Mahindra, A., Hideshima, T. & Anderson, K. C. 2010. Multiple myeloma: biology of the disease. Blood 

Reviews, 24 Suppl 1, S5-11. 
Marengo, B., Nitti, M., Furfaro, A. L., Colla, R., Ciucis, C. D., Marinari, U. M., Pronzato, M. A., 

Traverso, N. & Domenicotti, C. 2016. Redox Homeostasis and Cellular Antioxidant Systems: 
Crucial Players in Cancer Growth and Therapy. Oxidative Medicine and Cellular Longevity, 
2016, 6235641. 

Marie, J. P. 2001. Drug resistance in hematologic malignancies. Current Opinion in Oncology, 13, 463-
9. 

Marks, P. A. 2006. Thioredoxin in cancer--role of histone deacetylase inhibitors. Seminars in cancer 
biology, 16, 436-443. 

Martindale, J. L. & Holbrook, N. J. 2002. Cellular response to oxidative stress: signaling for suicide 
and survival. Journal of Cellular Physiology, 192, 1-15. 

Marzano, C., Gandin, V., Folda, A., Scutari, G., Bindoli, A. & Rigobello, M. P. 2007. Inhibition of 
thioredoxin reductase by auranofin induces apoptosis in cisplatin-resistant human ovarian 
cancer cells. Free Radical Biology and Medicine, 42, 872-81. 

Mateos, M.-V. & San Miguel, J. F. 2013. How should we treat newly diagnosed multiple myeloma 
patients? ASH Education Program Book, 2013, 488-495. 

Matsuoka, Y., Moore, G. E., Yagi, Y. & Pressman, D. 1967. Production of free light chains of 
immunoglobulin by a hematopoietic cell line derived from a patient with multiple myeloma. 
Proceedings of the Society for Experimental Biology and Medicine, 125, 1246-50. 

Matthews, J. R., Wakasugi, N., Virelizier, J. L., Yodoi, J. & Hay, R. T. 1992. Thioredoxin regulates the 
DNA binding activity of NF-kappa B by reduction of a disulphide bond involving cysteine 62. 
Nucleic acids research, 20, 3821-3830. 

Mcconkey, D. J. & Zhu, K. 2008. Mechanisms of proteasome inhibitor action and resistance in cancer. 
Drug Resistance Updates, 11, 164-179. 

Mcdermott, K. M., Crocker, P. R., Harris, A., Burdick, M. D., Hinoda, Y., Hayashi, T., Imai, K. & 
Hollingsworth, M. A. 2001. Overexpression of MUC1 reconfigures the binding properties of 
tumor cells. International Journal of Cancer, 94, 783-91. 

Mckeage, M. J., Berners-Price, S. J., Galettis, P., Bowen, R. J., Brouwer, W., Ding, L., Zhuang, L. & 
Baguley, B. C. 2000. Role of lipophilicity in determining cellular uptake and antitumour 
activity of gold phosphine complexes. Cancer Chemotherapy and Pharmacology, 46, 343-
350. 

Meads, M. B., Hazlehurst, L. A. & Dalton, W. S. 2008. The bone marrow microenvironment as a 
tumor sanctuary and contributor to drug resistance. Clinical Cancer Research, 14, 2519-26. 

Mercogliano, M. F., De Martino, M., Venturutti, L., Rivas, M. A., Proietti, C. J., Inurrigarro, G., Frahm, 
I., Allemand, D. H., Deza, E. G., Ares, S., Gercovich, F. G., Guzmán, P., Roa, J. C., Elizalde, P. V. 
& Schillaci, R. 2017. TNFα-Induced Mucin 4 Expression Elicits Trastuzumab Resistance in 
HER2-Positive Breast Cancer. Clinical Cancer Research, 23, 636-648. 



REFERENCES 

168 

Mikhael, J., Ismaila, N., Cheung, M. C., Costello, C., Dhodapkar, M. V., Kumar, S., Lacy, M., Lipe, B., 
Little, R. F., Nikonova, A., Omel, J., Peswani, N., Prica, A., Raje, N., Seth, R., Vesole, D. H., 
Walker, I., Whitley, A., Wildes, T. M., Wong, S. W. & Martin, T. 2019. Treatment of Multiple 
Myeloma: ASCO and CCO Joint Clinical Practice Guideline. Journal of Clinical Oncology, 37, 
1228-1263. 

Mimeault, M., Johansson, S. L., Senapati, S., Momi, N., Chakraborty, S. & Batra, S. K. 2010. MUC4 
down-regulation reverses chemoresistance of pancreatic cancer stem/progenitor cells and 
their progenies. Cancer Letters, 295, 69-84. 

Mirabelli, C. K., Johnson, R. K., Sung, C. M., Faucette, L., Muirhead, K. & Crooke, S. T. 1985. 
Evaluation of the in vivo antitumor activity and in vitro cytotoxic properties of auranofin, a 
coordinated gold compound, in murine tumor models. Cancer Research, 45, 32-9. 

Misund, K., Baranowska, K. A., Holien, T., Rampa, C., Klein, D. C., Borset, M., Waage, A. & Sundan, A. 
2013. A method for measurement of drug sensitivity of myeloma cells co-cultured with bone 
marrow stromal cells. Journal of Biomolecular Screening, 18, 637-46. 

Mitsiades, C. S., Mitsiades, N., Poulaki, V., Schlossman, R., Akiyama, M., Chauhan, D., Hideshima, T., 
Treon, S. P., Munshi, N. C., Richardson, P. G. & Anderson, K. C. 2002. Activation of NF-kappaB 
and upregulation of intracellular anti-apoptotic proteins via the IGF-1/Akt signaling in human 
multiple myeloma cells: therapeutic implications. Oncogene, 21, 5673-83. 

