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Abstract 

 

Multiple myeloma (MM) is a plasma cell malignancy characterized by an accumulation 

of malignant clonal plasma cells in the bone marrow (BM). In recent years, many 

effective anti-MM drugs have been developed including proteasome inhibitors and 

immunomodulators. Introduction of the proteasome inhibitor bortezomib has improved 

prognosis and survival in MM patients. However, upon prolonged drug treatment, 

myeloma cells acquire resistance to the given treatment including bortezomib, resulting 

in disease relapse. Studies have shown that the BM in myeloma patients is extensively 

hypoxic (1% O2) compared to the BM in healthy individuals. Hypoxia is a crucial 

microenvironmental factor that plays an important role in MM disease progression and 

drug resistance. Due to the development of drug resistance, MM remains an incurable 

disease with the median survival of only 3 to 5 years. Thus, novel therapeutic strategies 

are required to kill myeloma cells growing under physiological O2 conditions, including 

hypoxic microenvironments, and to overcome both acquired and hypoxia-induced drug 

resistance to improve MM patient survival and prognosis.  

Increased oxidative stress is one of the hallmarks of cancer that plays a significant role 

in cancer cell survival, growth, and drug resistance. In response to increased oxidative 

stress, cancer cells enhance their antioxidant capacity by upregulating various 

antioxidant systems including the thioredoxin system. The thioredoxin system is one of 

the major cellular antioxidant systems that maintain the intracellular redox homeostasis 

by scavenging reactive oxygen species (ROS). In this study, higher intrinsic oxidative 

stress and higher thioredoxin 1 (Trx1) and thioredoxin reductase 1 (TrxR1) protein 

levels were observed in myeloma cells compared to normal cells. Based on these 

results, it was hypothesized that upregulated Trx1 and TrxR1 may protect myeloma 

cells against increased oxidative stress. Drug-induced Trx1 (PX-12) and TrxR1 

(Auranofin) inhibition disrupted redox homeostasis resulting in ROS-induced apoptosis 

in myeloma cell and a reduction in clonogenic activity. Targeted knockdown of either 

Trx1 (anti-sense plasmid) or TrxR1 (siRNAs) also reduced myeloma cell viability. In 

addition, Trx1 inhibition also sensitised myeloma cells, initially resistant to the NF-кB 

inhibitors, to undergo cell death in response to NF-кB inhibition.  
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Previous studies have shown that antioxidant molecules, such as glutathione, are often 

upregulated in bortezomib-resistant myeloma cells and their inhibition overcomes such 

resistance, suggesting the role of antioxidants in bortezomib resistance in MM. 

Increased Trx1 expression was observed in bortezomib-resistant myeloma cells 

compared to parent cells and PX-12-induced Trx1 inhibition resulted in apoptosis in 

these cells. The effect of Trx1 inhibition in overcoming bortezomib resistance was also 

studied. Trx1 inhibition, either using a sub-lethal concentration of PX-12 or the Trx1 

anti-sense plasmid, did not sensitise bortezomib-resistant myeloma cells to bortezomib.  

Based on the results obtained with Trx1 in bortezomib-resistant MM, the role of TrxR1 

in overcoming acquired bortezomib resistance in MM was also studied. Higher TrxR1 

gene expression was correlated with high-risk disease, adverse overall survival, and 

poor prognosis in MM patients. Similar to Trx1, higher TrxR1 protein levels were 

observed in bortezomib-resistant myeloma cells compared to parent cells, and its 

inhibition using either auranofin or TrxR1-specific siRNAs reversed bortezomib 

resistance by inhibiting the NF-кB signalling pathway. The effects of TrxR1 inhibition 

on myeloma cells growing under a hypoxic microenvironment were also studied. 

Auranofin-induced TrxR1 inhibition reduced myeloma cell proliferation under a 

hypoxic microenvironment. In addition, hypoxia-induced bortezomib resistance in 

myeloma cells and also increased TrxR1 protein levels in a time-dependent manner. 

Auranofin-induced TrxR1 inhibition restored the sensitivity of hypoxic myeloma cells 

to bortezomib. The underlying molecular mechanism was also investigated in this study. 

Hypoxia increased NF-кB subunit p65 nuclear protein levels and TrxR1 inhibition 

decreased hypoxia-induced NF-кB p65 protein levels in the nucleus and reduced the 

expression of the NF-кB-regulated genes. These findings suggest that TrxR1 inhibition 

overcomes hypoxia-induced and acquired drug resistance by inhibiting the NF-кB 

signalling pathway. Therefore, TrxR1 is a valid therapeutic target in MM and TrxR1-

inhibiting drugs, such as auranofin, hold a promising therapeutic approach either as a 

single agent or combination therapy for relapsed MM patients and to improve survival 

outcomes.    

Studies have shown that upon the loss of one antioxidant system, the cell may activate 

another antioxidant or stress molecule to compensate for the loss and protect themselves 

against increased oxidative stress and anti-cancer drugs. Based on these findings, the 

effect of TrxR inhibition on other antioxidants was examined. Inhibition of TrxR using 
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lower auranofin concentrations induced HO-1 protein expression via the Nrf2 signalling 

pathway in a ROS-dependent manner in myeloma cells. Using a sub-lethal 

concentration of auranofin to inhibit TrxR activity in conjunction with HO-1 inhibition 

significantly decreased myeloma cell proliferation and induced apoptosis. These results 

indicated that HO-1 serves as a secondary anti-apoptotic mechanism in MM. Several 

studies have implicated the involvement of HO-1 in the acquisition of drug resistance in 

cancer. Based on these findings, the role of HO-1 in bortezomib-resistant MM was also 

investigated. Increased HO-1 mRNA and protein levels were observed in bortezomib-

resistant myeloma cells compared to parent cells, and HO-1 inhibition restored the 

sensitivity of bortezomib-resistant myeloma cells to bortezomib.  These data indicate 

that concurrent inhibition of HO-1 with either a TrxR inhibitor or with bortezomib 

would improve therapeutic outcomes in MM patients. Hence, these findings further 

support the need to target multiple antioxidant systems alone or in combination with 

other drugs to improve therapeutic outcomes in MM patients. 

Based on the results obtained with the Trx system, the role of another antioxidant 

protein, DJ-1, was also evaluated in myeloma cell survival and bortezomib resistance. 

DJ-1 has been shown to regulate Trx1 expression via the Nrf2 pathway, suggesting the 

potential of cross-talk between these two antioxidants. DJ-1, a Parkinson’s disease-

associated protein, is upregulated in many cancers and its inhibition suppresses tumour 

growth and overcomes chemoresistance. However, the role of DJ-1 in MM remains to 

be elucidated. DJ-1 expression is increased in MM patient cells, which correlated with 

shorter overall survival and poor prognosis in MM patients. Targeted knockdown of DJ-

1 induced myeloma cell necroptosis by upregulating the Krüppel-like factor 6 (KLF6) 

levels, and targeted knockdown of KLF6 expression in DJ-1 knockdown myeloma cells 

rescued these cells from undergoing cell death. This study reported that DJ-1 expression 

is increased in bortezomib-resistant myeloma cells, and its knockdown sensitized 

bortezomib-resistant cells to bortezomib by upregulating KLF6. In addition, the role of 

DJ-1 in myeloma cells residing in the hypoxic microenvironment was also investigated. 

DJ-1 knockdown significantly reduced hypoxic myeloma cell viability and overcame 

hypoxia-induced bortezomib resistance in these cells. Thus, DJ-1 represents a valid 

therapeutic target in MM and inhibiting DJ-1 may be an effective therapeutic strategy to 

treat newly diagnosed as well as relapsed/refractory MM patients. 
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In conclusion, antioxidant molecules represent valid therapeutic targets in drug resistant 

MM patients and warrant the development of small molecule inhibitors targeting such 

antioxidant pathways. In addition, understanding the cross-talk between multiple 

antioxidant systems and inhibiting them in conjunction may provide an effective 

therapeutic strategy to treat MM patients. 
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1.1 Background 

Cancer is currently one of the most deadly diseases worldwide. Amongst the many 

factors that cause cancer, oxidative stress is one of the most important and well-studied 

factors that give rise to the conditions leading to tumour development and progression 

(Robbins and Zhao, 2012). Oxidative stress is associated with an increased 

concentration of reactive oxygen species (ROS). Depending on the cellular context, 

amount and exposure time, ROS can be either detrimental to the cells or important 

players in regulating various cellular responses including cell proliferation, 

differentiation, and apoptosis (Martindale and Holbrook, 2002, Finkel, 2003). It has 

been shown that low levels of ROS promote cell proliferation and differentiation by 

activating transcription factors, such as nuclear factor-кB (NF-кB) (Sun and Oberley, 

1996, Sasaki et al., 1999, Kabe et al., 2005) and activator protein-1 (AP-1) (Sun and 

Oberley, 1996, Sasaki et al., 1999, Na et al., 2012). On the other hand, excessive 

generation of cellular ROS results in oxidative stress, which induces cell death by 

caspase activation, activation of Bcl-2 family proteins, and modulation of protein 

kinases (Ryter et al., 2007). ROS-induced oxidative stress is involved in the 

pathogenesis of a wide-variety of diseases including neurodegenerative diseases, 

inflammation, cardiac disease, and cancer. Since an excess of ROS is detrimental to the 

cells or tissues, their detoxification is essential. Within the cells, there is a gambit of 

antioxidant molecules including thioredoxins (Holmgren, 1985, Lu and Holmgren, 

2014), glutaredoxins (Fernandes and Holmgren, 2004), peroxiredoxins (Rhee et al., 

2005) and other enzymes such as superoxide dismutase (Evans and Halliwell, 1999, Hu 

et al., 2005) that detoxify ROS and maintain the balance between the generation and 

removal of oxidative species. During the past decade, DJ-1, initially identified as a 

putative oncogene (Nagakubo et al., 1997) and later associated with early onset 

Parkinson’s disease (Bonifati et al., 2003), has also emerged as an antioxidant molecule 

playing a crucial role in regulating cellular redox signalling cascades and inducing other 

antioxidants under oxidative stress conditions (Zhou and Freed, 2005, Clements et al., 

2006, Milani et al., 2013). Such antioxidant molecules sense physiological fluctuations 

and imbalance of the intracellular redox state and respond to such an imbalance by 

activating appropriate signalling cascades. 

Upregulation of antioxidant molecules offer an advantage to the cells to eliminate the 

detrimental effects of ROS. However, cancer cells exploit this advantage and use it for 

their own protection against increased ROS levels. Antioxidant molecules have been 
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shown to be upregulated in many human cancer types, correlating with tumour 

proliferation, survival, and drug resistance (Lincoln et al., 2003, Iwao-Koizumi et al., 

2005, Kim et al., 2005, Park et al., 2006, Fernandes et al., 2009). Inhibition of elevated 

antioxidants inhibits tumour growth and metastasis, promotes tumour apoptosis, and 

reverses tumour resistance to chemotherapy, further implicating the functionality of 

antioxidant systems in cancer development and progression (Honeggar et al., 2009, 

Poerschke and Moos, 2011, Li et al., 2012, He et al., 2013). Thus, such deregulated 

antioxidants may serve as potential molecular targets to develop new single or 

combinatory anti-cancer therapies. 

The overall aim of this project was to study the role of antioxidant proteins including 

thioredoxin, thioredoxin reductase, DJ-1, and heme oxygenase-1 (HO-1) in myeloma 

cell survival, growth, and drug resistance under different microenvironments. In 

addition, this project is also aimed at understanding the cross-talk between the 

thioredoxin and HO-1 antioxidant systems, and its therapeutic implications in MM. 

1.2 Multiple myeloma 

1.2.1 Overview of the disease 

Multiple myeloma (MM) is a cancer of plasma cells, which are responsible for antibody 

production. It is characterized by the accumulation of malignant clonal plasma cells in 

the bone marrow (BM) and this accumulation interferes with the functions of normal 

plasma cells resulting in reduction in antibody production and suppression of the 

immune system. Other clinical features include anaemia, bone pain and pathological 

fractures, renal impairment, spinal cord compression, hypercalcemia, and pneumonia 

(Emedicine-medscape, 2016). MM disease development is a multi-stage process. MM 

arises from the malignant transformation of the post-germinal centre plasma B-cells 

(Matsui et al., 2008, Morgan et al., 2012). In most cases, MM is preceded by a pre-

malignant stage called monoclonal gammopathy of undetermined significance (MGUS) 

(Kuehl and Bergsagel, 2002, Mahindra et al., 2010). MGUS is usually an age and sex-

dependent stage of MM and the prevalence of MGUS in patients older than 50-years is 

3.0 – 3.6% in white populations and 5.9 – 8.4% in black populations. Moreover, studies 

conducted in Japanese and white populations further demonstrated that MGUS 

prevalence increases with age and is also dependent on sex. These studies demonstrated 

that the prevalence of MGUS is 3.7% in white men and 2.9% in white women; and 

2.8% in Japanese men and 1.6% in Japanese women (Kuehl and Bergsagel, 2002, 
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Wadhera and Rajkumar, 2010). Approximately 1% of MGUS patients develop active 

myeloma every year (Mahindra et al., 2010). The second stage of the disease is 

smouldering MM. Every year, approximately 10% of smouldering MM patients develop 

active MM. Both MGUS and smouldering MM are asymptomatic and are characterized 

by the presence of M-protein and BM plasmacytosis. Active MM is a more aggressive 

form of the disease and is characterized by severe clinical manifestations including 

osteolytic bone lesions, anaemia, immunodeficiency, and kidney diseases (Mahindra et 

al., 2010).      

MM is the second most common form of haematological malignancy and constitutes 

about 1% of all neoplasms and 12% to 15% of haematological malignancies. Every year 

approximately 1700 people are diagnosed with MM in Australia and around 1000 MM-

related deaths are reported annually in Australia (Cancer-Australia, 2016). 

Approximately, 26,850 patients in the USA and 80,000 patients worldwide were 

diagnosed with MM in 2015 (ACS-Statistics, 2015).  

1.2.2 Hypoxia: role in myeloma progression 

Amongst several microenvironmental factors that lead to myeloma disease progression, 

hypoxia plays a significant role. A role for hypoxia in tumour progression and therapy 

resistance was initially reported in solid tumours in the early 19
th

 century (Mottram, 

1931). Hypoxia is defined as a condition when the oxygen tension is 10 mmHg or lower 

in a particular area of the tissue and it is known to be a common feature of many solid 

tumours (Harris, 2002, Lu and Kang, 2010). Hypoxia arises in tumour tissue because of 

increased cell proliferation and aberrant blood vessel formation within the tumour 

region (Keith and Simon, 2007). Under hypoxic conditions, a large number of genes are 

induced that help cells to adapt to hypoxia. These hypoxia-inducible genes are 

controlled by the hypoxia-inducible factors HIF-1 and HIF-2. Under hypoxia, the 

expression of HIF-1 and HIF-2 is increased in several cancers including MM (Zhong et 

al., 1999, Talks et al., 2000, Martin et al., 2011). In myeloma cells, expression of HIF-1 

was induced following 6 hours exposure to hypoxia, whereas, HIF-2 induction required 

more than 24 hours of hypoxia exposure (Martin et al., 2010). These findings suggest 

that HIF-1 may respond to acute hypoxia and HIF-2 may respond to chronic hypoxia. 

This thesis is focused on HIF-1 and its downstream targets. HIF-1 is a complex of two 

subunits: HIF-1α, and HIF-1β, also known as aryl hydrocarbon receptor nuclear 

translocator (ARNT). HIF-1β is constitutively expressed in cells, whereas HIF-1α is 

only stabilised when cells are exposed to hypoxia. When the O2 level is higher than 5%, 



  CHAPTER 1 

5 
 

HIF-1α undergoes proteasomal degradation by the 26S proteasome in the cytosol. 

However, under hypoxic conditions HIF-1α escapes the proteasome-induced 

degradation and accumulates in the nucleus. In the nucleus, HIF-1α dimerizes with HIF-

1β and binds to the promoter of target genes to increase their expression (Greer et al., 

2012). Under hypoxia, HIF-1α controls many genes that are involved in cell cycle 

arrest, apoptosis, angiogenesis, glycolytic metabolism, and tumour invasiveness (Harris, 

2002, Semenza, 2003).  

In recent years, several studies have reported the role of hypoxia in MM disease 

progression. Hu and colleagues have shown that the accumulation of the exogenous 

hypoxia marker pimonidazole and the expression of HIF-1α is significantly increased in 

the BM of 5T33MM tumour bearing mice compared to the naïve mice (Hu et al., 2010). 