Moi, P., Chan, K., Asunis, I., Cao, A. & Kan, Y. W. 1994. Isolation of NF-E2-related factor 2 (Nrf2), a 
NF-E2-like basic leucine zipper transcriptional activator that binds to the tandem NF-E2/AP1 
repeat of the beta-globin locus control region. Proceedings of the National Academy of 
Sciences of the United States of America, 91, 9926-9930. 

Moreau, P., Richardson, P. G., Cavo, M., Orlowski, R. Z., San Miguel, J. F., Palumbo, A. & Harousseau, 
J.-L. 2012. Proteasome inhibitors in multiple myeloma: 10 years later. Blood, 120, 947. 

Morgan, G. J., Walker, B. A. & Davies, F. E. 2012. The genetic architecture of multiple myeloma. 
Nature Review Cancer, 12, 335-48. 

Munshi, N. C. & Anderson, K. C. 2013. New strategies in the treatment of multiple myeloma. Clin 
Cancer Res, 19, 3337-44. 

Mutlu, P., Kiraz, Y., Gündüz, U. & Baran, Y. 2015. An update on molecular biology and drug resistance 
mechanisms of multiple myeloma. Critical Reviews in Oncology and Hematology, 96, 413-
424. 

Muz, B., De La Puente, P., Azab, F. & Azab, A. K. 2015. The role of hypoxia in cancer progression, 
angiogenesis, metastasis, and resistance to therapy. Hypoxia (Auckl), 3, 83-92. 

Myeloma-Australia. 2019. What Is Myeloma [Online]. Available: https://myeloma.org.au/what-is-
myeloma/ [Accessed]. 

Nagy, P., Friedlander, E., Tanner, M., Kapanen, A. I., Carraway, K. L., Isola, J. & Jovin, T. M. 2005. 
Decreased accessibility and lack of activation of ErbB2 in JIMT-1, a herceptin-resistant, 
MUC4-expressing breast cancer cell line. Cancer Research, 65, 473-82. 

Nakamura, H., Bai, J., Nishinaka, Y., Ueda, S., Sasada, T., Ohshio, G., Imamura, M., Takabayashi, A., 
Yamaoka, Y. & Yodoi, J. 2000. Expression of thioredoxin and glutaredoxin, redox-regulating 
proteins, in pancreatic cancer. Cancer Detection and Prevention 24, 53-60. 

Nalvarte, I., Damdimopoulos, A. E., Ruegg, J. & Spyrou, G. 2015. The expression and activity of 
thioredoxin reductase 1 splice variants v1 and v2 regulate the expression of genes 
associated with differentiation and adhesion. Bioscience Reports 35. 

Nass, J. & Efferth, T. 2018. Drug targets and resistance mechanisms in multiple myeloma. Cancer 
Drug Resistance. 

Nath, D., Hartnell, A., Happerfield, L., Miles, D. W., Burchell, J., Taylor-Papadimitriou, J. & Crocker, P. 
R. 1999. Macrophage-tumour cell interactions: identification of MUC1 on breast cancer cells
as a potential counter-receptor for the macrophage-restricted receptor, sialoadhesin.
Immunology, 98, 213-9.



  REFERENCES 

169 
 

Nefedova, Y., Landowski, T. H. & Dalton, W. S. 2003. Bone marrow stromal-derived soluble factors 
and direct cell contact contribute to de novo drug resistance of myeloma cells by distinct 
mechanisms. Leukemia, 17, 1175-82. 

Niewerth, D., Jansen, G., Assaraf, Y. G., Zweegman, S., Kaspers, G. J. L. & Cloos, J. 2015. Molecular 
basis of resistance to proteasome inhibitors in hematological malignancies. Drug Resistance 
Updates, 18, 18-35. 

Nilsson, K., Bennich, H., Johansson, S. G. & Ponten, J. 1970. Established immunoglobulin producing 
myeloma (IgE) and lymphoblastoid (IgG) cell lines from an IgE myeloma patient. Clinical and 
Experimental Immunology, 7, 477-89. 

Noborio-Hatano, K., Kikuchi, J., Takatoku, M., Shimizu, R., Wada, T., Ueda, M., Nobuyoshi, M., Oh, I., 
Sato, K., Suzuki, T., Ozaki, K., Mori, M., Nagai, T., Muroi, K., Kano, Y., Furukawa, Y. & Ozawa, 
K. 2009. Bortezomib overcomes cell-adhesion-mediated drug resistance through 
downregulation of VLA-4 expression in multiple myeloma. Oncogene, 28, 231-42. 

Nourazarian, A. R., Kangari, P. & Salmaninejad, A. 2014. Roles of oxidative stress in the development 
and progression of breast cancer. Asian Pacific Journal of Cancer Prevention, 15, 4745-51. 

Ohno, T., Hirota, K., Nakamura, H., Masutani, H., Sasada, T. & Yodoi, J. Thioredoxin and Its 
Involvement in the Redox Regulation of Transcription Factors, NF-κB and AP-1. 1998 Tokyo. 
Springer Japan, 450-456. 

Olson, D. L., Burkly, L. C., Leone, D. R., Dolinski, B. M. & Lobb, R. R. 2005. Anti-alpha4 integrin 
monoclonal antibody inhibits multiple myeloma growth in a murine model. Molecular 
Cancer Therapeutics, 4, 91-9. 

Ooi, K. K., Yeo, C. I., Mahandaran, T., Ang, K. P., Akim, A. M., Cheah, Y.-K., Seng, H.-L. & Tiekink, E. R. 
T. 2017. G2/M cell cycle arrest on HT-29 cancer cells and toxicity assessment of 
triphenylphosphanegold(I) carbonimidothioates, Ph3PAu[SC(OR)=NPh], R=Me, Et, and iPr, 
during zebrafish development. Journal of Inorganic Biochemistry, 166, 173-181. 

Oyajobi, B. O., Franchin, G., Williams, P. J., Pulkrabek, D., Gupta, A., Munoz, S., Grubbs, B., Zhao, M., 
Chen, D., Sherry, B. & Mundy, G. R. 2003. Dual effects of macrophage inflammatory protein-
1alpha on osteolysis and tumor burden in the murine 5TGM1 model of myeloma bone 
disease. Blood, 102, 311-9. 

Paino, T., Paiva, B., Sayagues, J. M., Mota, I., Carvalheiro, T., Corchete, L. A., Aires-Mejia, I., Perez, J. 
J., Sanchez, M. L., Barcena, P., Ocio, E. M., San-Segundo, L., Sarasquete, M. E., Garcia-Sanz, 
R., Vidriales, M. B., Oriol, A., Hernandez, M. T., Echeveste, M. A., Paiva, A., Blade, J., 
Lahuerta, J. J., Orfao, A., Mateos, M. V., Gutierrez, N. C. & San-Miguel, J. F. 2015. Phenotypic 
identification of subclones in multiple myeloma with different chemoresistant, cytogenetic 
and clonogenic potential. Leukemia, 29, 1186+. 

Paiva, B., Corchete, L. A., Vidriales, M. B., Puig, N., Maiso, P., Rodriguez, I., Alignani, D., Burgos, L., 
Sanchez, M. L., Barcena, P., Echeveste, M. A., Hernandez, M. T., Garcia-Sanz, R., Ocio, E. M., 
Oriol, A., Gironella, M., Palomera, L., De Arriba, F., Gonzalez, Y., Johnson, S. K., Epstein, J., 
Barlogie, B., Lahuerta, J. J., Blade, J., Orfao, A., Mateos, M. V. & San Miguel, J. F. 2016. 
Phenotypic and genomic analysis of multiple myeloma minimal residual disease tumor cells: 
a new model to understand chemoresistance. Blood, 127, 1896-906. 

Palumbo, A. & Palladino, C. 2012. Venous and arterial thrombotic risks with thalidomide: evidence 
and practical guidance. Therapeutic advances in drug safety, 3, 255-266. 

Panieri, E. & Santoro, M. M. 2016. ROS homeostasis and metabolism: a dangerous liason in cancer 
cells. Cell death & disease, 7, e2253-e2253. 

Parmo-Cabañas, M., Bartolomé, R. A., Wright, N., Hidalgo, A., Drager, A. M. & Teixidó, J. 2004. 
Integrin α4β1 involvement in stromal cell-derived factor-1α-promoted myeloma cell 
transendothelial migration and adhesion: role of cAMP and the actin cytoskeleton in 
adhesion. Experimental Cell Research, 294, 571-580. 



  REFERENCES 

170 
 

Pennington, J. D., Wang, T. J. C., Nguyen, P., Sun, L., Bisht, K., Smart, D. & Gius, D. 2005. Redox-
sensitive signaling factors as a novel molecular targets for cancer therapy. Drug Resistance 
Updates, 8, 322-330. 

Perkins, N. D., Agranoff, A. B., Pascal, E. & Nabel, G. J. 1994. An interaction between the DNA-binding 
domains of RelA(p65) and Sp1 mediates human immunodeficiency virus gene activation. 
Molecular and Cellular Biology, 14, 6570-83. 

Pessina, A., Malerba, I. & Gribaldo, L. 2005. Hematotoxicity Testing by Cell Clonogenic Assay in Drug 
Development and Preclinical Trials. Current Pharmaceutical Design, 11, 1055-1065. 

Plati, J., Bucur, O. & Khosravi-Far, R. 2008. Dysregulation of apoptotic signaling in cancer: Molecular 
mechanisms and therapeutic opportunities. Journal of Cellular Biochemistry, 104, 1124-
1149. 

Podar, K., Zimmerhackl, A., Fulciniti, M., Tonon, G., Hainz, U., Tai, Y. T., Vallet, S., Halama, N., Jager, 
D., Olson, D. L., Sattler, M., Chauhan, D. & Anderson, K. C. 2011. The selective adhesion 
molecule inhibitor Natalizumab decreases multiple myeloma cell growth in the bone marrow 
microenvironment: therapeutic implications. British Journal of Haematology 155, 438-48. 

Poerschke, R. L. & Moos, P. J. 2011. Thioredoxin reductase 1 knockdown enhances selenazolidine 
cytotoxicity in human lung cancer cells via mitochondrial dysfunction. Biochemical 
Pharmacology 81, 211-21. 

Pouyssegur, J., Dayan, F. & Mazure, N. M. 2006. Hypoxia signalling in cancer and approaches to 
enforce tumour regression. Nature, 441, 437-43. 

Price-Schiavi, S. A., Jepson, S., Li, P., Arango, M., Rudland, P. S., Yee, L. & Carraway, K. L. 2002. Rat 
Muc4 (sialomucin complex) reduces binding of anti-ErbB2 antibodies to tumor cell surfaces, 
a potential mechanism for herceptin resistance. International Journal of Cancer, 99, 783-91. 

Puech, P. H., Taubenberger, A., Ulrich, F., Krieg, M., Muller, D. J. & Heisenberg, C. P. 2005. Measuring 
cell adhesion forces of primary gastrulating cells from zebrafish using atomic force 
microscopy. Journal of Cell Science, 118, 4199-206. 

Raab, M. S., Podar, K., Breitkreutz, I., Richardson, P. G. & Anderson, K. C. 2009. Multiple myeloma. 
Lancet, 374, 324-39. 

Rackham, O., Nichols, S. J., Leedman, P. J., Berners-Price, S. J. & Filipovska, A. 2007. A gold(I) 
phosphine complex selectively induces apoptosis in breast cancer cells: implications for 
anticancer therapeutics targeted to mitochondria. Biochem Pharmacol, 74, 992-1002. 