In contrast, another study has shown that accumulation of pimonidazole and HIF-1α is 

decreased in the BM of 5T2MM tumour bearing mice compared to the naïve mice 

(Asosingh et al., 2005). Such contrasting results are possibly due to the different 

methods used to measure O2 tension in the BM in these studies. Hu et al., have 

measured pimonidazole and HIF-1α ex vivo using immunohistochemical methods (Hu 

et al., 2010) whereas, Asosingh et al., have measured pimonidazole and HIF-1α in 

flushed BM using flow cytometry (Asosingh et al., 2005). It has been suggested that an 

accurate detection of hypoxia in the BM depends on the method being used to measure 

exogenous and endogenous hypoxia markers and therefore, ex vivo 

immunohistochemical staining of pimonidazole and HIF-1α may be more suitable (Hu 

et al., 2012). An immunohistochemical analysis of fixed biopsies of BM from MM 

patients showed that the expression of HIF-1α was increased in 35/106 patients, and the 

expression of HIF-2α was increased in 14/106 patients (Giatromanolaki et al., 2010). In 

addition, another two studies have shown that the expression of HIF-1α and HIF-2α is 

increased in myeloma cells under hypoxic conditions (Martin et al., 2010, Martin et al., 

2011). The schematic representation of the MM hypoxic niche is represented in Figure 

1.1. 

The hypoxic BM microenvironment increases the number of tumour-initiating CD45
+
 

MM plasma cells which are resistant to undergo apoptosis in response to drug treatment 

(Asosingh et al., 2005). This hypoxic BM stimulates activities critical for MM 

progression such as increased cell growth, drug resistance, and angiogenesis (Asosingh 

et al., 2005, Hu et al., 2010, Muz et al., 2014). In solid tumours, hypoxia has been 

shown to drive tumour angiogenesis. In MM, increased microvessel density has been 
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observed in the hypoxic BM microenvironment (Vacca et al., 1994). It has been shown 

that pathways involving HIF-1α, its target gene vascular endothelial growth factor 

(VEGF), and VEGF receptors are upregulated in approximately 40% of MM patients, 

which are linked to increased angiogenesis in myeloma patients (Giatromanolaki et al., 

2010). Azab and colleagues have shown that hypoxia increases the egress of myeloma 

cells to the circulation by promoting an epithelial-mesenchymal transition (EMT)-like 

feature. In addition, they have also shown that hypoxia increases the migration and 

homing of circulating myeloma cells to the BM niche by increasing the expression of 

chemokine receptor type 4 (CXCR4) (Azab et al., 2012). 

 

Figure 1.1: Multiple myeloma hypoxic niche. The myeloma plasma cells are 

accumulated in the bone marrow region, which is extensively hypoxic. The O2 tension 

in the intramedullary cavity is approximately 7% and in the endosteal surface is 

approximately 1% (Winkler et al., 2010, Morrison and Scadden, 2014). The figure was 

adapted and reprinted with permission from Teresa Winslow LLC and obtained from 

www.cancer.gov. For the National Cancer Institute © 2014 Terese Winslow LLC, U.S. 

Govt. has certain rights.  

In recent years, therapies targeting the hypoxic niche have been developed including the 

hypoxia-activated prodrug TH-302, which targets myeloma cells residing in a hypoxic 

microenvironment (Hu et al., 2010). TH-302, either as a single agent therapy or in 

combination with a proteasome inhibitor bortezomib, showed significant anti-myeloma 

activity or prolonged overall survival in 5T3MM tumour baring mice (Hu et al., 2010, 

Hu et al., 2013). In addition, a recent study showed that a novel hypoxia-selective 

http://www.cancer.gov/
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epigenetic drug RRx-001 induced apoptosis in myeloma cells residing in the hypoxic 

BM milieu (Das et al., 2016). Thus, development of therapies that target myeloma cells 

residing in a hypoxic microenvironment are important and may provide a better 

therapeutic approach to eradicate hypoxia-selected apoptosis resistant cells and to treat 

MM patients. In addition, understanding the molecular mechanisms that render 

myeloma cells resistant to apoptosis under different oxygen levels will help to design 

better therapeutic regimes for MM treatment. 

1.2.3 Bortezomib 

Currently, a number of chemotherapeutic agents are used in the treatment of myeloma 

patients. These include the immunomodulators thalidomide (Singhal et al., 1999) and 

lenalidomide (Richardson et al., 2006), and the proteasome inhibitors bortezomib 

(Richardson et al., 2003, Richardson et al., 2005) and carfilzomib (Kuhn et al., 2007, 

McBride et al., 2015). 

Proteasome inhibition represents an effective therapeutic strategy to treat cancer and the 

proteasome inhibitors are promising anti-cancer agents (Adams et al., 1999). 

Bortezomib (Figure 1.2), previously known as PS-341, is a first-in-class proteasome 

inhibitor that specifically and reversibly binds to a threonine residue present on the 26S 

proteasome, inhibits the proteasome activity, and exerts anti-cancer activity (Adams et 

al., 1999). This thesis uses bortezomib and bortezomib resistance as a model for 

studying the role of thioredoxin and DJ-1 in drug resistance in myeloma cells.  

 

Figure 1.2: Chemical structure of bortezomib (PS-341) (CSID: 343402 obtained 

from www.chemspider.com). 

Bortezomib has been shown to reduce proliferation and induce apoptosis in a broad 

range of myeloma cell lines as well as freshly isolated myeloma patient cells by 

inhibiting the p44/42 mitogen activated protein kinase (MAPK) signalling pathway 

(Hideshima et al., 2001). In addition, bortezomib also reduced myeloma cell adhesion to 

http://www.chemspider.com/
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bone marrow stroma cells (BMSCs), inhibited the NF-кB pathway in BMSCs, and 

reduced NF-кB-regulated interleukin-6 (IL-6) secretion by BMSCs (Hideshima et al., 

2001). Bortezomib has also been shown to reduce myeloma cell proliferation by 

inhibiting tumour necrosis factor- alpha (TNF-α)-induced NF-кB activation in myeloma 

cells (Hideshima et al., 2002). LeBlanc and colleagues have shown that bortezomib has 

significantly reduced myeloma growth in vivo at well tolerated doses in a murine model 

(LeBlanc et al., 2002). These results indicate that bortezomib significantly alters 

myeloma progression in vitro and in vivo by inhibiting multiple pathological events.  

Bortezomib is the first proteasome inhibitor approved by the FDA to be used in the 

treatment of newly diagnosed and relapsed MM patients (Twombly, 2003). As a single 

agent therapy, bortezomib is effective in approximately 30% of MM patients. This 

response rate of bortezomib is further increased to approximately 60-90% when used in 

combination with other anti-MM agents (Murray et al., 2014). Despite such a high 

response rate, MM patients often acquire resistance to bortezomib when treated for a 

longer period of time (Balsas et al., 2012, Petrucci et al., 2013). Similarly, most MM 

patients also develop resistance to a second generation proteasome inhibitor, 

carfilzomib, when treated for prolonged duration (Riz et al., 2015). 

1.2.4 Drug resistance in cancers 

Acquisition of drug resistance remains a major clinical hurdle for the treatment of 

various blood cancers and solid tumours (Hirose et al., 2003, Ullah, 2008). Several 

molecular mechanisms have been attributed to the development of chemoresistance in 

cancer cells including impaired drug transport, mutations or alterations in the expression 

of therapeutic targets, deregulated cellular apoptotic processes, existence of cancer stem 

cells, and cancer cell senescence (Abdi et al., 2013).  

The majority of cancers consist of heterogeneous cell populations and amongst these 

cells, some cells are highly sensitive to the chemotherapeutic drugs, whereas some cells 

are resistant. Such resistant cells evade the cytotoxic effects of anti-cancer drugs leading 

to cancer progression (Gottesman, 2002, Tan et al., 2010, Garraway and Janne, 2012).  

One of the main causes for drug resistance is the aberrant expression of various drug 

transporters including P-glycoprotein (P-gp), multi-drug resistance protein-1 (MRP-1), 

and lung resistance related protein (LRP). P-gp is overexpressed in drug resistant cancer 

cells including acute lymphoid and myeloid leukaemia cells, where it pumps the drug 

out of the cells and reduces the intracellular drug concentration below the minimum 
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concentration required to achieve the pharmacological effect (Marie, 2001). Another 

mechanism for drug resistance is related to the clonal evolution and the clonal tiding 

concepts, both occurring over the course of the tumour progression. Studies have shown 

that in both solid and haematological malignancies, including MM, tumours are 

comprised of a single major or predominant clone and some minor clones that are 

related but genetically different (Brioli et al., 2014). Over the course of the disease, a 

single parent clone acquires further mutations resulting in the development of a sub-

clone that is genetically different from the primary clone. When treated, a sub-clone of 

the founding clone survives initial therapy, acquires more genetic mutations and 

becomes resistant, leading to tumour relapse (Brioli et al., 2014). During treatment a 

minor clone may also acquire further mutations and as the selective pressure applied by 

given therapies changes over the course of treatment, the balance between the clones 

also changes. This phenomenon is termed as ‘clonal tiding’ (Egan et al., 2012, Keats et 

al., 2012). Both clonal evolution and clonal tiding therefore, play an essential role in 

disease relapse. Another mechanism that contributes significantly to the acquisition of 

drug resistance is the genetic alterations or aberrant expression of signalling pathways 

in cancer cells (Tan et al., 2010, Murray et al., 2015). Hence, understanding the 

molecular basis for the acquisition of drug resistance can help in designing better 

therapeutic strategies to overcome such resistance. 

1.2.4.1 Drug resistance in multiple myeloma 

Multiple myeloma is characterized as one of the most heterogeneous type of cancers 

(Munshi and Avet-Loiseau, 2011), and this heterogeneous nature of the disease plays a 

crucial role in the development of drug resistance in MM (Cagnetta et al., 2015). 

Several studies have reported the development of intraclonal heterogeneity at different 

stages during MM progression (Egan et al., 2012, Keats et al., 2012, Bianchi and 

Ghobrial, 2014, Lohr et al., 2014). Keat et al, have reported that high-risk MM patients 

show significant genetic alterations over the course of the disease progression. They 

showed the existence of three tumour types including genetically stable, linearly 

evolving, and heterogeneous clonal mixtures in MM patients (Keats et al., 2012). Lohr 

et al., have reported the presence of three sub-clones in addition to one major clone in 

the majority of MM patients evaluated (Lohr et al., 2014). Thus, myeloma is an array of 

multiple clones with distinct clinical features and different sensitivity to 

chemotherapeutic agents. Moreover, as discussed above (in section 1.2.4), over the 

course of the treatment the balance between a predominant clone and minor clones 
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changes, resulting in treatment resistance (Bianchi and Ghobrial, 2014, Brioli et al., 

2014). Such intraclonal heterogeneity, clonal evolution, and clonal tiding play a crucial 

role in drug resistance and disease relapse in MM.    

As mentioned in section 1.2.3, drugs including bortezomib, carfilzomib, thalidomide, 

and lenalidomide are effective in treating MM patients. While these agents were 

initially evaluated as a single agent therapy, they are most commonly used in 

combination with two or more chemotherapeutic agents such as, melphalan, 

dexomethasone, and cyclophosphamide  to treat myeloma (Davies et al., 2007, Kyle and 

Rajkumar, 2008, San Miguel et al., 2008, Richardson et al., 2010, Shah et al., 2015, 

Dimopoulos et al., 2016). Despite such advancement in myeloma treatment, MM 

remains an incurable disease with 47% of myeloma patients showing a median survival 

rate of 5-years and 17% of myeloma patients showing a median survival rate of 10-

years (Jemal et al., 2011, Barrera et al., 2012).  

There are several factors that are attributed to drug resistance in MM including genetic 

alterations, deregulated signalling pathways and antioxidants, and microenvironmental 

factors such as hypoxia and cell adhesion to various BM components (Figure 1.3). In 

order to develop effective therapies to overcome drug resistance and to treat relapsed 

MM patients, it is crucial to understand the underlying molecular mechanisms for drug 

resistance, how drug resistant MM clones persist upon exposure to anti-MM drugs, and 

how the tumour microenvironment modulates the response of myeloma cells to the 

drugs. Various mechanisms that contribute to the development of drug resistance in 

MM are discussed in this thesis. 
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Figure 1.3: Factors attributing to the acquisition of drug resistance in multiple 

myeloma. The figure is prepared by Prahlad Raninga using the information and 

references provided in the text (Hideshima et al., 2001, Landowski et al., 2003, 

Nefedova et al., 2003, Balsas et al., 2012, Kuhn et al., 2012, Siegel, 2012, Murray et al., 

2015).       

1.2.4.1.1 Acquired/Intrinsic drug resistance 

MM, as a highly heterogeneous disease, displays high levels of genomic abnormalities, 

multiple chromosomal translocations and mutations. A study showed that increased 

insulin-like growth factor-1 (IGF-1) secretion and activation of the IGF-1 receptor on 

myeloma cells is correlated with a resistant phenotype in MM (Kuhn et al., 2012). 

Increased secretion of IL-6 by the BMSCs within the tumour microenvironment 

activates the NF-кB signalling pathway in myeloma cells leading to the resistant 

phenotype (Siegel, 2012). Moreover, mutations in the β5-subunit of the proteasome 

(PSMβ5) and its overexpression in myeloma cells confer resistance to bortezomib 

(Balsas et al., 2012). In addition, the NF-кB signalling pathway is often upregulated in 

the majority of MM patients (Annunziata et al., 2007) and this upregulation is 

associated with bortezomib resistance in MM (Markovina et al., 2008, Murray et al., 

2015).  

Upregulated antioxidant molecules protect cancer cells against the detrimental effects of 

an increased intracellular ROS levels in response to the treatment with anti-cancer 

agents (Figure 1.4). Expression of various antioxidants including glutathione and 

copper-zinc superoxide dismutase (CuZnSOD) is increased in drug-resistant myeloma 
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cells and its inhibition has overcome such drug resistance in myeloma cells (Samulitis et 

al., 2006, Nerini-Molteni et al., 2008). These studies indicate the potential role of the 

antioxidants in the acquisition of drug resistance in MM. The therapies that inhibit these 

antioxidants may hold a promising approach to overcome drug resistance in MM. 

 

Figure 1.4: Schematic representation of the protective effect of an upregulated 

antioxidant protein against drug-induced ROS in cancer cells. The anti-cancer drugs 

increase intracellular ROS levels and induce cancer cell death. However, cancer cells 

enhance their antioxidant capacity by upregulating various antioxidants. Such 

upregulated antioxidants scavenge drug-induced ROS and protect cancer cells from 

their detrimental effects. The figure is prepared by Prahlad Raninga using the 

information and references provided in the text (Samulitis et al., 2006, Nerini-Molteni et 

al., 2008). 

1.2.4.1.2 Hypoxia-induced drug resistance 

Hypoxia is an imbalance between the availability of oxygen and its consumption by 

cancer cells within the tumour microenvironment. As discussed earlier (in section 

1.2.2), hypoxia plays a crucial role in MM progression and drug resistance. Hypoxia 

induces resistance to a variety of chemotherapeutic agents in various cancer types by 

increasing the expression levels of HIF-1α and its target genes  (Yokoi and Fidler, 2004, 

Brown et al., 2006, Song et al., 2006, Ravizza et al., 2009, Warfel and El-Deiry, 2014). 

Under hypoxic conditions, neuroblastoma cells acquired resistance to etoposide and 

vincristine (Hussein et al., 2006), Ewing’s sarcoma cells acquired resistance to 

doxorubicin and vincristine (Kilic et al., 2007), and osteosarcoma cells became resistant 

to cisplatin, doxorubicin, and etoposide (Adamski et al., 2013).  
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Hypoxia has also been shown to induce drug resistance to melphalan, doxorubicin, and 

proteasome inhibitors, bortezomib and carfilzomib in MM (Muz et al., 2014, Maiso et 

al., 2015). Hypoxia decreases CD138 surface expression on myeloma cells and induces 

a stem cell-like phenotype by upregulating the expression of stem cell transcription 

factors (Oct4, NANOG, and Sox2) (Kawano et al., 2013). Myeloma cells expressing 

low levels of CD138 have been shown to be resistant to bortezomib and lenalidomide 

(Kawano et al., 2012, Kawano et al., 2013), suggesting that hypoxia may induce drug 

resistance by selecting CD138 negative myeloma cells that are resistant to the standard 

anti-MM drugs. In addition, hypoxia also increases the generation of mitochondrial 

ROS and therefore, increases intrinsic oxidative stress in the cells (Guzy and 

Schumacker, 2006, Liu et al., 2008). In response to such an increased oxidative stress, 

cancer cells enhance their antioxidant defence mechanism by increasing the expression 

of various antioxidant molecules. Upregulation of antioxidant molecules may help 

cancer cells to evade the cytotoxic effect of anti-cancer drugs, which act by increasing 

intracellular ROS levels, under hypoxia. The role of antioxidant proteins such as 

thioredoxin and DJ-1 in hypoxia-induced bortezomib resistance in MM is discussed in 

this thesis. 