Rackham, O., Shearwood, A. M., Thyer, R., Mcnamara, E., Davies, S. M., Callus, B. A., Miranda-
Vizuete, A., Berners-Price, S. J., Cheng, Q., Arner, E. S. & Filipovska, A. 2011. Substrate and 
inhibitor specificities differ between human cytosolic and mitochondrial thioredoxin 
reductases: Implications for development of specific inhibitors. Free Radical Biology and 
Medicine, 50, 689-99. 

Raffel, J., Bhattacharyya, A. K., Gallegos, A., Cui, H., Einspahr, J. G., Alberts, D. S. & Powis, G. 2003. 
Increased expression of thioredoxin-1 in human colorectal cancer is associated with 
decreased patient survival. Journal of Laboratory and Clinical Medicine, 142, 46-51. 

Rahn, J. J., Shen, Q., Mah, B. K. & Hugh, J. C. 2004. MUC1 initiates a calcium signal after ligation by 
intercellular adhesion molecule-1. Journal of Biological Chemistry, 279, 29386-90. 

Raina, D., Ahmad, R., Joshi, M. D., Yin, L., Wu, Z., Kawano, T., Vasir, B., Avigan, D., Kharbanda, S. & 
Kufe, D. 2009. Direct targeting of the mucin 1 oncoprotein blocks survival and tumorigenicity 
of human breast carcinoma cells. Cancer Research, 69, 5133-41. 

Rajkumar, S. V. 2016. Multiple myeloma: 2016 update on diagnosis, risk-stratification, and 
management. American Journal of Hematology, 91, 719-734. 

Raninga, P. V., Di Trapani, G., Vuckovic, S., Bhatia, M. & Tonissen, K. F. 2015. Inhibition of thioredoxin 
1 leads to apoptosis in drug-resistant multiple myeloma. Oncotarget, 6, 15410-24. 

Raninga, P. V., Di Trapani, G., Vuckovic, S. & Tonissen, K. F. 2016a. Cross-talk between two 
antioxidants, thioredoxin reductase and heme oxygenase-1, and therapeutic implications for 
multiple myeloma. Redox Biology, 8, 175-185. 



  REFERENCES 

171 
 

Raninga, P. V., Di Trapani, G., Vuckovic, S. & Tonissen, K. F. 2016b. TrxR1 inhibition overcomes both 
hypoxia-induced and acquired bortezomib resistance in multiple myeloma through NF-ĸB 
inhibition. Cell Cycle, 15, 559-72. 

Rebucci, M. & Michiels, C. 2013. Molecular aspects of cancer cell resistance to chemotherapy. 
Biochemical Pharmacology, 85, 1219-1226. 

Redondo-Muñoz, J., García-Pardo, A. & Teixidó, J. 2019. Molecular Players in Hematologic Tumor Cell 
Trafficking. Frontiers in Immunology, 10. 

Regimbald, L. H., Pilarski, L. M., Longenecker, B. M., Reddish, M. A., Zimmermann, G. & Hugh, J. C. 
1996. The breast mucin MUCI as a novel adhesion ligand for endothelial intercellular 
adhesion molecule 1 in breast cancer. Cancer Research, 56, 4244-9. 

Rekha, S. & Anila, E. I. 2019. In vitro cytotoxicity studies of surface modified CaS nanoparticles on 
L929 cell lines using MTT assay. Materials Letters, 236, 637-639. 

Ren, J., Agata, N., Chen, D., Li, Y., Yu, W. H., Huang, L., Raina, D., Chen, W., Kharbanda, S. & Kufe, D. 
2004. Human MUC1 carcinoma-associated protein confers resistance to genotoxic 
anticancer agents. Cancer Cell, 5, 163-75. 

Rhee, S. G., Kang, S. W., Jeong, W., Chang, T.-S., Yang, K.-S. & Woo, H. A. 2005. Intracellular 
messenger function of hydrogen peroxide and its regulation by peroxiredoxins. Current 
Opinion in Cell Biology, 17, 183-189. 

Rigobello, M. P., Scutari, G., Boscolo, R. & Bindoli, A. 2002. Induction of mitochondrial permeability 
transition by auranofin, a gold(I)-phosphine derivative. British Journal of Pharmacology, 136, 
1162-8. 

Rios Perez, M. V., Roife, D., Dai, B., Pratt, M., Dobrowolski, R., Kang, Y. A., Li, X., Augustine, J. J., 
Zielinski, R., Priebe, W. & Fleming, J. B. 2019. Antineoplastic effects of auranofin in human 
pancreatic adenocarcinoma preclinical models. Surgery Open Science. 

Robak, P., Drozdz, I., Szemraj, J. & Robak, T. 2018. Drug resistance in multiple myeloma. Cancer 
Treatment Reviews 70, 199-208. 

Roccaro, A. M., Sacco, A., Purschke, W. G., Moschetta, M., Buchner, K., Maasch, C., Zboralski, D., 
Zollner, S., Vonhoff, S., Mishima, Y., Maiso, P., Reagan, M. R., Lonardi, S., Ungari, M., 
Facchetti, F., Eulberg, D., Kruschinski, A., Vater, A., Rossi, G., Klussmann, S. & Ghobrial, I. M. 
2014. SDF-1 inhibition targets the bone marrow niche for cancer therapy. Cell Reports, 9, 
118-128. 

Roder, C. & Thomson, M. J. 2015. Auranofin: Repurposing an Old Drug for a Golden New Age. Drugs 
in R&D, 15, 13-20. 

Rodman, S. N., Spence, J. M., Ronnfeldt, T. J., Zhu, Y., Solst, S. R., O'neill, R. A., Allen, B. G., Guan, X., 
Spitz, D. R. & Fath, M. A. 2016. Enhancement of Radiation Response in Breast Cancer Stem 
Cells by Inhibition of Thioredoxin- and Glutathione-Dependent Metabolism. Radiation 
Research, 186, 385-395. 

Roecklein, B. A. & Torok-Storb, B. 1995. Functionally distinct human marrow stromal cell lines 
immortalized by transduction with the human papilloma virus E6/E7 genes. Blood, 85, 997-
1005. 

Rosenberg, M. F., Mao, Q., Holzenburg, A., Ford, R. C., Deeley, R. G. & Cole, S. P. 2001. The structure 
of the multidrug resistance protein 1 (MRP1/ABCC1). crystallization and single-particle 
analysis. Journal of Biological Chemistry, 276, 16076-82. 

Roy, P., Sarkar, U. A. & Basak, S. 2018. The NF-κB Activating Pathways in Multiple Myeloma. 
Biomedicines, 6, 59. 

Rushmore, T. H., Morton, M. R. & Pickett, C. B. 1991. The antioxidant responsive element. Activation 
by oxidative stress and identification of the DNA consensus sequence required for functional 
activity. Journal of Biological Chemistry, 266, 11632-11639. 

Ryter, S. W., Kim, H. P., Hoetzel, A., Park, J. W., Nakahira, K., Wang, X. & Choi, A. M. K. 2006. 
Mechanisms of Cell Death in Oxidative Stress. Antioxidants & Redox Signaling, 9, 49-89. 



  REFERENCES 

172 
 

Saba, F., Soleimani, M. & Abroun, S. 2018. New role of hypoxia in pathophysiology of multiple 
myeloma through miR-210. Experimental and Clinical Sciences, 17, 647-662. 

Sachweh, M. C., Stafford, W. C., Drummond, C. J., Mccarthy, A. R., Higgins, M., Campbell, J., Brodin, 
B., Arner, E. S. & Lain, S. 2015. Redox effects and cytotoxic profiles of MJ25 and auranofin 
towards malignant melanoma cells. Oncotarget, 6, 16488-506. 

Saitoh, M., Nishitoh, H., Fujii, M., Takeda, K., Tobiume, K., Sawada, Y., Kawabata, M., Miyazono, K. & 
Ichijo, H. 1998. Mammalian thioredoxin is a direct inhibitor of apoptosis signal-regulating 
kinase (ASK) 1. Embo j, 17, 2596-606. 

Sanz-Rodriguez, F., Hidalgo, A. & Teixido, J. 2001. Chemokine stromal cell-derived factor-1alpha 
modulates VLA-4 integrin-mediated multiple myeloma cell adhesion to CS-1/fibronectin and 
VCAM-1. Blood, 97, 346-51. 

Sasaki, M. 2016. Current treatment of refractory and relapsed multiple myeloma. Rinsho Ketsueki, 
57, 2084-2095. 

Sawyer, J., Tian, E., Walker, B. A., Weinhold, N., Swanson, C., Lukacs, J. L., Binz, R., Sammartino, G., 
Thanendrarajan, S., Schinke, C., Zangari, M., Davies, F. E., Van Rhee, F. & Morgan, G. J. 2016. 
Concurrent Amplification of MYC and 1q21 in Multiple Myeloma: Focal and Segmental 
Jumping Translocations of MYC. Blood, 128, 3266-3266. 

Scheffer, G. L., Wijngaard, P. L., Flens, M. J., Izquierdo, M. A., Slovak, M. L., Pinedo, H. M., Meijer, C. 
J., Clevers, H. C. & Scheper, R. J. 1995. The drug resistance-related protein LRP is the human 
major vault protein. Nature Medicine, 1, 578-82. 

Schroeder, J. A., Adriance, M. C., Thompson, M. C., Camenisch, T. D. & Gendler, S. J. 2003. MUC1 
alters beta-catenin-dependent tumor formation and promotes cellular invasion. Oncogene, 
22, 1324-32. 

Schuetz, J. D. & Schuetz, E. G. 1993. Extracellular matrix regulation of multidrug resistance in primary 
monolayer cultures of adult rat hepatocytes. Cell Growth & Differentiation, 4, 31-40. 

Schumacker, P. T. 2015. Reactive oxygen species in cancer: a dance with the devil. Cancer Cell, 27, 
156-7. 

Semenza, G. L. 2003. Targeting HIF-1 for cancer therapy. Nature Review Cancer, 3, 721-32. 
Senapati, S., Das, S. & Batra, S. K. 2010. Mucin-interacting proteins: from function to therapeutics. 

Trends Biochem Sci, 35, 236-45. 
Severson, E. A., Jiang, L., Ivanov, A. I., Mandell, K. J., Nusrat, A. & Parkos, C. A. 2008. Cis-dimerization 

mediates function of junctional adhesion molecule A. Molecular Biology of the Cell, 19, 
1862-72. 

Shain, K. H. & Dalton, W. S. 2001. Cell Adhesion Is a Key Determinant in &lt;em&gt;de 
Novo&lt;/em&gt; Multidrug Resistance (MDR): New Targets for the Prevention of Acquired 
MDR. Molecular Cancer Therapeutics, 1, 69. 

Shain, K. H., Yarde, D. N., Meads, M. B., Huang, M., Jove, R., Hazlehurst, L. A. & Dalton, W. S. 2009. 
Beta1 integrin adhesion enhances IL-6-mediated STAT3 signaling in myeloma cells: 
implications for microenvironment influence on tumor survival and proliferation. Cancer 
Research, 69, 1009-15. 

Shaw, C. F. 1999. Gold-Based Therapeutic Agents. Chemical Reviews, 99, 2589-2600. 
Shi, M., Yang, Z., Hu, M., Liu, D., Hu, Y., Qian, L., Zhang, W., Chen, H., Guo, L., Yu, M., Song, L., Ma, Y. 