1.3 Antioxidants 

1.3.1 The thioredoxin system 

The thioredoxin system is one of the most important cellular antioxidant systems 

present in all species (Holmgren, 1985, Lu and Holmgren, 2014). It is comprised of the 

thioredoxin reductase (TrxR) enzyme, nicotinamide adenine dinucleotide phosphate 

(NADPH), and thioredoxin (Trx). Trx has a conserved Cys-Gly-Pro-Cys redox catalytic 

site, which reduces the target oxidized protein residues (Holmgren, 1985). In addition 

Trx can also function as a direct scavenger of ROS (Das and Das, 2000). TrxR transfers 

reducing equivalents from NADPH to Trx and reduces the active site disulfide of 

oxidized Trx (Trx-S2) to a dithiol (Trx-(SH)2). This reduced form of Trx then reduces its 

downstream target proteins (Figure 1.5). Thus, TrxR serves as a master regulator of the 

Trx system. 
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Figure 1.5: The thioredoxin system – mechanism of action. TrxR enzyme transfers 

the reducing equivalents from NADPH to Trx and reduces the active site disulfide of 

oxidized Trx (Trx-S2) to the dithiol (Trx-(SH)2). This reduced form of Trx then reduces 

its target proteins, scavenges ROS and itself gets oxidized (Trx-S2). The figure is 

prepared by Prahlad Raninga using the references cited in the text (Holmgren, 1985, 

Das and Das, 2000). 

1.3.1.1 Thioredoxin 1 (Trx1) 

In mammalian cells, the Trx protein is expressed as different isoforms: the cytoplasmic 

Trx1 and mitochondrial Trx2. Trx1 is a small 12 kDa globular protein that contains five 

cysteine residues at positions 32, 35, 62, 69, and 73 (Figure 1.6). Amongst these five 

cysteines, Cys32 and Cys35 are located in the active site of the Trx1 protein. Both 

Cys32 and Cys35 undergo reversible oxidation to form disulfide bonds while 

transferring reducing equivalents to the Trx1 substrates (Holmgren, 1985). Thus, Cys 32 

and Cys35 are redox active residues and the other three cysteine residues including 62, 

69, and 73 are regarded as the structural residues (Haendeler, 2006). The mitochondrial 

Trx2 is a small 12 kDa protein and contains two redox-sensitive cysteine residues, Cys 

32 and Cys 35, but lacks the other structural cysteine residues found in Trx1 

(Damdimopoulos et al., 2002). The cytoplasmic Trx1 has emerged as a critical redox 

regulator and as a potential therapeutic target for many human cancer types (Powis et 

al., 2000, Biaglow and Miller, 2005, Tonissen and Di Trapani, 2009, Li et al., 2012). 

This thesis focuses on Trx1 unless otherwise specified. 
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Figure 1.6: Structure of the Trx1 protein. The Trx1 protein contains five cysteines. 

Cys32 and Cys35 are redox active residues. Another three cysteine residues, including 

62, 69, and 73, are structural residues. The redox catalytic site Cys-Gly-Pro-Cys 

(CGPC) between position 32 and 35 is shown in addition to the other thee cysteines. 

This figure is prepared by Prahlad Raninga using the information provided in the 

reference (Haendeler, 2006). 

1.3.1.2 Thioredoxin reductase 1 (TrxR1) 

Another important component of the Trx system is the TrxR enzyme. There are three 

isoforms of the TrxR enzyme: cytosolic TrxR1, mitochondrial TrxR2, and 

thioredoxin/glutathione reductase (TGR). TGR is predominantly expressed in testis, 

which has the potential to reduce not only Trx but also glutathione disulfide. Therefore, 

this TrxR isoform is termed the thioredoxin/glutathione reductase. All of these three 

mammalian TrxRs are selenoenzymes containing selenocysteine residues in their C-

terminal region (Arner and Holmgren, 2000, Lu and Holmgren, 2009). This thesis 

focuses on the cytosolic TrxR1.  

TrxR1 is a 55 kDa flavoprotein consisting of a large homodimer  (Williams et al., 

2000). TrxR1 contains two functional active sites, an N-terminal conserved catalytic site 

CVNVGC positioned from residues 59 to 64 and a C-terminal sequence containing a 

selenocysteine Gly-Cys-Sec-Gly that is essential for its redox activity (Figure 1.7) 

(Zhong et al., 2000). The N-terminal active site receives electrons from NADPH via the 

flavin adenine dinucleotide (FAD) molecule and then transfers these electrons to the C-

terminal selenocysteine redox active site on the other subunit. This process results in the 

formation of a selenolate C-terminal active site region, which then can reduce the target 

substrate (Zhong et al., 2000). TrxR2 contains a similar structural domain organization 

to TrxR1 and also contains a selenocysteine redox active site region in its C-terminal 

region (Spyrou et al., 1997, Sun et al., 1999). The C-terminal selenocysteine redox 

active site is not only important for the redox function of TrxR1 but also acts as a target 
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site for many small molecule inhibitors that bind to selenocysteine and inhibit TrxR1 

activity.  

 

Figure 1.7: Structure of TrxR1 protein. The TrxR1 contains an N-terminal active site 

and C-terminal active site. The C-terminal active site contains the selenocysteine 

residue (U) essential for TrxR1 redox activity. A structural study revealed the presence 

of the FAD binding domain, NADPH binding domain, and a dimerization interface 

domain. This figure is prepared by Prahlad Raninga using the information obtained 

from the text and references (Zhong et al., 2000, Zhong and Holmgren, 2000). 

1.3.1.3 The Trx system in cancer 

Expression and activity of Trx1 and TrxR1 is upregulated in a number of primary 

human cancers including breast cancers, thyroid cancers, prostate cancers, colorectal 

carcinomas, malignant melanoma, and oral squamous cell carcinoma and has been 

correlated with cancer cell survival, growth, and chemoresistance (Lincoln et al., 2003, 

Iwasawa et al., 2011, Cassidy et al., 2015, Bhatia et al., 2016). Trx1 and TrxR1 have 

also been shown to be upregulated in lymphomas and leukaemia (Shao et al., 2001).  

In recent years, TrxR1 has emerged as a potential molecular target for the treatment of 

various types of human cancers, because many cancer cell types appear to be dependent 

on a functional Trx system (Biaglow and Miller, 2005, Lu et al., 2007, Eriksson et al., 

2009, Tonissen and Di Trapani, 2009, Chen et al., 2016). Inhibiting TrxR1 modulates 

the intracellular redox state due to increased intracellular ROS levels and stimulates 

apoptosis of the cells. Inactivation of TrxR1 activity results in lower levels of reduced 

Trx1 and other substrates, thus preventing the functions of Trx1 and its substrates. Thus, 

TrxR1 can be used as a potential molecular target for the treatment of human cancers. 

Several therapeutic compounds have been utilised that target TrxR1, for example, the 

gold-based compound auranofin (Urig and Becker, 2006, Marzano et al., 2007, Milacic 

et al., 2008), arsenic trioxide (Lu et al., 2007), and curcumin (Fang et al., 2005). 

Inhibition of TrxR1 activity has been shown to promote tumour apoptosis, inhibit 



  CHAPTER 1 

17 
 

tumour growth and development, and reverse the resistance to chemotherapies 

(Marzano et al., 2007, Liu et al., 2011, Nakaya et al., 2011, Poerschke and Moos, 2011). 

This thesis is focused on investigating the effect of Trx1 and TrxR1 inhibition on 

myeloma cell survival and drug resistance. 

1.3.1.4 Regulation of the thioredoxin system under oxidative stress 

Under oxidative stress conditions, the induction of Trx expression is regulated by a 

redox sensitive transcription factor, nuclear factor (erythroid-derived 2)-like 2 (Nrf2) 

(Kim et al., 2001). Nrf2 acts as a master regulator of antioxidant and detoxifying genes 

under oxidative stress (Ishii et al., 2000). Under normal conditions, Nrf2 is localized in 

the cytoplasm and forms a complex with Kelch-like erythroid cell-derived protein-1 

(Keap1) (Itoh et al., 1999). Keap1 is a negative regulator of Nrf2 as it targets Nrf2 for 

degradation by the ubiquitin-proteosome system (Zhang and Hannink, 2003). In 

addition to a Keap1-dependent mechanism, Nrf2 is also regulated by other Keap1-

independent mechanisms. For example, under basal conditions the β-transducin repeat-

containing protein (β-TrCP) motif of the Neh6 domain of Nrf2 promotes glycogen 

synthase kinase-3 (GSK3)-dependent degradation of Nrf2 in a Keap1-independent 

manner (Rada et al., 2011, Chowdhry et al., 2013, Hayes and Dinkova-Kostova, 2014).  

Three cysteine residues have been identified in Keap1 that are involved in the regulation 

of Nrf2 (Zhang and Hannink, 2003). Two of these cysteine residues are required for 

ubiquitination and degradation of Nrf2 in the cytoplasm whereas the third cysteine 

residue acts as a redox sensor, leading to conformational changes of Keap1 under 

oxidative stress (Zhang and Hannink, 2003). These changes result in the prevention of 

Keap1-dependent inhibition of Nrf2 (Zhang and Hannink, 2003). Under oxidative stress 

conditions, Keap-1 dissociates from Nrf2 allowing Nrf2 to translocate to the nucleus 

where it forms a heterodimer with small Maf (sMaf) proteins. The Nrf2/sMaf complex 

then binds to an antioxidant response element (ARE) in the promoter region of target 

antioxidant genes (Itoh et al., 1997) including Trx (Kim et al., 2001, Tanito et al., 2007) 

and TrxR (Sakurai et al., 2005) and increases their expression (Figure 1.8). 
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Figure 1.8: Nrf2-mediated regulation of Trx1 under oxidative stress. Under basal 

conditions, Nrf2 is bound to Keap1, undergoes ubiquitination, and gets degraded. Under 

oxidative stress conditions, Nrf2 dissociates from Keap1, translocates to the nucleus, 

forms a complex with small Maf (sMaf) protein. This Nrf2/sMaf complex binds to the 

ARE element in the promoter region of target genes and initiates its transcription. This 

figure is adapted and is used with permission from the authors (Bhatia et al., 2013). 

1.3.1.5 Role of Trx1 in intracellular redox signalling pathways 

Being critical redox regulators, Trx1 and TrxR1 are involved in a number of 

intracellular redox signalling pathways by activating a number of redox-sensitive 

transcription factors and signalling molecules required for various cellular processes.  

Trx1 is usually present in the cytoplasm, but under certain circumstances it is 

translocated to the nucleus. In the nucleus, Trx1 has been shown to activate redox 

sensitive transcription factors, including NF-кB (Hirota et al., 1999). Under normal 

conditions, NF-кB is present in the cytoplasm where it is inhibited and sequestered by 

its physiological inhibitor, inhibitor of-кB (IкB). Under oxidative stress, ROS release 

the IкB subunit from NF-кB which is then translocated to the nucleus (Lukosz et al., 

2010). In the nucleus, Trx1 reduces Cys62 in the NF-кB subunit p50 allowing NF-кB to 

bind to the recognition site present in the promoter region of its target genes, which are 

involved in cellular processes including cell growth and survival (Figure 1.9) (Matthews 

et al., 1992, Hirota et al., 1999, Lukosz et al., 2010). Trx1 also regulates the activity of 

other transcription factors, such as AP-1, via redox factor-1 (Ref-1). Trx1 reduces Ref-1 

in the nucleus, which in turn activates AP-1 (Figure 1.9) (Xanthoudakis and Curran, 



  CHAPTER 1 

19 
 

1992). Using an in vitro diamide-induced cross-linking study and in vivo mammalian 

two-hybrid assays, Trx1 was shown to directly bind to Ref-1 in the nucleus and to 

activate the transcriptional activity of AP-1 (Hirota et al., 1997). 

 

Figure 1.9: Role of thioredoxin in regulating redox sensitive transcription factors 

and signalling pathways. Trx1 inhibits PTEN activity resulting in reduced cancer cell 

proliferation. Trx1 regulates cancer cell apoptosis by regulating ASK1 activity. Reduced 

Trx1 disrupts the complex between IκB and NF-κB allowing NF-κB to translocate to 

the nucleus. In the nucleus, reduced Trx1 reduces NF-κB allowing it to bind to the 

promoter region of its target genes. In the nucleus, reduced Trx1 reduces Ref-1, which 

then further activates HIF-1α, AP-1, and p53. This figure is adapted and is used with 

permission from the authors (Bhatia et al., 2013). 

Several studies have reported the involvement of Trx1 in regulating the activity of the 

transcription factor p53 (Figure 1.9) (Ueno et al., 1999, Ueno et al., 2000, Chen et al., 

2007, Jung and Seo, 2012). Trx1 has been shown to enhance the sequence-specific 

DNA binding activity of p53 in a Ref-1 dependent as well as in an independent manner 

(Ueno et al., 1999). Trx1 has been implicated in the regulation of the tumour suppressor 

activity of phosphatase and tensin homolog (PTEN) (Figure 1.9). Trx1 binds to PTEN 

in a redox-dependent manner, inhibits its phosphatase activity, and activates the 

downstream Akt signalling pathway (Meuillet et al., 2004). The Cys32 of Trx1 was 

shown to bind a redox-sensitive Cys212 of the C2 domain of PTEN resulting in the 

inhibition of its phosphatase activity (Meuillet et al., 2004). Thus, overexpression of 
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Trx1 inhibits tumour suppressor function of PTEN and leads to increased tumour cell 

proliferation.   

Another target of Trx1 is apoptosis signal-regulating kinase 1 (ASK1) (Saitoh et al., 

1998). In the cytoplasm Trx1 has been shown to directly bind to Cys250 in the N-

terminal region of ASK1, causing inhibition of its kinase activity (Zhang et al., 2004). 

In the mitochondria Trx2 has been shown to directly bind to Cys30 in the N-terminal 

region of ASK1, resulting in the inhibition of ASK1 activity (Zhang et al., 2004). Thus, 

ASK1 is regulated by both cytosolic and mitochondrial thioredoxin in an independent 

manner. ASK1 is activated by a variety of external stress stimuli including ROS. Under 

normal conditions the reduced form of Trx1 [Trx1-(SH)2] binds to ASK1, but under 

oxidative stress conditions the reduced form of Trx1 is converted to its oxidized form 

(Trx1-S2) and results in the dissociation of Trx1 from ASK1 (Saitoh et al., 1998, Liu et 

al., 2000, Zhang et al., 2004). This dissociation results in the activation of ASK1 kinase 

activity, which stimulates the apoptotic signalling cascade in the cells (Figure 1.10). 

 

Figure 1.10: Regulation of ASK1 by Trx1 under oxidative stress. Under normal 

conditions, reduced Trx1 is bound to ASK1 and inhibits its activity. Under oxidative 

stress conditions, Trx1 is oxidized and ASK1 is dissociated from Trx1 and gets 

activated. Activated ASK1 activates c-Jun N-terminal kinases (JNK) and results in cell 

death. The figure is prepared by Prahlad Raninga by using the information obtained 

from the references provided in the text. 

The extracellular signal-regulated kinase (ERK) pathway is also redox regulated by 

Trx1. Recent evidence suggests that the loss of Trx1 or TrxR1 sensitised a mouse 

mammary carcinoma cell line (EMT6) to TNFα-induced apoptosis by increasing 

nuclear localization of pERK-1/2 in a phosphoinositide-3 kinase (PI3K) dependent 
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manner (Yoo et al., 2013). This may suggest that increased Trx1 or TrxR1 levels in 

cancer cells prevent nuclear translocation of pERK-1/2 and therefore protect cells 

against TNFα-mediated apoptosis (Yoo et al., 2013). 

These studies indicate that inhibition of Trx1 or TrxR1 expression and activity in 

diseased cells leads to the modulation of the signal transmission regulated by various 

transcription factors and may emerge as an effective therapeutic approach to overcome 

cancer. 

1.3.2 Thioredoxin system inhibitors 

To examine the effect of Trx1 and TrxR1 inhibition on myeloma cells, two small-

molecule inhibitors including PX-12, a Trx1 inhibitor, and auranofin, a TrxR1 inhibitor, 

were used in this project.  

1.3.2.1 PX-12 

PX-12 (Figure 1.11), 1-methyl-propyl-2-imidazolyl disulfide, is a known Trx1 inhibitor 

with promising anti-tumour activity. While screening a library of disulfide compounds 

for their anti-tumour activity in vitro, Kunkel and colleagues found PX-12 to inhibit the 

growth of numerous cancer cell lines (Kunkel et al., 1997). PX-12 binds to the cysteine 

73 residue of Trx1 leading to the irreversible alkylation of Trx1 protein (Kirkpatrick et 

al., 1998). It is proposed that the alkylated Trx1 protein can no longer be reduced by 

TrxR1 resulting in the inhibition of the Trx system and downstream transcription factors 

and signalling pathways regulated by the Trx system.   