& Guo, N. 2013. Catecholamine-Induced beta2-adrenergic receptor activation mediates 
desensitization of gastric cancer cells to trastuzumab by upregulating MUC4 expression. 
Journal of Immunology 190, 5600-8. 

Shukla, S. K., Purohit, V., Mehla, K., Gunda, V., Chaika, N. V., Vernucci, E., King, R. J., Abrego, J., 
Goode, G. D., Dasgupta, A., Illies, A. L., Gebregiworgis, T., Dai, B., Augustine, J. J., Murthy, D., 
Attri, K. S., Mashadova, O., Grandgenett, P. M., Powers, R., Ly, Q. P., Lazenby, A. J., Grem, J. 
L., Yu, F., Mates, J. M., Asara, J. M., Kim, J. W., Hankins, J. H., Weekes, C., Hollingsworth, M. 
A., Serkova, N. J., Sasson, A. R., Fleming, J. B., Oliveto, J. M., Lyssiotis, C. A., Cantley, L. C., 
Berim, L. & Singh, P. K. 2017. MUC1 and HIF-1alpha Signaling Crosstalk Induces Anabolic 



  REFERENCES 

173 
 

Glucose Metabolism to Impart Gemcitabine Resistance to Pancreatic Cancer. Cancer Cell, 32, 
71-87.e7. 

Siegel, R. L., Miller, K. D. & Jemal, A. 2016. Cancer statistics, 2016. CA: A Cancer Journal for Clinicians, 
66, 7-30. 

Singh, P. K. & Hollingsworth, M. A. 2006. Cell surface-associated mucins in signal transduction. 
Trends in Cell Biology, 16, 467-76. 

Singhal , S., Mehta , J., Desikan , R., Ayers , D., Roberson , P., Eddlemon , P., Munshi , N., Anaissie , E., 
Wilson , C., Dhodapkar , M., Zeldis , J., Siegel , D., Crowley , J. & Barlogie , B. 1999. Antitumor 
Activity of Thalidomide in Refractory Multiple Myeloma. New England Journal of Medicine, 
341, 1565-1571. 

Sinha, D., Kalimutho, M., Bowles, J., Chan, A.-L., Merriner, D. J., Bain, A. L., Simmons, J. L., Freire, R., 
Lopez, J. A., Hobbs, R. M., O’bryan, M. K. & Khanna, K. K. 2018. Cep55 overexpression causes 
male-specific sterility in mice by suppressing Foxo1 nuclear retention through sustained 
activation of PI3K/Akt signaling. The FASEB Journal, 32, 4984-4999. 

Soini, Y., Kahlos, K., Napankangas, U., Kaarteenaho-Wiik, R., Saily, M., Koistinen, P., Paaakko, P., 
Holmgren, A. & Kinnula, V. L. 2001. Widespread expression of thioredoxin and thioredoxin 
reductase in non-small cell lung carcinoma. Clinical Cancer Research, 7, 1750-7. 

Soodgupta, D., Zhou, H., Beaino, W., Lu, L., Rettig, M., Snee, M., Skeath, J., Dipersio, J. F., Akers, W. 
J., Laforest, R., Anderson, C. J., Tomasson, M. H. & Shokeen, M. 2016. Ex Vivo and In Vivo 
Evaluation of Overexpressed VLA-4 in Multiple Myeloma Using LLP2A Imaging Agents. 
Journal of nuclear medicine : official publication, Society of Nuclear Medicine, 57, 640-645. 

Spitz, D. R., Sim, J. E., Ridnour, L. A., Galoforo, S. S. & Lee, Y. J. 2000. Glucose Deprivation-Induced 
Oxidative Stress in Human Tumor Cells: A Fundamental Defect in Metabolism? Annals of the 
New York Academy of Sciences, 899, 349-362. 

Ssemaganda, A., Low, L. M., Verhoeft, K. R., Wambuzi, M., Kawoozo, B., Nabasumba, S. B., Mpendo, 
J., Bagaya, B. S., Kiwanuka, N., Stanisic, D. I., Berners-Price, S. J. & Good, M. F. 2018. Gold(i) 
phosphine compounds as parasite attenuating agents for malaria vaccine and drug 
development. Metallomics, 10, 444-454. 

Stafford, W. C., Peng, X., Olofsson, M. H., Zhang, X., Luci, D. K., Lu, L., Cheng, Q., Trésaugues, L., 
Dexheimer, T. S., Coussens, N. P., Augsten, M., Ahlzén, H.-S. M., Orwar, O., Östman, A., 
Stone-Elander, S., Maloney, D. J., Jadhav, A., Simeonov, A., Linder, S. & Arnér, E. S. J. 2018. 
Irreversible inhibition of cytosolic thioredoxin reductase 1 as a mechanistic basis for 
anticancer therapy. Science Translational Medicine, 10, 1-13. 

Stockert, J. C., Horobin, R. W., Colombo, L. L. & Blazquez-Castro, A. 2018. Tetrazolium salts and 
formazan products in Cell Biology: Viability assessment, fluorescence imaging, and labeling 
perspectives. Acta Histochem, 120, 159-167. 

Stroopinsky, D., Kufe, D. & Avigan, D. 2016. MUC1 in hematological malignancies. Leukemia & 
Lymphoma, 57, 2489-98. 

Sun, Y. & Oberley, L. W. 1996. Redox regulation of transcriptional activators. Free Radical Biology 
and Medicine, 21, 335-48. 

Sze, J. H., Raninga, P. V., Nakamura, K., Casey, M., Khanna, K. K., Berners-Price, S. J., Di Trapani, G. & 
Tonissen, K. F. 2020. Anticancer activity of a Gold(I) phosphine thioredoxin reductase 
inhibitor in multiple myeloma. Redox Biology, 28, 101310. 