 

Figure 1.11: Chemical structure of PX-12 [1-methyl-propyl-2-imidazolyl disulfide] 

(CSID: 189920 obtained from www.chemspider.com). 

Several studies have reported the anti-tumour activity of PX-12 in various types of 

cancers. PX-12 was shown to inhibit the growth of MCF-7 breast cancer cells in a dose-

dependent manner (Kirkpatrick et al., 1997). PX-12 inhibited the growth of A549 lung 

http://www.chemspider.com/
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cancer cells by arresting cells in the G2/M phase and inducing ROS-dependent 

apoptosis (You et al., 2014). PX-12 has also induced apoptosis in human acute myeloid 

leukaemia cells and sensitized these cells to arsenic trioxide (Tan et al., 2014). 

Moreover, PX-12 also induced apoptosis in Calu-6 lung cancer cells by increasing 

intracellular oxidative stress (You et al., 2015). PX-12 has also been shown to inhibit 

the growth, migration, and invasion of colorectal cancer cell lines by upregulating 

Krüppel-like family (KLF) transcription factor 17 (KLF17) expression (Wang et al., 

2015). Furthermore, PX-12 also inhibited the growth of hepatocellular carcinoma cells 

by arresting cells in the S-phase and inducing ROS-dependent apoptosis (Li et al., 

2015).  

Based on a significant in vitro anti-tumour activity, PX-12 was tested in two 

independent clinical trials in patients with advanced gastrointestinal cancers and 

advanced pancreatic cancers (Ramanathan et al., 2011, Baker et al., 2013). In 

gastrointestinal cancer patients, pharmacokinetic studies revealed that PX-12 rapidly 

and irreversibly bound to non-specific plasma components, resulting in low-peak 

plasma concentration of non-bound PX-12 in the blood. Because of this reason, the 

optimal concentration of PX-12 to inhibit Trx1 was not achieved in the plasma of the 

cancer patients (Baker et al., 2013). Similarly, no significant anti-tumour activity of PX-

12 was observed in patients with pancreatic cancers (Ramanathan et al., 2011). 

Although PX-12 failed to exert a significant anti-cancer activity in these clinical studies, 

PX-12 was the only Trx1 inhibitor available commercially at the time of my PhD 

project. Therefore, it was used as one of the tools to inhibit Trx1 and to study the effect 

of Trx1 inhibition in multiple myeloma in this thesis. 

1.3.2.2 Auranofin 

Auranofin (Figure 1.12), [S-triethylphosphinegold(I)-2,3,4,6-tetra-O-acetyl-1-thio-β-D-

glucopranoside], is a neutral, linear, gold phosphine compound, which exerts anti-

tumour activity by inhibiting TrxR1 (Gromer et al., 1998, Marzano et al., 2007). The 

acetyl-thioglucose ligand present in auranofin is displaced before the triethylphosphine 

moiety enters into the cells and confers membrane permeability. The C-terminal region 

of TrxR1 enzyme contains a redox active selenocysteine, which is easily accessible to 

electrophiles such as auranofin. Once auranofin enters into the cells, it binds irreversibly 

to the selenocysteine residue of TrxR1 and inhibits its activity (Gromer et al., 1998). 
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Figure 1.12: Chemical structure of auranofin [S-triethylphosphinegold(I)-2,3,4,6-

tetra-O-acetyl-1-thio-β-D-glucopranoside] (CSID: 21242895). 

Auranofin is an FDA approved drug for the treatment of rheumatoid arthritis since late 

1970 (Yoshida et al., 1999, Roder and Thomson, 2015). Several studies have reported 

the anti-cancer activity of auranofin in various types of human cancers. In HL-60 acute 

promyelocytic leukaemia cells, auranofin induced ROS-dependent apoptosis by 

activating the p38 MAPK signalling pathway (Park and Kim, 2005). Auranofin induced 

apoptosis in both cisplatin-sensitive and resistant human ovarian cancer cell lines by 

inhibiting TrxR1 activity (Marzano et al., 2007). Moreover, auranofin has also induced 

ROS-dependent apoptosis in adriamycin-resistant K562 chronic myeloid leukaemia 

(CML) cells (Liu et al., 2011). Auranofin also inhibited the growth of MDA-MB 231 

human breast cancer cells by inhibiting signal transducer and activator of transcription 3 

(STAT3) and telomerase activity (Kim et al., 2013). Furthermore, auranofin also 

induced oxidative stress-induced apoptosis in chronic lymphocytic leukaemia (CLL) 

cells by inhibiting TrxR1 activity, and also decreased the tumour burden and survival in 

TCL-1 transgenic mice, an in vivo model of CLL, without any adverse effect (Fiskus et 

al., 2014). Due to a significant anti-tumour activity in the pre-clinical models, auranofin 

is currently under a phase II clinical trial for CLL, small lymphocytic lymphoma, and 

prolymphocytic lymphoma (NCT01419691). It is also in clinical trials for epithelial 

ovarian, peritoneal, or fallopian tube cancer (NCT01747798). These studies indicate 

that TrxR1 can be used as a valid therapeutic target to treat cancers and drugs inhibiting 

TrxR1, such as auranofin, hold a promising therapeutic approach. 

The process of drug discovery, development, and registration is extremely costly, time 

consuming, and often results in failure in clinical trials (Roder and Thomson, 2015). 



  CHAPTER 1 

24 
 

Due to these reasons, a lot of interest is being drawn towards repurposing drugs already 

approved by the FDA. The process of repurposing the drugs is quicker, less expensive, 

and since these drugs are already FDA approved, toxicity profiles are available for these 

drugs and they are already deemed safe for humans (Roder and Thomson, 2015). As 

mentioned above in this section, auranofin is an FDA approved drug for rheumatoid 

arthritis treatment, and efforts are being made to repurpose auranofin to treat other 

diseases including cancers, HIV/AIDS, and bacterial infections (Roder and Thomson, 

2015).  

In this thesis, auranofin is used as one of the tools to inhibit TrxR1 activity in myeloma 

cells and to examine the effect of TrxR1 inhibition in MM.  

1.3.3 Heme oxygenase 1 (HO-1) 

Heme oxygenases (HO) are the rate-limiting enzymes in heme catabolism and they 

catalyse the degradation of heme into free iron, carbon monoxide, and biliverdin 

(Tenhunen et al., 1968). The enzymatic activity of HO reduces cellular oxidative stress 

and inflammatory responses, and protects cells against apoptosis by the removal of 

heme, a pro-oxidant and pro-inflammatory mediator. Two main isoforms of HO have 

been identified: an inducible isoform, HO-1, and a constitutively expressed isoform, 

HO-2 (Maines et al., 1986). 

Numerous studies have reported that the expression of HO-1 is usually higher in cancer 

cells as compared to the surrounding healthy cells. Increased HO-1 levels have been 

shown in lymphosarcoma (Schacter and Kurz, 1982), prostate cancers (Maines and 

Abrahamsson, 1996), brain tumours (Hara et al., 1996), adenocarcinoma (Goodman et 

al., 1997), hepatoma (Sass et al., 2008), squamous carcinoma (Tsuji et al., 1999), 

glioblastoma (Deininger et al., 2000), melanoma (Torisu-Itakura et al., 2000), CML 

(Mayerhofer et al., 2004), and CLL (Wu et al., 2010) where it exerts anti-apoptotic 

functions. Aberrant expression of HO-1 in cancer cells is implicated in cytoprotection, 

oncogenesis, and chemoresistance (Sunamura et al., 2003, Mayerhofer et al., 2004, Sass 

et al., 2008, Heasman et al., 2011). Many studies have shown that HO-1 expression 

increases upon treatment with chemotherapeutic compounds that act by increasing 

intracellular ROS levels in many human cancers including CML, MM, and acute 

myeloid leukaemia (AML). This increase in HO-1 expression contributes to the 

resistance of cancer cells to the given therapy (Mayerhofer et al., 2004, Zhou et al., 

2005, Barrera et al., 2012). In addition, increased HO-1 expression has also been shown 
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to rescue AML cells from undergoing apoptosis in response to NF-κB inhibition 

(Rushworth et al., 2010). Thus, these studies indicate that HO-1 acts as a secondary 

anti-apoptotic mechanism to protect cancer cells. These results suggest that cancer cells 

are capable of increasing the expression of HO-1, which provides protection against 

increased ROS levels and therefore reduces the detrimental effect of chemotherapeutic 

agents. Thus, HO-1 can serve as a potential therapeutic target on its own as well as in 

combination with other therapies to enhance the effect of a particular treatment in a 

variety of human cancers expressing higher HO-1 levels. 

1.3.4 Cross-talk between the thioredoxin system and heme oxygenase 1 

The cellular response to oxidative stress involves a coordinated activation of antioxidant 

systems that may be cell type and stimulus specific. As discussed earlier, the Trx system 

acts as a defence mechanism against oxidative stress. The Trx system not only 

scavenges intracellular ROS, but it also controls the redox status of many substrates 

including peroxiredoxins (Kuhn and Borchert, 2002). Upon the loss of one antioxidant 

system, the cell may activate another antioxidant or stress molecule to compensate for 

the loss and to provide protection against increased oxidative stress and its detrimental 

effects (Mostert et al., 2003, Du et al., 2012). One of these antioxidant systems is HO-1.  

Several studies have reported the involvement of the Trx/TrxR system in the regulation 

of the expression of HO-1 (Wiesel et al., 2000, Ejima et al., 2002, Mostert et al., 2003, 

Trigona et al., 2006), but they have conflicting results. It has been reported that 

inhibition of TrxR activity using a pharmacological inhibitor, aurothioglucose, results in 

the induction of HO-1 expression and activity (Mostert et al., 2003). In contrast, another 

study has reported that TrxR inhibition decreased HO-1 induction in the rat aortic 

smooth muscle cells and macrophages (Wiesel et al., 2000). Upon inhibition of TrxR 

using a chemical inhibitor, 1-chloro-2, 4-dinitrobenzene (DNCB), Trx1 remained in the 

oxidized state leading to the decrease in HO-1 induction (Wiesel et al., 2000). Hence, 

the question of the role of TrxR in the regulation of HO-1 remains open.  

HO-1 expression is regulated by the transcription factor, Nrf2, which binds to the ARE 

present in the upstream promoter region of the HO-1 gene (Alam et al., 1999). HO-1 

mRNA and protein expression are upregulated under oxidative stress and cellular injury 

via Nrf2 (Ishii et al., 2000). By using chromatin immunoprecipitation assays (ChIP), the 

promoter region of the HO-1 gene has also been shown to contain the binding sites for 

the transcription factors, NF-кB and AP-1, which can regulate HO-1 expression (Camhi 

et al., 1998, Rushworth et al., 2010). Thus, HO-1 can be regulated by multiple 
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transcription factors under oxidative stress conditions. As discussed earlier (in sections 

1.3.1.4 & 1.3.1.5), Nrf2, NF-кB, and AP-1 are redox-sensitive transcription factors and 

Trx1 regulates NF-кB and AP-1 in a redox-dependent manner. Moreover, inhibition of 

TrxR1 has also been shown to increase the nuclear Nrf2 and cytosolic HO-1 protein 

levels in leukaemia cells (Fiskus et al., 2014). Based on this information, it can be 

hypothesized that the Trx system may regulate HO-1 either by regulating NF-кB, AP-1, 

or Nrf2 individually or by a complex cross-talk between these transcription factors 

depending on the type of stress stimuli and cell context. While the transcription factors 

including NF-кB, Nrf2, and AP-1 are regulated by the Trx system, they also cross-talk 

either directly or via common oxidant activation targets (Fujioka et al., 2004, Wardyn et 

al., 2015) that may be affected in response to the inhibition of intracellular Trx activity. 

Hence, HO-1 regulation by the Trx system may involve a complex mechanism. This 

thesis focuses on the Nrf2 signalling pathway unless otherwise specified. 

1.3.5 DJ-1 

DJ-1 was identified 19 years ago as a putative oncogene, transforming mouse NIH3T3 

cells weakly on its own and strongly in combination with H-Ras (Nagakubo et al., 

1997), but is now known to have antioxidant functions (Taira et al., 2004, Lev et al., 

2009). DJ-1 was also linked with neurodegeneration when a large deletion and missense 

mutation in the DJ-1 gene in Italian and Dutch Parkinson’s disease patients was found, 

leading to identification of the DJ-1 gene associated with autosomal recessive early-

onset Parkinson’s disease (Bonifati et al., 2003). Apart from the large genomic deletion 

within the DJ-1 coding region, there are other point mutations also associated with the 

Parkinson’s disease condition such as L166P, which is responsible for severe 

destabilisation of the DJ-1 protein (Bonifati et al., 2003, Honbou et al., 2003, Macedo et 

al., 2003, Miller et al., 2003, Tao and Tong, 2003, Gorner et al., 2004).  

DJ-1 is a 189 amino acid protein consisting of nine α-helics and seven β-strands (Figure 

1.13) (Honbou et al., 2003, Lee et al., 2003).  The structure of the DJ-1 protein is 

similar to the monomer subunit of the intracellular cysteine protease from 

Pyrococcushorikoshii, protease 1 (Du et al., 2000, Honbou et al., 2003), but DJ-1 

contains an extra α-helix at the C-terminal region that under normal conditions blocks 

the putative catalytic site of DJ-1. This additional α-helix may undergo conformational 

changes under oxidative stress leading to the activation of the DJ-1 catalytic site 

(Honbou et al., 2003, Lee et al., 2003). 
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Figure 1.13: The structure of the DJ-1 protein. The α-helics are represented in blue 

and the β-helics are represented in green. N and C terminal regions are shown in the 

figure (Honbou et al., 2003). The figure is adapted and reprinted with permission from 

the ASBMB publishing group. 

1.3.5.1 Antioxidant function of DJ-1 

DJ-1 has been implicated in many biological functions including transcriptional 

regulation (Takahashi et al., 2001, Shinbo et al., 2005, Clements et al., 2006, Zhong et 

al., 2006), chaperone activity regulation (Zhou et al., 2006, Chen et al., 2010), protease 

function regulation (Koide-Yoshida et al., 2007), and mitochondrial regulation (Canet-

Aviles et al., 2004, Junn et al., 2009). Of most significance, consistent findings 

demonstrate an antioxidant activity as well as a cytoprotective function of DJ-1 against 

oxidative stress (Taira et al., 2004, Lev et al., 2009) and a role in increasing cell survival 

under pro-apoptotic stimuli challenge (Hod, 2004). Evidence for an antioxidant function 

of DJ-1 in neuronal cells comes from various studies. Rotenone and 6-

hydroxydopamine (6-OHDA)-induced oxidative stress in neuroblastoma cells have 

upregulated endogenous DJ-1 protein and mRNA levels and induced translocation of 

DJ-1 from the cytoplasm to the mitochondria to exert a neuroprotective function (Lev et 

al., 2008). Overexpression of wild-type DJ-1, but not mutant forms including L166P, 

C106S, M26I, and R98Q, protects neurons against ROS producing stress insults 

(Takahashi-Niki et al., 2004). DJ-1 also exerts anti-oxidative and cytoprotective 

functions in vivo. Goldberg, et. al., reported increased mitochondrial oxidative stress in 

DJ-1 knockout mice (Goldberg et al., 2012). DJ-1 knockout mice were more susceptible 

to 1-methyl-4-phenyl-1,2,3,6-tetrahydroxypyridine (MPTP) and 6-OHDA compared to 
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the wild-type mice. Overexpression of DJ-1 in the knockout mice reduced MPTP-

induced neurotoxicity and neuron degeneration (Kim et al., 2005, Paterna et al., 2007).  

Several reports describe different mechanisms by which DJ-1 exerts its neuroprotective 

effects. DJ-1 protects primary dopaminergic neurons against hydrogen peroxide (H2O2) 

and 6-OHDA-induced oxidative stress by upregulating intracellular glutathione 

synthesis via increasing both the expression and activity of the glutamate cysteine ligase 

enzyme (Zhou and Freed, 2005). DJ-1 also protects dopaminergic neurons from the 

toxic effects of mutant human α-synuclein by increasing heat shock protein 70 

expression within the cells (Zhou and Freed, 2005). These results suggest DJ-1 may 

exert its neuroprotective action by different mechanisms, which may depend on the type 

of stress stimuli. In contrast to DJ-1 overexpression, siRNA mediated down-regulation 

of DJ-1 renders cells susceptible to undergo death under oxidative stress, endoplasmic 

reticulum (ER) stress, and proteasome inhibition (Yokota et al., 2003), confirming the 

role of DJ-1 in protecting cells against oxidative stress. 