Tai, Y. T., Li, X. F., Breitkreutz, I., Song, W., Neri, P., Catley, L., Podar, K., Hideshima, T., Chauhan, D., 
Raje, N., Schlossman, R., Richardson, P., Munshi, N. C. & Anderson, K. C. 2006. Role of B-cell-
activating factor in adhesion and growth of human multiple myeloma cells in the bone 
marrow microenvironment. Cancer Research, 66, 6675-82. 

Tang, C.-H., Chuang, J.-Y., Fong, Y.-C., Maa, M.-C., Way, T.-D. & Hung, C.-H. 2008. Bone-derived SDF-1 
stimulates IL-6 release via CXCR4, ERK and NF-κB pathways and promotes osteoclastogenesis 
in human oral cancer cells. Carcinogenesis, 29, 1483-1492. 



  REFERENCES 

174 
 

Tanito, M., Agbaga, M.-P. & Anderson, R. E. 2007. Upregulation of thioredoxin system via Nrf2-
antioxidant responsive element pathway in adaptive-retinal neuroprotection in vivo and in 
vitro. Free Radical Biology and Medicine, 42, 1838-1850. 

Teicher, B. A., Herman, T. S., Holden, S. A., Wang, Y. Y., Pfeffer, M. R., Crawford, J. W. & Frei, E., 3rd 
1990. Tumor resistance to alkylating agents conferred by mechanisms operative only in vivo. 
Science, 247, 1457-61. 

Terpos, E., Migkou, M., Christoulas, D., Gavriatopoulou, M., Eleutherakis-Papaiakovou, E., Kanellias, 
N., Iakovaki, M., Panagiotidis, I., Ziogas, D. C., Fotiou, D., Kastritis, E. & Dimopoulos, M. A. 
2016. Increased circulating VCAM-1 correlates with advanced disease and poor survival in 
patients with multiple myeloma: reduction by post-bortezomib and lenalidomide treatment. 
Blood cancer journal, 6, 428-428. 

Thathiah, A., Brayman, M., Dharmaraj, N., Julian, J. J., Lagow, E. L. & Carson, D. D. 2004. Tumor 
Necrosis Factor α Stimulates MUC1 Synthesis and Ectodomain Release in a Human Uterine 
Epithelial Cell Line. Endocrinology, 145, 4192-4203. 

Theodoropoulos, G. & Carraway, K. L. 2007. Molecular signaling in the regulation of mucins. Journal 
of Cellular Biochemistry, 102, 1103-1116. 

Tolomeo, M. & Simoni, D. 2002. Drug resistance and apoptosis in cancer treatment: development of 
new apoptosis-inducing agents active in drug resistant malignancies. Curr Med Chem 
Anticancer Agents, 2, 387-401. 

Tonissen, K. F. & Di Trapani, G. 2009. Thioredoxin system inhibitors as mediators of apoptosis for 
cancer therapy. Mol Nutr Food Res, 53, 87-103. 

Treon, S. P., Mollick, J. A., Urashima, M., Teoh, G., Chauhan, D., Ogata, A., Raje, N., Hilgers, J. H. M., 
Nadler, L., Belch, A. R., Pilarski, L. M. & Anderson, K. C. 1999. Muc-1 Core Protein Is 
Expressed on Multiple Myeloma Cells and Is Induced by Dexamethasone. Blood, 93, 1287. 

Uchiyama, H., Barut, B. A., Mohrbacher, A. F., Chauhan, D. & Anderson, K. C. 1993. Adhesion of 
human myeloma-derived cell lines to bone marrow stromal cells stimulates interleukin-6 
secretion. Blood, 82, 3712-20. 

Van Putten, J. P. M. & Strijbis, K. 2017. Transmembrane Mucins: Signaling Receptors at the 
Intersection of Inflammation and Cancer. Journal of innate immunity, 9, 281-299. 

Walker, B. A., Wardell, C. P., Brioli, A., Boyle, E., Kaiser, M. F., Begum, D. B., Dahir, N. B., Johnson, D. 
C., Ross, F. M., Davies, F. E. & Morgan, G. J. 2014a. Translocations at 8q24 juxtapose MYC 
with genes that harbor superenhancers resulting in overexpression and poor prognosis in 
myeloma patients. Blood Cancer J, 4, 1-7. 

Walker, R. E., Lawson, M. A., Buckle, C. H., Snowden, J. A. & Chantry, A. D. 2014b. Myeloma bone 
disease: pathogenesis, current treatments and future targets. British Medical Bulletin 111, 
117-38. 

Wang, L. H., Yang, X. Y., Zhang, X. & Farrar, W. L. 2007. Inhibition of adhesive interaction between 
multiple myeloma and bone marrow stromal cells by PPARgamma cross talk with NF-kappaB 
and C/EBP. Blood, 110, 4373-84. 

Wei, X., Xu, H. & Kufe, D. 2007. Human mucin 1 oncoprotein represses transcription of the p53 
tumor suppressor gene. Cancer Res, 67, 1853-8. 

Welsh, S. J., Bellamy, W. T., Briehl, M. M. & Powis, G. 2002. The Redox Protein Thioredoxin-1 (Trx-1) 
Increases Hypoxia-inducible Factor 1α Protein Expression. Trx-1 Overexpression Results in 
Increased Vascular Endothelial Growth Factor Production and Enhanced Tumor Angiogenesis, 
62, 5089-5095. 

Wen, Y., Caffrey, T. C., Wheelock, M. J., Johnson, K. R. & Hollingsworth, M. A. 2003. Nuclear 
association of the cytoplasmic tail of MUC1 and beta-catenin. Journal of Biological 
Chemistry, 278, 38029-39. 

Wesseling, J., Van Der Valk, S. W., Vos, H. L., Sonnenberg, A. & Hilkens, J. 1995. Episialin (MUC1) 
overexpression inhibits integrin-mediated cell adhesion to extracellular matrix components. 
The Journal of Cell Biology, 129, 255. 