In addition to protecting neurons against oxidative stress-induced death, DJ-1 has also 

been shown to exert significant antioxidant activity in cancer cells. Expression of DJ-1 

is increased in many human cancer types (Hod, 2004, Liu et al., 2008, Shu et al., 2013, 

Wang et al., 2014). DJ-1 has been shown to play a significant role in chemoresistance 

by eliminating the intracellular ROS produced in response to drug treatment and 

therefore providing cytoprotection. A study has shown increased DJ-1 expression in 

dihyroartemisinin (DHA)-resistant HeLa cells compared to the DHA sensitive HeLa 

cells. Increased mitochondrial translocation of oxidized DJ-1 was observed in DHA-

resistant HeLa cells and its inhibition increased DHA-induced intracellular ROS levels 

and sensitized resistant HeLa cells to DHA (Zhu et al., 2014). Another study reported 

the role of DJ-1 in protecting MCF-7 breast cancer cells from the oxidative stress 

induced in response to 2’-benzoyloxycinnamaldehyde (BCA) treatment. BCA treatment 

increased DJ-1 expression in MCF-7 cells and its inhibition increased mitochondrial 

damage in response to BCA-induced oxidative stress in these cells (Ismail et al., 2012). 

These results suggest that DJ-1 has a role in protecting cancer cells against oxidative 

stress-induced damage and cell death. 

The crystal structure of DJ-1 reveals the presence of three redox sensitive cysteine 

residues, Cys46, Cys53, and Cys106 (Figure 1.14). Amongst these three cysteine 

residues, Cys106 is the most susceptible to oxidative stress and can be oxidized to the 
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SOH (sulphenic acid form), SO2H (sulphinic acid form), and then to the SO3H 

(sulphonic acid form) (Canet-Aviles et al., 2004, Kinumi et al., 2004, Wilson, 2011, 

Ariga et al., 2013). Many studies have confirmed that DJ-1 requires Cys106 to exert its 

cytoprotection against oxidative stress (Canet-Aviles et al., 2004, Kim et al., 2009, Im et 

al., 2010). While most focus has been on the Cys106 residue as the functionally 

essential residue, the other cysteine residues have also been shown to be important to 

the overall structure or function of the protein. The Cys53 residue was reported to be 

essential for the chaperone activity of DJ-1 since its mutation abolished this activity 

(Shendelman et al., 2004). Several studies have reported that Cys46 and Cys53 play an 

important role in the dimerization of the DJ-1 protein (Ito et al., 2006, Girotto et al., 

2012, Fernandez-Caggiano et al., 2016). The Cys46 and Cys53 were also shown to 

regulate the ability of DJ-1 to bind ASK1 protein through the Cys106 residue (Waak et 

al., 2009). In addition, Cys53 was also required for DJ-1 to bind peroxiredoxin 2 

(Prdx2) (Fernandez-Caggiano et al., 2016). Thus, these studies suggest that DJ-1 exerts 

its anti-oxidative stress function with the help of the redox sensitive cysteine residues to 

provide cytoprotection against oxidative stress-induced cellular damage. 

 

Figure 1.14: Activation of DJ-1 upon oxidation of cysteine residues. The figure 

shows the presence of three redox sensitive cysteine residues at positions 46, 53, and 

106 of the DJ-1 protein. The figure also shows various stages of Cys106 oxidation to 

SOH, SO2H, and SO3H, and the DJ-1 activity (Ariga et al., 2013). The figure is 

reproduced from the previously published work by Ariga and colleagues under the 

Creative Commons Attribution License, which permits unrestricted use provided the 

original work is properly cited. 
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1.3.5.2 Role of DJ-1 in regulating transcription factors and signalling 

molecules 

DJ-1 functions as an antioxidant when cells experience oxidative stress and acts to 

induce the expression of several antioxidant enzymes (Nishinaga et al., 2005, Zhou and 

Freed, 2005). For example, DJ-1 increases the expression of glutamate cysteine ligase, 

which is a rate-limiting enzyme for intracellular glutathione biosynthesis (Nishinaga et 

al., 2005) while down-regulation of DJ-1 results in a decrease in the expression of 

extracellular superoxide dismutase (SOD3) (Zhou and Freed, 2005). Under oxidative 

stress conditions, DJ-1 has been shown by many studies to regulate various transcription 

factors and transmit downstream signals to respond to oxidative stress. For example DJ-

1 has been shown to regulate the sterol regulatory binding protein 2 (SREBP2), a 

transcription factor that regulates cholesterol synthesis (Eberle et al., 2004). Over 

expression of DJ-1 has been shown to increase the promoter activity of the low-density 

lipoprotein receptor (LDLR) gene and this activity was further enhanced by oxidative 

stress (Yamaguchi et al., 2012).  

There are many studies showing the involvement of DJ-1 with ASK1 signalling 

cascades under oxidative stress.  Under basal conditions ASK1 is bound to and inhibited 

by a physiological inhibitor Trx1. Upon oxidative stress, Trx1 dissociates from ASK1 

and thus ASK1 is activated, resulting in the transmission of apoptosis-inducing signals 

through its kinase activity (Saitoh et al., 1998). DJ-1 has been shown to be a regulator of 

the ASK1/Trx1 interaction (Figure 1.15). Wild-type DJ-1 has been reported to prevent 

the dissociation of ASK1 from Trx1 under H2O2-induced oxidative stress in a cultured 

mammalian cell line as well as in mice whole brain homogenates (Im et al., 2010). DJ-

1, by hindering ASK1/Trx1 dissociation, suppresses JNK activation and thus prevents 

H2O2-induced cell death (Figure 1.15) (Im et al., 2010). Moreover, DJ-1 also binds 

directly to ASK1 under oxidative stress and inhibits its kinase activity, resulting in the 

inhibition of the p38 MAPK signalling cascade and preventing cell death signals (Mo et 

al., 2010). 
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Figure 1.15: Regulation of ASK1 via DJ-1 under oxidative stress conditions. 

Overexpression of DJ-1 inhibits dissociation of ASK1 from Trx1 under oxidative stress 

and thus, inhibits ASK1 activation and exerts cytoprotection. This figure is prepared by 

Prahlad Raninga using the information obtained from a reference cited in the text (Im et 

al., 2010). 

In an initial study, DJ-1 has been shown to stabilize the Nrf2 protein by preventing its 

association with Keap1 (Figure 1.16). Co-immunoprecipitation experiments showed 

that DJ-1 overexpression eliminated the presence of Nrf2/Keap1 complexes, resulting in 

lower levels of Nrf2 ubiquitination (Clements et al., 2006). Moreover, it has been 

reported that DJ-1 is required for Nrf2-regulated transcription of its target genes since 

siRNA-induced inhibition of DJ-1 resulted in the reduction of NAD(P)H dehydrogenase 

[quinone] 1 (NQO1) ARE luciferase activity even when cells are treated with the 

classical Nrf2 inducer, tert-butylhydroquinone (tBHQ) (Clements et al., 2006). ChIP 

experiments failed to detect DJ-1 on the promoter, indicating it does not bind with the 

Nrf-2 complex to AREs. Although experimental data suggests the role of DJ-1 in 

stabilizing Nrf2 is by inhibiting Nrf2/Keap1 complex formation, there is no 

experimental evidence showing direct interaction of DJ-1 with either Nrf2 or Keap1 and 

therefore the exact mechanism remains elusive (Clements et al., 2006). Another study 

reported that over-expression of DJ-1 increases Nrf2 protein levels, promoting its 

translocation into the nucleus, resulting in increased Trx gene expression via Nrf2 

binding to the ARE sequence in the Trx gene promoter. This study has shown that DJ-1 

did not function through a direct interaction with either Nrf2 or Keap1 and no 

significant change in Nrf2 ubiquitination was observed. Their data suggests that DJ-1 is 

functioning through a non-Keap1 dependent mechanism (Im et al., 2012). This 
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conclusion was supported by an in vivo mouse kidney study, which showed that DJ-1 

was required to prevent degradation of Nrf2 (Gromer et al., 1998). Thus, the exact 

mechanism by which DJ-1 regulates Nrf2 remains elusive. 

 

Figure 1.16: DJ-1-mediated Nrf2 regulation under oxidative stress conditions. 

Under oxidative stress condition, DJ-1 breaks the Nrf2/Keap1 complex allowing Nrf2 to 

translocate into the nucleus. In the nucleus, Nrf2 forms a complex with sMaf protein 

and binds the promoter region of its target genes to initiate their transcription. The 

figure is prepared by Prahlad Raninga using the information and reference used in the 

text (Clements et al., 2006).  

Another redox sensitive transcription factor regulated by DJ-1 is p53. DJ-1 was shown 

to restore the transcriptional activity of p53 through small ubiquitin related modifier-1 

(SUMO-1) conjugation suggesting that DJ-1 may act as a positive regulator of p53 

(Shinbo et al., 2005). Conversely, other studies have shown that DJ-1 inhibits the 

transcriptional activity of p53. Co-immunoprecipitation studies have shown that DJ-1 

physically interacts with p53 resulting in the inhibition of p53 transcription activity (Fan 

et al., 2008). Another study has reported that the oxidized form of DJ-1 binds to the 

DNA-binding region of p53 and inhibits p53 transcription activity when DNA-binding 

affinity of p53 is low (Kato et al., 2013). Whether DJ-1 acts as a positive or negative 

regulator of p53 transcriptional activity may depend on the extent of oxidation of DJ-1. 

NF-кB is another important transcription factor regulated by DJ-1. DJ-1 directly 

interacts with one of its binding partners, Cezanne, which is a physiological inhibitor of 
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the transcription activity of NF-кB (McNally et al., 2011). The interaction of DJ-1 with 

Cezanne was shown by mass spectrometry and co-immunoprecipitation. This 

interaction inhibits the deubiquitination activity of Cezanne allowing the activation of 

NF-кB transcription activity. Thus, DJ-1 has been reported to be a positive regulator of 

NF-кB, which highlights another potential mechanism by which DJ-1 promotes cell 

survival in cancer (McNally et al., 2011).  

DJ-1 has also been shown to regulate the expression and activity of one of the members 

of the KLF transcription factor, KLF17 (Ismail et al., 2014). In breast cancer cells, 

overexpression of DJ-1 decreased mRNA and protein levels of KLF17. The promoter 

activity assay results showed that exogenous expression of DJ-1 decreased the activity 

of inhibitor of DNA binding 1 (ID-1) protein, a downstream target of KLF17, 

suggesting that DJ-1 inhibits KLF17 activity and KLF17 is a downstream target of DJ-1 

(Ismail et al., 2014). A summary of the transcription factors regulated by DJ and its 

downstream functions are described in Figure 1.17. 

These findings support the suggestion that DJ-1 might be a master upstream regulator of 

various transcription factors and pathways regulating various cellular responses 

including cell proliferation and apoptosis. Therefore, DJ-1 can serve as a potential 

therapeutic target for different cancer types including MM, where such transcription 

factors are deregulated.  

 

Figure 1.17: Summary of DJ-1 functions by regulating redox sensitive 

transcription factors and signalling pathways. This figure is prepared by Prahlad 

Raninga using the information and references provided in the text. 
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1.3.5.3 Cross-talk between DJ-1 and other antioxidants 

Several studies have reported the interaction of DJ-1 with other antioxidants. Targeted 

knockdown of glutaredoxin-1 (Grx-1), a thiol disulfide oxidoreductase, reduced DJ-1 

protein levels in SH-SY5Y neuronal cells (Saeed et al., 2010). These results were 

further supported by in vivo experimental data. Johnson, et al., have shown that Grx-1 

regulates DJ-1 expression in vivo. They showed that in Grx
-/-

 mice, DJ-1 protein levels 

were significantly reduced (Johnson et al., 2016). Another antioxidant that has been 

reported to interact with DJ-1 is Prdx2. Co-immunoprecipitation and mass spectrometry 

results have shown that Prdx2 significantly interacts with DJ-1 in cardiomyocytes 

following H2O2 treatment (Fernandez-Caggiano et al., 2016). This study suggests that 

under oxidative stress conditions, DJ-1 may interact with other antioxidants to provide 

cytoprotection.  

Another major antioxidant system reported to be regulated by DJ-1 is the Trx system. 

DJ-1 has been shown to enhance Trx1 expression by activating the transcriptional 

activity of Nrf2 (Im et al., 2012). Overexpression of wild-type DJ-1 induced the 

expression of Trx1 protein in HeLa cells, suggesting that DJ-1 may regulate the 

expression of Trx1. This result was further confirmed when inhibition of DJ-1 

expression in neuroblastoma cells and in DJ-1 knockout mice significantly reduced 

Trx1 protein and mRNA levels (Im et al., 2012). Thus DJ-1 may exert its cytoprotective 

effect against oxidative stress by inducing expression of Trx1.  

While DJ-1 has been shown to regulate the Trx system, studies have shown that the Trx 

system also regulates DJ-1. Fu, et al., showed that Trx1 redox-regulates the Cys53 

residue in DJ-1 protein (Fu et al., 2009). By using mass spectrometry, they showed that 

Trx1 reduced approximately 60% of free thiols in the DJ-1 peptide containing Cys53 

residue in the transgenic-Trx1 mice compared to the control mice. They have also 

shown that the addition of an activated Trx1/TrxR/NADPH system to the oxidized DJ-1 

protein has reduced a significant amount of Cys53 in DJ-1 (Fu et al., 2009). Thus, the 

Trx system may regulate DJ-1 activity by reducing Cys53 and therefore maintaining 

DJ-1 in its reduced form. Furthermore, Fernandez-Caggiano, et al., showed that 

auranofin, a TrxR inhibitor, promoted the formation of a disulfide-linked DJ-1 dimer 

and maintained the DJ-1 protein in this dimer form in cardiomyocytes (Fernandez-

Caggiano et al., 2016). Thus, these results suggest that the Trx system maintains or 

regulates the redox state of the DJ-1 protein, which has consequences for DJ-1 activity. 

In addition, both DJ-1 and the Trx system regulate common downstream signalling 
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pathways regulated by NF-кB, p53, and PTEN (as discussed in section 1.3.1.5 & 

1.3.5.2). However, there is no definite experimental evidence that can confirm whether 

Trx or DJ-1 acts as the upstream regulator, which may be cell type-dependent.  

1.3.5.4 DJ-1 and its role in cancer 

As mentioned earlier, DJ-1 was initially identified as a putative oncogene in 

combination with Ras (Nagakubo et al., 1997). Several studies have reported the role of 

DJ-1 in a variety of cancers and its expression is increased in several cancer types as 

compared to non-cancerous cells. High levels of DJ-1 expression has been observed in 

primary lung and prostate cancer biopsies (MacKeigan et al., 2003, Hod, 2004), in non-

small cell lung carcinoma patients (Kim et al., 2005) as well as in endometrial cancer 

patients (Shu et al., 2013). In addition, DJ-1 expression is also increased in cervical 

(Arnouk et al., 2009), leukaemia (Liu et al., 2008), ovarian (Davidson et al., 2008), 

thyroid (Zhang et al., 2008), laryngeal (Wang et al., 2014), glottic (Zhu et al., 2010), 

esophageal (Yuen et al., 2008), and uveal cancer (Pardo et al., 2006). Increased DJ-1 

expression is correlated with increased tumour growth, shorter survival rate, and poor 

prognosis in many cancers (Kim et al., 2005, Yuen et al., 2008, Arnouk et al., 2009, He 

et al., 2012). Higher levels of DJ-1 were found in the serum of breast cancer, pancreatic 

cancer, and uveal malignant melanoma patients compared to that of healthy individuals 

(Le Naour et al., 2001, He et al., 2011) and therefore, secreted DJ-1 is suggested as a 

potential biomarker in these patients (Pardo et al., 2006). In addition, DJ-1 also plays a 

role in cancer cell invasion and metastasis. Increased DJ-1 expression is associated with 

increased endometrial cell migration and invasion (Rai and Shivaji, 2011), increased 

invasion and metastatic potential of pancreatic and lung cancer (Bai et al., 2012, He et 

al., 2012), and increased invasion potential of breast cancer cells (Ismail et al., 2014). 

Targeted inhibition of DJ-1 reduced cell proliferation, induced apoptosis, and reduced 

invasion and metastasis in several types of human cancers (Liu et al., 2008, Yuen et al., 

2008, Zhang et al., 2008, Zhu et al., 2010, Wang et al., 2014).  

Moreover, increased DJ-1 expression is also correlated with the acquisition of drug 

resistance in cancer cells. DJ-1 expression was observed to be higher in cisplatin-

resistant lung cancer cells compared to their sensitive counterparts (Zeng et al., 2011). 

Targeted inhibition of DJ-1 sensitised cisplatin-resistant lung cancer cells to cisplatin 

(Zeng et al., 2011) and gemcitabine-resistant pancreatic cancer cells to gemcitabine-

induced apoptosis (Chen et al., 2012). Overall, these studies suggest that DJ-1 may play 

a role in cancer progression and drug resistance, and can be used as a valid therapeutic 
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target to treat cancer. Despite such knowledge, the role of DJ-1 in MM pathogenesis 

remains unknown.    

1.4 Krüppel-like factors (KLFs) 

DJ-1 has been shown to regulate Krüppel-like transcription factors (KLFs) in cancer 

cells. KLFs are a family of DNA binding transcription factors comprising 24 members 

including specificity proteins 1-8 (Sp1-8) and KLFs1-26 (DiFeo et al., 2009). These 

transcription factors are involved in the regulation of various cellular processes 

including proliferation, differentiation, migration, apoptosis, and inflammation 

(Tetreault et al., 2013). All members of the KLF family contain a highly conserved C-

terminal triple zinc finger DNA-binding domain. The DNA-binding domain of KLFs 

facilitates their interaction and binding with GC-box DNA motifs in the promoter 

region of the target genes (McConnell and Yang, 2010). The zinc finger domain also 

facilitates protein-protein interactions to modulate DNA-binding specificity of the KLFs 

(Song et al., 2003, Li et al., 2005). All KLF family members contain highly variable N-

terminal domains, which are responsible for the ability of different KLF members to 

exert distinct biological activities. These different N-terminal regions possess specific 

activation and/or repression motifs that allow the KLF members to regulate distinct 

genes or interact with distinct proteins to exert these different biological functions 

(Bieker, 2001).    

1.4.1 KLFs in cancer    

Mounting evidence has demonstrated the role of KLFs in a variety of cancer types 

including MM. For example, over-expression of KLF4 reduced the growth, clonogenic 

activity, invasion, and migration of the RKO colon cancer cell line (Dang et al., 2003). 

Dang and colleagues have also shown that implantation of KLF4-overexpressing RKO 

cells in athymic nude mice decreased in vivo tumour formation compared to control 

RKO cells (Dang et al., 2003). These data suggest that KLF4 may act as a tumour 

suppressor gene in colon cancer cells. In contrast, KLF4 expression is increased in 

breast cancer patients. Targeted knockdown of KLF4 significantly reduced the 

clonogenic activity of MCF-7 and MDA-MB 231 breast cancer cells in vitro (Yu et al., 

2011). Yu and colleagues have shown that implantation of KLF4 knockdown MDA-MB 

231 cells in NOD/SCID mice resulted in reduced tumour growth in vivo compared to 

mice implanted with control MDA-MB 231 cells (Yu et al., 2011). These results 

suggest that KLF4 may acts as an oncogene in breast cancer cells. Thus, KLF family 
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members may exert different functions depending on the cell type. Upregulation of 

KLF2 has been shown to arrest cell cycle and reduce the proliferation of Jurkat acute 

lymphoblastic leukaemia cells (Wu and Lingrel, 2004). The promoter analysis showed 

that KLF2 binds to the promoter region of p21, an important cyclin-dependent kinase 

inhibitor, resulting in increased p21
 
expression and cell cycle blockade (Wu and 

Lingrel, 2004). These results further suggest the tumour suppressor role of KLFs and 

their role in regulating cell cycle-related genes.
 
   

Mannava, et. al. (2012) showed that bortezomib treatment induced myeloma cell 

apoptosis by upregulating KLF9 expression, indicating that KLF9 is a transcriptional 

regulator of bortezomib-induced apoptosis in myeloma cells (Mannava et al., 2012). 

Moreover, targeted knockdown of KLF9 abrogated bortezomib-induced apoptosis in 

myeloma cells. They also reported higher KLF9 expression in myeloma cells from 

patients who responded well to bortezomib therapy compared to the myeloma cells 

from patients who were non-responders to bortezomib (Mannava et al., 2012).  Hence, 

upregulation of KLF9 reduces myeloma cell proliferation and induces apoptosis. 

Another study reported the role of KLF4 in multiple myeloma. By using Affymatrix 

microarrays, Schoenhals and colleagues showed that KLF4 expression is significantly 

reduced in myeloma cells compared to the normal cells (Schoenhals et al., 2013). 

Exogenous expression of KLF4 significantly induced the expression of the cell cycle 

inhibitor gene, p21, in myeloma cell lines, resulting in cell cycle blockade in G1 phase 

and reduced myeloma cell proliferation (Schoenhals et al., 2013). Another study 

reported the role of KLF4 in the acquisition of carfilzomib resistance in myeloma cells 

(Riz et al., 2015). By using gene expression and gene set enrichment analysis they 

reported that KLF4 is associated with the acquisition of carfilzomib resistance in 

myeloma cells. Increased nuclear levels of KLF4 were observed in carfilzomib-resistant 

myeloma cells compared to their sensitive counterparts (Riz et al., 2015). These studies 

suggest that KLF family members may play a role in regulating cell cycle, proliferation, 

and drug resistance in MM. Therefore, investigating the role of other KLF family 

members in MM may help in understanding the disease biology. This thesis is focused 

on studying the role of KLF6 in MM and its correlation with DJ-1 in these cells. 

1.4.2 KLF6 and cancer 

The role of KLF6 in cancer was first highlighted when two mutations were found in the 

KLF6 gene in a large cohort of prostate cancer patients and its upregulation suppressed 

prostate cancer cell growth by increasing the expression of the cell cycle inhibitory 
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gene, p21 (Narla et al., 2001). Several studies have reported various mechanisms that 

inactivate KLF6 and demonstrated its role in cancer growth. KLF6 expression is 

decreased in various cancers including prostate (Narla et al., 2001, Chen et al., 2003), 

non-small cell lung cancer (Ito et al., 2004), head and neck cancer (Teixeira et al., 

2007), ovarian cancer (DiFeo et al., 2006), colorectal (Reeves et al., 2004), gastric 

(Sangodkar et al., 2009), glioma (Jeng and Hsu, 2003), and hepatocellular carcinoma 

(Kremer-Tal et al., 2004). Moreover, decreased KLF6 expression is correlated with 

shorter survival in prostate and lung cancer patients (Glinsky et al., 2004, Kettunen et 

al., 2004). Several mechanisms have been attributed to the growth-inhibitory effect of 

KLF6 such as, upregulation of p21 in a p53-independent manner (Narla et al., 2001), 

disruption of the interaction between cyclin D1 and cyclin-dependent kinase 4 (Benzeno 

et al., 2004), and inducing apoptosis (Ito et al., 2004). However, there are no reports on 

the role of KLF6 in MM to date. This thesis emphasizes the potential role of KLF6 in 

myeloma cell proliferation and its regulation by DJ-1.  

1.5 Significance and Research Aims 

As discussed earlier, a significant advancement has been made in the development of 

anti-MM therapies and many new agents including bortezomib, carfilzomib, 

thalidomide, and lenalidomide have been introduced for the treatment of MM patients. 

Despite such developments in MM chemotherapies, relapse is still unavoidable and MM 

remains an incurable disease.  

Increased oxidative stress is one of the hallmarks of cancers playing a crucial role in 

tumour development and progression (Pelicano et al., 2004). Many anticancer agents, 

including bortezomib, induce apoptosis by increasing intracellular ROS levels and 

oxidative stress. While bortezomib primarily acts by inhibiting the 26S proteasome 

(Crawford et al., 2006), it has also been shown to increase intracellular ROS and 

oxidative stress as a secondary effect in cancer cells (Hong et al., 2012, Selimovic et al., 

2013). In response to increased oxidative stress, cancer cells enhance their antioxidant 

capacity by upregulating various antioxidant molecules such as Trx1, TrxR1, 

glutathione, HO-1, and DJ-1, which quench ROS and eliminate their detrimental effects. 

Thus, inhibition of antioxidants may render cancer cells more susceptible to undergo 

cell death in response to increased oxidative stress. A major clinical hurdle to treat MM 

patients is the acquisition of drug resistance. Bortezomib, being the most effective anti-

MM drug in the clinic, has a response rate of approximately 30% as a single agent 
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therapy and 60-90% when used in combination with other anti-MM drugs (Murray et 

al., 2014). However, upon prolonged treatment MM patients acquire resistance to 

bortezomib resulting in disease relapse (Balsas et al., 2012, Petrucci et al., 2013). This 

type of drug resistance is termed acquired drug resistance. Hence, a thorough 

understanding of the underlying mechanisms for bortezomib resistance and novel 

therapeutic approaches to overcome such resistance in MM are required. 

The myeloma cells reside in an extensively hypoxic BM microenvironment (Asosingh 

et al., 2005, Hu et al., 2010). Hypoxia is one of the major microenvironmental factors 

that plays a crucial role in myeloma progression by conferring survival and drug 

resistance. Currently available anti-MM drugs including bortezomib and carfilzomib 

have failed in inducing apoptosis in myeloma cells residing under hypoxic 

microenvironment, indicating that hypoxia induces drug resistance in MM (Muz et al., 

2014). Hence, it is crucial to understand the molecular basis for hypoxia-induced drug 

resistance in MM. It is also necessary to develop a therapeutic strategy that can kill the 

myeloma cells residing under a hypoxic microenvironment and to overcome hypoxia-

induced chemoresistance to completely eradicate the disease and improve overall 

survival. 

The thioredoxin (Trx) system is one of the major antioxidant systems, which maintain 

the intracellular redox homeostasis (Holmgren, 1985). The Trx system maintains 

intracellular redox homeostasis by two mechanisms: 1. by directly scavenging 

intracellular ROS (Das and Das, 2000) and 2. by regulating various redox enzymes 

(Rhee et al., 2005, Kim and Kim, 2008). Expression of Trx1 and TrxR1 has been shown 

to be increased in many cancers, correlating with cancer cell survival, growth, and drug 

resistance (Lincoln et al., 2003, Kim et al., 2005, Iwasawa et al., 2011, Li et al., 2012). 

Inhibition of Trx1 and TrxR1 has been shown to induce apoptosis and overcome drug 

resistance in various cancers (Liu et al., 2011, Li et al., 2012). However, there are no 

previous reports on the role of Trx1 and TrxR1 in myeloma cell survival, growth, and 

drug resistance. 

The cellular response to oxidative stress involves a coordinated activation of antioxidant 

systems. Upon loss of one antioxidant system, other antioxidant molecules get 

upregulated to compensate for the loss of function. For example, when TrxR1 is 

inhibited by its specific inhibitors, the glutathione and glutaredoxin systems are 

upregulated to compensate for the loss of TrxR1 function and rescue cancer cells from 
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undergoing apoptosis (Du et al., 2012, Zhang et al., 2014). The Trx system has been 

shown to regulate another antioxidant protein, HO-1 (Mostert et al., 2003), and HO-1 

has been shown to act as a secondary anti-apoptosis mechanism when a primary defence 

system is inhibited in cancer cells (Rushworth et al., 2010). Thus, understanding the 

cross-talk between the Trx system and HO-1 may help in designing more effective 

therapeutic strategy to treat MM. 

As discussed earlier, DJ-1 has been shown to exert an antioxidant activity as well as a 

cytoprotective function against oxidative stress (Taira et al., 2004, Lev et al., 2009) and 

a role in increasing cell survival under pro-apoptotic stimuli challenge (Hod, 2004). In 

addition, DJ-1 expression is also increased in various cancer types, correlating with 

tumour progression, decreased patient survival, and increased drug resistance. Targeted 

knockdown of DJ-1 has been shown to induce cancer cell death and overcome 

chemoresistance in many cancers. However, the role of DJ-1 in myeloma cell survival, 

growth, and drug resistance remains unknown to date. Moreover, DJ-1 has been 

identified as an upstream regulator of HIF-1α (Vasseur et al., 2009) and is required for 

the regulation of hypoxia-induced cellular processes. However, it is unknown whether 

DJ-1 contributes to the adaptation of myeloma cells to a hypoxic microenvironment and 

hypoxia-induced drug resistance in MM. In addition, mounting evidence indicates the 

potential cross-talk between DJ-1 and the Trx system (Fu et al., 2009, Im et al., 2012, 

Fernandez-Caggiano et al., 2016). However, it is unclear whether DJ-1 or the Trx 

system acts as the upstream regulator, which may depend on the cell type and stress 

stimuli.  

Overall, the project is focused on elucidating the role of different antioxidant molecules 

including Trx1, TrxR1, and DJ-1 in myeloma cell survival and drug resistance under 

different oxygen conditions including normoxia and hypoxia. In addition, the project 

also investigates the cross-talk between two antioxidant systems, Trx and HO-1, and 

their therapeutic implications in MM. 

The specific aims undertaken in this project are as follows: 

1. To examine the role of Trx1 and TrxR1 in myeloma cell survival, growth, and 

bortezomib resistance under normoxia (chapter 3). 

2. To examine the role of TrxR1 in myeloma cell growth under a hypoxic 

microenvironment, to investigate the effect of TrxR1 inhibition in overcoming 
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hypoxia-induced and acquired bortezomib resistance, and to delineate the 

underlying molecular mechanism (chapter 4). 

3. To understand the cross-talk between two antioxidant systems, thioredoxin and HO-

1, and its therapeutic implication in MM (chapter 5). 

4. To investigate the role of DJ-1 in myeloma cell survival under normoxia and 

hypoxia, to examine the effect of DJ-1 inhibition in overcoming acquired and 

hypoxia-induced bortezomib resistance in MM, and to dissect the underlying 

molecular mechanism (chapter 6).   
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Chapter 2: 

Materials and methods 
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2.1 Materials 

2.1.1 Cell lines 

RPMI8226, U266, and OPM2 MM cell lines were used in this project. RPMI8226 cells 

were originally derived from the peripheral blood of a 61-year-old male with IgG 

lambda-type MM (Matsuoka et al., 1967). U266 cells were originally derived from the 

peripheral blood of a 53-year-old male with IgE-secreting refractory myeloma (Nilsson 

et al., 1970). OPM2 cells were originally derived from the peripheral blood of a 56-

year-old woman with MM in leukemic phase (relapse) (Katagiri et al., 1985). All MM 

cell lines were kindly provided by Dr. Slavica Vuckovic from the QIMR Berghofer 

Medical Research Institute, Brisbane, Australia.  

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

blood of healthy individuals by using the Ficoll-Paque density gradient method (section 

2.2.1.1). The PBMCs were collected under the ethical approval BPS/08/14/HREC. 