  REFERENCES 

175 
 

Winter, S. S., Sweatman, J. J., Lawrence, M. B., Rhoades, T. H., Hart, A. L. & Larson, R. S. 2001. 
Enhanced T-lineage acute lymphoblastic leukaemia cell survival on bone marrow stroma 
requires involvement of LFA-1 and ICAM-1. British Journal of Haematology, 115, 862-71. 

Wreschner, D. H., Mcguckin, M. A., Williams, S. J., Baruch, A., Yoeli, M., Ziv, R., Okun, L., Zaretsky, J., 
Smorodinsky, N., Keydar, I., Neophytou, P., Stacey, M., Lin, H. H. & Gordon, S. 2002. 
Generation of ligand‐receptor alliances by “SEA” module‐mediated cleavage of 
membrane‐associated mucin proteins. Protein Science, 11, 698-706. 

Xiang, S., Zou, P., Wu, J., Zheng, F., Tang, Q., Zhou, J. & Hann, S. S. 2018. Crosstalk of NF-kappaB/P65 
and LncRNA HOTAIR-Mediated Repression of MUC1 Expression Contribute to Synergistic 
Inhibition of Castration-Resistant Prostate Cancer by Polyphyllin 1-Enzalutamide 
Combination Treatment. Cellular Physiology and Biochemistry, 47, 759-773. 

Yaldizli, O. & Putzki, N. 2009. Natalizumab in the treatment of multiple sclerosis. Therapeutic 
Advances in Neurological Disorders 2, 115-28. 

Yamaguchi, Y., Kudoh, J., Yoshida, T. & Shimizu, N. 2014. In vitro co-culture systems for studying 
molecular basis of cellular interaction between Aire-expressing medullary thymic epithelial 
cells and fresh thymocytes. Biology Open, 3, 1071. 

Yang, W.-C. & Lin, S.-F. 2015. Mechanisms of drug resistance in relapse and refractory multiple 
myeloma. BioMed Research International, 2015, 17. 

Yeh, H. S. & Berenson, J. R. 2006. Myeloma bone disease and treatment options. European Journal of 
Cancer, 42, 1554-1563. 

Yen, C. H. & Hsiao, H. H. 2018. NRF2 Is One of the Players Involved in Bone Marrow Mediated Drug 
Resistance in Multiple Myeloma. International Journal of Molecular Sciences, 19, 1-17. 

Yin, L., Ahmad, R., Kosugi, M., Kufe, T., Vasir, B., Avigan, D., Kharbanda, S. & Kufe, D. 2010. Survival of 
Human Multiple Myeloma Cells Is Dependent on MUC1 C-Terminal Transmembrane Subunit 
Oncoprotein Function. Molecular Pharmacology, 78, 166-174. 

Yin, L., Kosugi, M. & Kufe, D. 2012. Inhibition of the MUC1-C oncoprotein induces multiple myeloma 
cell death by down-regulating TIGAR expression and depleting NADPH. Blood, 119, 810-6. 

Yin, L., Kufe, T., Avigan, D. & Kufe, D. 2014. Targeting MUC1-C is synergistic with bortezomib in 
downregulating TIGAR and inducing ROS-mediated myeloma cell death. Blood, 123, 2997-
3006. 

Yin, L., Li, Y., Ren, J., Kuwahara, H. & Kufe, D. 2003. Human MUC1 carcinoma antigen regulates 
intracellular oxidant levels and the apoptotic response to oxidative stress. Journal of 
Biological Chemistry, 278, 35458-64. 

Yin, L., Tagde, A., Gali, R., Tai, Y. T., Hideshima, T., Anderson, K., Avigan, D. & Kufe, D. 2017. MUC1-C 
is a target in lenalidomide resistant multiple myeloma. British Journal of Haematology, 178, 
914-926. 

Zhang, D. D. & Hannink, M. 2003. Distinct Cysteine Residues in Keap1 Are Required for Keap1-
Dependent Ubiquitination of Nrf2 and for Stabilization of Nrf2 by Chemopreventive Agents 
and Oxidative Stress. Molecular and Cellular Biology, 23, 8137-8151. 

Zhang, J., Li, X., Han, X., Liu, R. & Fang, J. 2017. Targeting the Thioredoxin System for Cancer Therapy. 
Trends in Pharmacological Sciences, 38, 794-808. 

Zhang, K., Baeckstrom, D., Brevinge, H. & Hansson, G. C. 1996. Secreted MUC1 mucins lacking their 
cytoplasmic part and carrying sialyl-Lewis a and x epitopes from a tumor cell line and sera of 
colon carcinoma patients can inhibit HL-60 leukocyte adhesion to E-selectin-expressing 
endothelial cells. Journal of Cellular Biochemistry, 60, 538-49. 

Zhang, X., Selvaraju, K., Saei, A. A., D'arcy, P., Zubarev, R. A., Arnér, E. S. J. & Linder, S. 2019. 
Repurposing of auranofin: thioredoxin reductase remains a primary target of the drug. 
Biochimie, 162, 46 - 54. 

Zheng, Z., Fan, S., Zheng, J., Huang, W., Gasparetto, C., Chao, N. J., Hu, J. & Kang, Y. 2018. Inhibition 
of thioredoxin activates mitophagy and overcomes adaptive bortezomib resistance in 
multiple myeloma. Journal of hematology & oncology, 11, 1-15. 



REFERENCES 

176 

Zhong, L., Arnér, E. S. J. & Holmgren, A. 2000. Structure and mechanism of mammalian thioredoxin 
reductase: The active site is a redox-active selenolthiol/selenenylsulfide formed from the 
conserved cysteine-selenocysteine sequence. Proceedings of the National Academy of 
Sciences of the United States of America, 97, 5854-5859. 