2.1.2 Oligonucleotides 
 

Table 2.1: List of oligonucleotides 
 

Oligonucleotide Sequence Length Tm 
o
C Application 

L32-Forward 5’-CAG GGT TCG TAG 

AAG ATT CAA GGG 

24 57 RT-PCR 

L32-Reverse 5’-CTT GGA GGA AAA 

CAT TGT GAG CGA TC 

26 58 RT-PCR 

NF-кB p65-

Forward 

5’-ACC GCT GCA TCC 

ACA GTT 

18 57.5 RT-PCR 

NF-кB p65-

Reverse 

5’-GGA TGC GCT GAC 

TGA TAG C 

19 55.9 RT-PCR 

Cyclin D1-

Forward 

5’-CGC CCT CGG TGT 

CCT ACT TCA A 

22 61 RT-PCR 

Cyclin D1-

Reverse 

5’-CTG CAG GCG GCT 

CTT TTT CA 

20 58.6 RT-PCR 

Survivin-

Forward 

5’-GAG CCA GAC TTG 

GCC CAG TGT TT 

23 61.9 RT-PCR 

Survivin-

Reverse 

5’-GAT GGC ACG GCG 

CAC TTT CT 

20 61.1 RT-PCR 

Bcl-xL-

Forward 

5’-CCT AGA GCC TTG 

GAT CCA GGA GAA 

24 59.7 RT-PCR 
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Bcl-xL-Reverse 5’-GGT TGA AGC GTT 

CCT GGC CCT TT 

23 62.3 RT-PCR 

Bcl-2-Forward 5’-CAC CTG CAC ACC 

TGG ATC CAG GAT AA 

26 62.1 RT-PCR 

Bcl-2-Reverse 5’-CAC CAG GGC CAA 

ACT GAG CAG A 

22 62 RT-PCR 

XIAP-Forward 5’-GAG GTT CTG GTT 

GCA GAT CTA GTG A 

25 58.1 RT-PCR 

XIAP-Reverse 5’-CTC CTC TTG CAG 

GCG CCT TA 

20 59.7 RT-PCR 

HO-1-Forward 5’-GCA GTC AGG CAG 

AGG GTG ATA GAA 

24 59.1 RT-PCR 

HO-1-Reverse 5’-GGG CTC TGG TCC 

TTG GTG TCA T 

22 58.6 RT-PCR 

DJ-1-Forward 5’-GAG CAG AGG AAA 

TGG AGA CGG TCA T 

25 60.4 RT-PCR 

DJ-1-Reverse 5’-CAC GGC TAC ACT 

GTA CTG GGT CTT 

24 60.4 RT-PCR 

KLF6-Forward 5’-CAC ACC GGG GCC 

AAG CCT TTT AA 

23 62.4 RT-PCR 

KLF6-Reverse 5’-GCT CCC TCA GAG 

GTG CCT CTT CA 

23 62.4 RT-PCR 

p21-Forward 5’-ACC ATG TGG ACC 

TGT CAC TGT 

21 58.5 RT-PCR 

p21-Reverse 5’-TTA GGG CTT CCT 

CTT GGA GAA 

21 55.3 RT-PCR 

HIF-1α-

Forward 

5’-GCA AGC CCT GAA 

AGC G 

16 48 RT-PCR 

HIF-1α-

Reverse 

5’-GGC TGT CCG ACT 

TTG A 

16 46 RT-PCR 

VEGFA-

Forward 

5’-CAA GGC CAG CAC 

ATA GGA GAG AT 

23 58.7 RT-PCR 

VEGFA-

Reverse 

5’-CGA AAC CCT GAG 

GGA GGC TCC TT 

23 62.9 RT-PCR 

GLUT1-

Forward 

5’-CAG GCT TCT CCA 

ACT GGA CCT CAA 

24 60.8 RT-PCR 

GLUT1-

Reverse 

5’-GAA GCC GGA AGC 

GAT CTC ATG CAA 

24 61.7 RT-PCR 

c-Myc 

Forward 

5’-GCA GCT GCT TAG 

ACG CTG GAT TTT 

24 60.1 RT-PCR 

c-Myc  

Reverse 

5’-GTT CTC CTC CTC 

GTC GCA GTA GAA ATA 

27 59.3 RT-PCR 
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2.1.3 Antibodies 
 

Table 2.2: List of antibodies 
 

Antibody Description Use Source 

β-tubulin Anti-β-tubulin 

monoclonal antibody 

raised in rabbit 

Loading control for 

whole/total cell 

lysates for western 

blot 

Abcam (ab6046) 

Lamin B1 Anti-lamin B1 

monoclonal antibody 

raised in rabbit 

Loading control for 

nuclear fractions for 

western blot 

Abcam 

(ab133741) 

5G8 Anti-thioredoxin 1 

(human) monoclonal 

antibody raised in 

mouse 

Western blots Giovanna Di 

Trapani, Griffith 

University 

(Karlenius et al., 

2012) 

Thioredoxin 

reductase 1  

(TrxR1) 

Anti-TrxR1 

monoclonal antibody 

raised in mouse 

Western blots R & D Systems 

(MAB7428) 

NF-кB p65 Anti-NF-кB p65 

polyclonal antibody 

raised in rabbit 

Western blots GeneTex 

(GTX107678) 

Heme oxygenase-

1 (HO-1) 

Anti-HO-1 

monoclonal antibody 

raised in goat 

Western blots R & D Systems 

(AF3776) 

Nrf2 Anti-Nrf2 monoclonal 

antibody raised in 

rabbit 

Western blots Abcam 

(ab62352) 

HIF-1α Anti-HIF-1α 

monoclonal antibody 

raised in mouse 

Western blots BD Biosciences 

(610959) 

DJ-1 Anti-DJ-1 monoclonal 

antibody raised in 

mouse 

Western blots Upstate 

(05-828) 

KLF6  

C-terminal 

Anti-KLF6 C-terminal 

polyclonal antibody 

raised in rabbit 

Western blots GeneTex 

(GTX81821) 

Goat anti-mouse 

IgG HRP 

conjugated 

Secondary antibody 

raised in goat against 

mouse 

Western blots BioRad  

(170-6516) 

Goat anti-rabbit 

IgG-HRP 

conjugated 

Secondary antibody 

raised in goat against 

rabbit 

Western blots BioRad 

(170-6515) 



  CHAPTER 2   

46 
 

Donkey anti-goat 

IgG-HRP 

conjugated 

Secondary antibody 

raised in donkey 

against goat 

Western blots Santa Cruz 

Biotechnology 

(sc-2020) 

2.1.4 Chemicals and Reagents 
 

Table 2.3: List of chemicals and reagents 
 

Reagents Supplier 

Protease inhibitor cocktail VI AG Scientific Inc, CA, USA 

TRIsure
TM

, SensiFAST
TM

 cDNA synthesis kit, 

SensiFAST
TM

 No-Rox kit 

Bioline 

DC Protein Assay Kit, Trypan blue, Tween 20, 

Polyvinylidene fluoride (PVDF), 40% 

Acrylamide/Bis solution (37.5:1), Pre-stained 

protein molecular weight markers 

BioRad, CA, USA 

Fetal bovine serum Bovogen Biologicals, Australia 

Sodium chloride (NaCl), Sodium hydroxide 

(NaOH), HEPES, Lithium chloride (LiCl), 

Magnesium chloride (MgCl2) 

Chem Supply, MI, USA 

BAY 11-7082, Bortezomib, Nuclear Protein 

Extraction Kit, PX-12, Ac-LEHD-AFC 

Cayman Chemicals, MI, USA 

Zinc protoporphyrin IX (ZnPP IX), Copper 

protoporphyrin IX (CuPP IX), Ac-DEVD-AMC 

Enzo Life Sciences, NY, USA 

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

Ethanol, Methanol, Hydrochloric acid, Isopropanol, 

Sodium hydrogen carbonate (NaHCO3), Sodium 

acetate (NaAc), Potassium phosphate (KPi) 

Merck, VIC, Australia 

2’,7’-dichlorofluorescein diacetate (H2DCF-DA) Molecular Probes, CA, USA 

Sodium dodecyl sulphate (SDS), Tris 

(htdroxymethyl) aminomethane (Tris) 

MP Biomedicals, VIC, Australia 

Resazurin reagent Promega Corporation, WI, USA 

Methyl Cellulose R & D Systems, MN, USA 

siRNAs: TrxR1 DJ-1, Control, KLF6 Santa Cruz Biotechnology, TX 

USA 

MTT reagent, Curcumin, Ethidium bromide, 

Bovine serum albumin (BSA), Bis-Acrylamide, 

Dimethyl sulfoxide (DMSO), Dithiothreitol (DTT), 

3-(dimethylamino)-propionitrile (DAMPN), 

DTNB, Phenylmethanesulfonylpluoride (PMSF), 

Potassium chloride (KCl), NP-40, Sucrose, 

Phenol/Chloroform 

Sigma Chemicals, NSW, 

Australia 

 



  CHAPTER 2   

47 
 

2.1.5 Solutions 
 

Table 2.4: List of solutions 
 

Solution Composition Use 

1.25X Assay buffer 0.5M KPi, pH 7.5; 

200 mM EDTA; 

20 mM NADPH; 

125 mM DTNB  

Measuring thioredoxin 

reductase activity in 

cellular lysates 

Sample buffer 0.1 M KPi; 

20 mM EDTA; 

0.1 mg/ml BSA 

Thioredoxin reductase 

activity assays 

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 

Caspase-9 buffer 100 mM HEPES, pH 7.5; 

0.1 M NaCl; 

0.05 M EDTA; 

10 mM DTT; 

10% (w/v) Sucrose; 

0.5% NP-40 

Measuring Caspase-9 

activity for apoptosis 

assays 

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 

SDS-PAGE 5X 

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 
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Western blot transfer 

buffer 

25 mM Tris-Cl; 

192 mM Glycine; 

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

(HPLC grade) 

 

Western blot 

5% Blotto 5 g Dutch jug milk powder; 

200 mM Tris-Cl, pH 7.5; 

137 mM NaCl 

Blocking non-specific 

protein binding sites for 

western blots 

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

Plasmid preparation 

solution 

15% (w/v) Sucrose; 

25 mM Tris, pH 8; 

10 mM EDTA 

Plasmid DNA 

extraction 

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 

PBS/Phosphatase 

Inhibitor solution 

(1X) 

1 ml Nuclear extraction 10X PBS; 

0.2 ml 50X Nuclear extraction 

Phosphatase inhibitors; 

8.8 ml Water 

To wash cells for 

preparing nuclear and 

cytosolic fractions 

Hypotonic buffer 

(1X) 

50 µl 10X Nuclear extraction 

hypotonic buffer; 

10 µl 50X Nuclear extraction 

phosphatase inhibitors; 

5 µl 100X Nuclear Extraction 

Protease inhibitors; 

435 µl Water 

To extract cytosolic 

proteins from cells 

Extraction buffer (1X) 50 µl 2X Nuclear extraction buffer; 

1 µl 100X Nuclear extraction 

protease inhibitors; 

2 µl 50X Nuclear extraction 

phosphatase inhibitors; 

10 µl 10 mM DTT; 

37 µl Water  

To extract nuclear 

proteins from cells 
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2.1.6 Small interfering RNAs (siRNAs) 
 

Table 2.5: List of siRNAs 

 

siRNA Use Source 

TrxR1-specific 

siRNAs 

To knockdown TrxR1 gene 

expression 

Santa Cruz (sc-36750) 

DJ-1-specific siRNAs To knockdown DJ-1 gene 

expression 

Santa Cruz (sc-37080) 

KLF6-specific 

siRNAs 

To knockdown KLF6 gene 

expression 

Santa Cruz (sc-38021) 

Control/scrambled 

siRNAs 

To use as a negative control Santa Cruz (sc-37007) 

 

2.1.7 Plasmid DNAs 
 

Table 2.6: List of plasmid DNAs 

 

Plasmid DNA Source Use 

pcDNA3.1 Invitrogen Negative or vector only 

control 

pcDNA3.1 Trx1 anti-sense (Bhatia et al., 2016) To knockdown Trx1 gene 

expression 

Dominant-negative Nrf2 

(dn-Nrf2) 

Kindly provided by 

Dr. Xilin Chen 

(Atherogenocs, USA) 

To inhibit Nrf2 

 

2.2 Methods 

2.2.1 Cell culture 

All the cell culture procedures and experiments were performed in a Class II Biohazard 

Laminar Air Flow hood, with the exception of cell counting, centrifugation, and activity 

assays. 

2.2.1.1 Culturing multiple myeloma cell lines and normal PBMCs 

The standard multiple myeloma cell lines including RPMI8226, U266, and OPM2 were 

cultured in a complete growth media composed of Roswell Park Memorial Institute 
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1640 (RPMI 1640) media, 10% (v/v) fetal bovine serum (FBS), 200 mM L-glutamine, 

and 100 U/ml penicillin and 100 µg/ml streptomycin. Cells were maintained at the 

density of 0.5 X 10
6
 cells/ml in a T-75 cm

2
 flask and were passaged every alternate day. 

The cells were not maintained continuously in the culture for longer than 2 months.  

The normal PBMCs were isolated from the whole blood of healthy individuals by using 

the Ficoll-Paque method as follows. Firstly, 5 ml blood was diluted with 10 ml of a 1X 

PBS containing 2 mM EDTA. Then 5 ml of the Ficoll-Paque was added into a 50 ml 

centrifuge tube and diluted blood sample was layered on top of the Ficoll-Paque. The 

sample was centrifuged at 400 X g for 40 mins at 20
o
C in a swinging-bucket rotor 

without brake. At the end of this step, three separate layers were observed in a 

centrifuge tube. The top layer contained serum plasma, the interphase contained 

PBMCs, and the third layer contained red blood cells. The PBMCs contained in the 

interphase were carefully aspirated by using a plastic transfer pipette and transferred to 

a new 50 ml centrifuge tube. Then 30 ml of 1X PBS containing 2 mM EDTA buffer 

was added into a tube containing PBMCs and centrifuged at 300 X g for 10 mins. After 

isolation, PBMCs were cultured in the above mentioned media overnight and 

appropriate experiments were performed the next day. PBMCs were not maintained in 

the culture media for longer than 48 hours.  

2.2.1.2 Cell counting 

To count the cells before setting up an assay  

Cells were mixed homogenously in the flasks by pipetting up and down a few times in 

order to detach the cells from the bottom of the flask. Cell counting was performed by 

using the Neubauer haemocytometer chamber. First, 10 µl of the cell suspension was 

transferred to the 1.5ml eppendorf tube and mixed with 10 µl of trypan blue dye. A 

glass coverslip was placed on top of the haemocytometer counting chambers. Then 10 

µl of the mixture was applied between the coverslip and the counting chamber and 

liquid was allowed to flow in between the cover slip and the chamber by the capillary 

action. Three sets of 16 squares on each corner of the grid were used to count the cells.  

The following equation was used to calculate the number of cells per 1ml: 

Cells/ml = Total cell count/3 X 2 X 10
4 
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2.2.1.3 Culturing cells under hypoxia 

To perform experiments on hypoxic myeloma cells 

Before setting up any hypoxic experiments, myeloma cells were cultured under hypoxic 

conditions. Cells cultured in T-75 cm
2
 flasks were transferred into a C-Chamber 

hypoxic growth chamber attached to the Proox model C21 (Biospherix, NY, USA) 

controller that maintained the oxygen levels of 1%, by replacing it with nitrogen gas, at 

37
o
C and 5% CO2. Cells were incubated under this microenvironment for 24 hours and 

used for the subsequent hypoxic experiments.  

2.2.1.4 Preparation of drug dilutions 

To prepare the drug solutions at an appropriate concentrations to use for the 

experiments 

Drugs including bortezomib, auranofin, ZnPP IX, and CuPP IX were initially dissolved 

in DMSO at the stock concentration of 10 mM. PX-12 was also dissolved in DMSO but 

at the final concentration of 5 mM. All drugs were then diluted to a working 

concentration of 1 mM either in 1X PBS or a complete growth medium before they 

were used for the experiments. The final DMSO concentration in each sample after 

adding an appropriate drug did not exceed 0.4%. For all the drug-based assays, 0.4% 

DMSO was added to untreated samples, which served as a vehicle control in each 

experiment. 

2.2.1.5 Establishment of bortezomib-resistant cell lines 

To study the role of thioredoxin and DJ-1 in acquired bortezomib resistance in MM 

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

from the parental cell lines (RPMI8226 and U266) by multistep exposure of the cells to 

increasing doses of bortezomib (up to 40 nM) for 12 weeks. Cells were initially cultured 

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

stabilisation. This process was continued for 12 weeks, during which cells became 

progressively bortezomib resistant (Figure 2.1). The resistant cells were expanded in a 

drug-free medium. Cells were tested for drug resistance before any further studies.  
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Figure 2.1: Diagrammatic representation of the scheme used to establish 

bortezomib resistant MM cell lines. 

2.2.1.6 Thawing cells from liquid nitrogen Stocks 

To bring up cells from frozen stocks 

Cells were taken out from the storage liquid nitrogen vessel and tubes were placed in a 

37
o
C water bath until cells were thawed. Once thawed, cells were transferred to a 10 ml 

centrifuge tube containing 9 ml of RPMI 1640 complete growth media. The cells were 

then centrifuged at 265 X g for 5 mins and the cell pellet was resuspended in 5 ml of the 

complete growth medium. The cell suspension was then transferred to a T-25 cm
2
 flask 

and incubated at 37
o
C/5% CO2 until they reached 70-80% confluency, after which they 

were transferred to a T-75 cm
2
 flask.  

2.2.1.7 Freezing down cells for long-term storage 

To freeze down cells for long-term storage and later use 

Cells were counted and centrifuged at 265 X g for 5 mins. A cell pellet was resuspended 

in freezing media (Table 2.4) at the density of 5 X 10
6
 cells/ml. Then 1 ml of cell 

suspension was immediately transferred to a sterile cryo-tube. The tubes were placed in 

a styrofoam container and stored at -80
o
C overnight. The cryo-tubes were then placed in 

a liquid nitrogen vessel for long-term storage. 

2.2.2 Protein methods 

2.2.2.1 Preparing total/whole cell lysates 

To isolate total protein from the cells 

This method was used to prepare total or whole cell extracts to be used for various 

experiments including TrxR activity assays, and western blot analysis. Cells were 

harvested from the tissue culture plates at the end of the desired treatment, washed once 
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with 1X PBS, and centrifuged at 16,162 X g for 1 min. A cell pellet was then 

resuspended in ice-cold NP-40 lysis buffer and incubated on ice for 30 mins. The 

lysates were centrifuged at 16,162 X g for 5 mins and supernatant was transferred to a 

new eppendorf tube and either used immediately or stored at -20
o
C until required. 

2.2.2.2 Preparing nuclear and cytosolic protein fractions 

To extract cytosolic and nuclear proteins separately from cells 

The cytosolic and nuclear protein factions were prepared by using the Nuclear 

Extraction Kit (Cayman Chemicals) according to the manufacturer’s guidelines. At the 

end of the given treatment, MM cells were collected in a 1.5 ml eppendorf tube and 

centrifuged at 265 X g for 5 minutes. Cells were then washed with 1 ml of 1X 

PBS/Phosphatase Inhibitor solution (Table 2.4) and centrifuged at 265 X g for 5 

minutes. The cell pellet was then re-suspended in 50 µl ice-cold 1X Hypotonic buffer 

(Table 2.4), mixed gently by pipetting, and incubated for 15 minutes on ice allowing 

cells to swell. Then 100 µl of 10% NP-40 was added to cells and mixed gently by 

pipetting. Cells were then centrifuged at 16,162 X g for 30 seconds at 4
o
C. The 

supernatant containing the cytosolic fraction was transferred to a new tube and stored at 

-80
o
C.  

The pellet was re-suspended in 35 µl of ice-cold 1X Nuclear extraction buffer (Table 

2.4), vortexed for 15 seconds at the highest setting, and the tube was gently rocked on 

ice for 15 minutes using a shaking platform. The samples were then vortexed again for 

5 seconds at the highest speed and gently rocked for an additional 15 minutes. The 

samples were then centrifuged at 16,162 X g for 10 minutes at 4
o
C. The supernatant 

containing the nuclear fraction was transferred to a new tube and stored at -80
o
C until 

required.   

2.2.2.3 Protein estimation 

To estimate the amount of protein in the nuclear, cytosolic, and total lysates prepared 

The protein concentration in the lysates was determined by using the BioRad DC 

protein assay kit (BioRad, CA, USA). Bovine serum albumin (BSA) was used as a 

standard and 20 mg/ml BSA solution was serially diluted to make up 2 mg/ml, 1 mg/ml, 

0.5 mg/ml, 0.25 mg/ml, and 0.125 mg/ml. Water was used to prepare BSA serial 

dilutions. Then 10 µl of each BSA dilution was transferred to a 96-well plate (Sarstedt) 
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in triplicate to obtain a standard curve. The cell extracts were diluted by 1/10 and 10 µl 

of the diluted extracts were transferred to a 96-well plate in triplicate. 

The 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 diluted cell extracts. After that, 200 µl of DC Protein assay reagent 

B was added to each well containing BSA dilutions and cell extracts. The plate was 

mixed in the SpectraMax M3 plate reader (Molecular Devices) for 5 mins and then left 

in the dark for 10 mins. The absorbance was measured at 750 nm. The protein 

concentrations of the extracted samples were calculated using the BSA standard curve 

and the SOFTmax Pro 2.6 software (Bio-strategy).  

2.2.2.4 Sodium Dodecyl Sulphate- Polyacrylamide Gel Electrophoresis (SDS-

PAGE) 

For separating and identifying proteins depending on their molecular weights or size 

SDS-PAGE analysis was performed by using a 10%, 12%, or a 15% acrylamide 

resolving gel and 4% acrylamide stacking gel. These gels were prepared using the 

volumes and solutions specified in Table 2.5. 

Table 2.5: SDS-PAGE gel preparation 

 

Reagents 10%  

separating gel 

12% 

separating gel 

15% 

separating gel 

4% stacking 

gel 

40% (w/v) 

Acrylamide 

1.3% (w/v) Bis-

acrylamide 

2.5 ml 3 ml 3.75 ml 0.25 ml 

0.75M Tris, pH 8.8 5 ml 5 ml 5 ml - 

0.5M Tris, pH 6.8 - - - 0.6 ml 

H2O 2.35 ml 1.85 ml 1.1 ml 1.6 ml 

10% (w/v) SDS 0.1 ml 0.1 ml 0.1 ml 0.025 ml 

DMAPN 0.0125 ml 0.0125 ml 0.0125 ml 0.015 ml 

30% (w/v) 

Ammonium 

persulphate (APS) 

0.0375 ml 0.0375 ml 0.0375 ml 0.008 ml 
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Protein samples were mixed with 5 X SDS sample buffer (Table 2.4) containing 0.1% 

(w/v) bromophenol blue. The protein concentration of each lysate was determined and 

equal amounts of protein were loaded onto the gels. After mixing proteins with the 

samples buffer, the samples were boiled at 100
o
C for 2 mins and cooled down at room 

temperature prior to loading onto the gel. Pre-stained molecular weight markers 

(BioRad) were also loaded onto the gel to confirm the sizes of each protein. The gels 

were electrophoresed in SDS-PAGE Tris-Glycine running buffer (Table 2.4) for 10 

minutes at a constant voltage of 80V and then for approximately 40 minutes at a 

constant voltage of 200V.   

2.2.2.5 Western blotting 

For transferring proteins from SDS-PAGE gels to PVDF membrane, and for probing 

with specific antibodies for visualisation 

At the end of SDS-PAGE electrophoresis, the resolving gel was separated from the 

stacking gel and equilibrated in ice-cold western blot transfer buffer (Table 2.4). The 

fibre pads and 3 mm Whatman chromatography filter papers used to prepare the 

sandwich were also equilibrated in ice-cold western blot transfer buffer. The 

polyvinylidene difluoride (PVDF) membrane was prepared by soaking in absolute 

HPLC grade methanol for 20 seconds, mqH2O for 2 minutes, and in ice-cold transfer 

buffer for 4 minutes. The gel sandwich was prepared by arranging the fibre pad, PVDF 

membrane, gel, and filter paper in the following order: cathode, fibre pad, 

chromatography filter paper, gel, PVDF membrane, chromatography filter paper, fibre, 

and anode. This assembly was then placed in the tank chamber filled with an ice-cold 

transfer buffer. An ice brick and a magnetic stirrer were also placed in the tank along 

with the gel sandwich. The transfer reaction was run at a constant voltage of 100V for 

60 minutes with constant stirring. 

Once proteins were transferred onto the PVDF membrane, the membrane was blocked 

with 5% (w/v) Blotto (Table 2.4) for 30 minutes on a shaker at room temperature. The 

membrane was then incubated with the primary antibody prepared in 5% (w/v) Blotto 

overnight at 4
o
C on a rocking platform. The membrane was then washed with TBS-

Tween (Table 2.4) buffer three times for 10 minutes each. The membrane was incubated 

with the HRP-conjugated secondary antibody prepared in 5% (w/v) Blotto and 

incubated for 1 hour at room temperature. At the end of this incubation step, the 
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membrane was washed three times (10 minutes each time) with TBS-Tween buffer 

before developing the blot.  

2.2.2.6 Development of blots 

For visualising proteins probed with specific antibodies 

The blots were developed by using the ECL
TM

 Western Blotting Analysis System kit 

(GE Healthcare) according to the manufacturer’s guidelines. Briefly, the two reagents 

provided with the kit were mixed in a 1:1 ratio and then applied onto the washed PVDF 

membrane. The PVDF membrane was completely covered with the reagent mixture and 

incubated for few seconds. The blots were then visualised using the Fujifilm LAS3000 

developing machine. 

2.2.3 Measurement of intracellular ROS generation (Rushworth et al., 

2008) 

To measure the generation of intracellular ROS levels in cells 

The generation of intracellular ROS in myeloma cells and control PBMCs was 

measured by using a dicholorofluorescein (DCF) assay. Either 1 X 10
6
 or 1 X 10

5
 cells 

were washed with 1X PBS and incubated with 10 µM H2DCFDA (2’,7’-

dichlorodihydrofluorescein diacetate) (Molecular Probes), a redox sensitive cell 

permeability dye, for 15 minutes at 37
o
C/5% CO2. Cells were then transferred to a 

black-walled clear-bottom 96-well plate (Corning, VIC, Australia) in triplicate and 

assayed for H2DCFDA oxidation using a SpectraMax fluorescence plate reader. The 

fluorescence was measured at 495 nm excitation and 515 nm emission wavelengths 

with a 495 nm cut-off. Data were analysed using the SoftMax Pro software. The 

fluorescence intensity measuring the oxidation of H2DCFDA by ROS represents the 

amount of intracellular ROS generation. 

2.2.4 MTT proliferation assay  

To measure myeloma cell proliferation in response to the treatment 

MM cell lines including RPMI8226, U266, and OPM2, and control PBMCs (0.5 X 10
6
 

cells per well of 24-well plate) were treated with appropriate inhibitors for either 24 or 

48 hours under normoxia (20% O2) or hypoxia (1% O2). Then 100 µl of cell suspension 

for each treatment group was transferred in triplicate to a clear-bottom clear-wall 96-

well plate. Complete growth media without the 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 
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added per well and cells were then incubated for another 2 hours at 37
o
C/5% CO2. After 

2 hours, 25 µl of 20% SDS (w/v) in 0.01M HCL was added to each well and cells were 

incubated at 37
o
C/5% CO2 overnight. Next day, absorbance was measured at 570 nm 

using the SpectraMax M3 plate reader.  

2.2.5 Resazurin cell viability assay 

To measure myeloma cell viability in response to the treatment 

CellTiter-Blue
®
 Cell Viability Assay (Promega) was used to perform these assays as per 

the manufacturer’s guidelines. Briefly, MM cell lines including RPMI8226, U266, and 

OPM2, and control PBMCs (0.5 X 10
6
 cells per well of 24-well plate) were treated with 

appropriate inhibitors for either 24 or 48 hours under normoxia (20% O2) or hypoxia 

(1% O2). Then 100 µl of cell suspension for each treatment group was transferred in 

triplicate to a clear-bottom black-wall 96-well plate (Corning). Complete growth media 

without the cells was used as a blank. Then 5 µl of the resazurin reagent was added per 

well and a plate was mixed for 10 seconds using the plate reader. Cells were then 

incubated for 2 hours at 37
o
C/5% CO2. The total well fluorescence was measured at 560 

nm excitation and 590 nm emission wavelengths with a 590 nm cut-off by using the 

SpectraMax M3 plate reader.  

2.2.6 Trypan blue exclusion assay 

To measure myeloma cell viability in response to the treatment 

MM cell lines, RPMI8226 and U266, and control PBMCs were either transfected with 

appropriate siRNAs or treated with appropriate inhibitors for the specified period of 

time. Cell viability was measured by using the Trypan blue exclusion method as 

follows. First, 10 µl of treated or untreated cells were collected in a fresh eppendorf tube 

and mixed with 10 µl of Trypan blue reagent. Viable cells, as defined by Trypan blue 

exclusion, were counted by using the Neubauer haemocytometer chamber and inverted 

light microscope as described in 2.2.1.2.   

2.2.7 Caspase-3 activity assay (Cox et al., 2008) 

To measure caspase-3 activity as an indicator of apoptosis in myeloma cells in response 

to the treatment 

Caspase-3 activity within the treated and untreated MM cell lines and control PBMCs 

was determined following the cleavage of Ac-DEVD-AMC (Enzo Life Sciences), a 

caspase-3 substrate.  Briefly, MM cell lines, RPMI8226 and U266, and control PBMCs 



  CHAPTER 2   

58 
 

(0.5 X 10
6
 cells per well of 24-well plate) were treated with appropriate inhibitors for 24 

hours at 37
o
C/5% CO2. Cells were then pelleted, washed with 1X PBS, re-suspended in 

15 µl of 1X PBS, and transferred to a black-walled 96-well plate. Then 85 µl of caspase 

assay buffer (Table 2.4) was added to the samples and incubated for 15 to 30 minutes at 

37
o
C. The amount of 7-amino-4-methylcoumarin (AMC) cleaved by caspase-3 was 

measured at 37
o
C by measuring the fluorescence at an excitation wavelength of 370 nm 

and an emission wavelength of 445 nm using the SpectraMax M3 plate reader. Data 

were analysed using SoftMax Pro software. 

2.2.8 Caspase-9 activity assay 

 To measure caspase-9 activity as an indicator of apoptosis in myeloma cells in 

response to the treatment 

Caspase-9 activity within the treated and untreated MM cell lines and control PBMCs 

was determined following the cleavage of Ac-LEHD-AFC (Cayman Chemicals), a 

caspase-9 substrate.  Briefly, MM cell lines, RPMI8226 and U266, and control PBMCs 

(0.5 X 10
6
 cells per well of 24-well plate) were treated with appropriate inhibitors for 24 

hours at 37
o
C/5% CO2. Cells were then pelleted, washed with 1X PBS, re-suspended in 

15 µl of 1X PBS, and transferred to a black-walled 96-well plate. Then 85 µl of 

caspase-9 assay buffer (Table 2.4) was added to the samples and incubated at 37
o
C for 

30 minutes. The amount of 7-Amino-4-trifluoromethylcoumarin (AFC) cleaved by 

caspase-9 was measured at 37
o
C by measuring the fluorescence at an excitation 

wavelength of 405 nm and an emission wavelength of 510 nm using the SpectraMax 

M3 plate reader. Data were analysed by using SoftMax Pro software.   

2.2.9 Transient transfections 

To transfect target specific siRNAs and plasmid DNA into myeloma cells and control 

PBMCs 

Cells were transfected by using the Amaxa nucleofector (Lonza). Cells were seeded at 

the density of 0.3 X 10
6
 cells/ml 24 hours before transfection. Cells (2 X 10

6
 cells per 

sample) were pelleted, washed with transfection media (RPMI 1640 media without FBS 

and antibiotics) to remove any residual serum from the cells, and re-suspended in 100 µl 

of the transfection media. Cells were then incubated for 5 minutes with either equivalent 

molar concentrations of all 4 target specific siRNAs or control siRNAs (final 

concentrations of either 30, 50, or 100 nmole/L) (Santa Cruz Biotechnology) or 2 µg of 

plasmid DNA. Cells were then transferred to the transfection cuvettes (Lonza) and were 
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transfected using the Amaxa nucleofector T-001 program. Cells were allowed to settle 

down for 5 minutes before they were re-suspended in 900 µl of post-transfection media 

(RPMI 1640 media with FBS but without antibiotics) using the plastic transfer pipette. 

Cells were then transferred to 6-well plate and extra 1 ml of post-transfection media was 

added. Transfected cells were incubated for the specified time before the indicated 

treatments.  

2.2.10 Thioredoxin reductase (TrxR) activity assay (Smith and 

Levander, 2002) 

To measure the TrxR activity in myeloma cells in response to auranofin treatment 

MM cell lines including RPMI8226, U266, and OPM2 (1 X 10
6
 cells per well of 6-well 

plate) were treated with or without auranofin for 24 hours either under normoxia or 

hypoxia. Treated and untreated cells were lysed using 0.5% (v/v) NP-40 cell lysis buffer 

(150 mM NaCl, 50 mM Tris-Cl, pH 8; 0.5% (v/v) NP-50, 0.5 mM EDTA, 2 mM PMSF, 

1 µl/ml protease inhibitor cocktail VI, 1X PBS). To omit non-TrxR1-specific DTNB 

reduction, cell lysates were treated with or without 8 µM auranofin for 30 minutes at 

room temperature. The TrxR activity was measured using a buffer containing 0.5 M 

potassium phosphate, 200 mM EDTA, 20 mM NADPH, and 125 mM DTNB (Table 

2.4). Trinitrobenzoic acid (TNB) production was measured by following an increase in 

absorbance at 412 nm for 10 minutes. The reaction rates obtained in the presence of 

auranofin were subtracted from the reaction rates obtained in the absence of auranofin 

to give the final corrected TrxR rates. Units of TrxR activity (µmoles of TNB 

produced/minute) were calculated using an extinction coefficient of 13.6 X 10
3
 M

-1
 of 

TNB at 412 nm. The specific thioredoxin reductase activity was determined using the 

following equation: Specific activity (U/mg) = U/total protein.  

2.2.11 Methylcellulose clonogenic assay 

To measure the clonogenic activity of myeloma cells in response to the treatment 

MM cell lines including RPMI8226 and U266 (0.5 X 10
6 

cells per well of 24-well plate) 

were treated with appropriate inhibitors for 24 hours at 37
o
C/5% CO2. Following the 

treatment, the clonogenic activity of myeloma cells was determined by using the 

methylcellulose (R & D Systems) colony formation assay. This assay was performed 

according to the manufacturer’s instructions. Treated and untreated myeloma cells were 

plated at a density of 1000 cells/ml in 1.1 ml volume in 35 mm petri dishes. Each plate 

contained RPMI-1640 media consisting of 1.4% methylcellulose, 25% (v/v) FBS, 100 
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U/ml penicillin, 100 µg/ml streptomycin, and 1% (w/v) BSA (Table 2.4). Plates were 

incubated at 37
o
C, 5% CO2 for 8-10 days. To observe colonies, cells were stained with 

500 µl 0.5 mg/ml MTT (Sigma) per plate (Xie et al., 2011). After incubating the plates 

for 1 hour at 37
o
C, colonies containing more than 30 cells were counted using an 

inverted light microscope. Colonies were photographed using a Tucsen ix30 camera and 

TSview software (Tucsen, China).   

2.2.12 Gene expression analysis and clinical prognosis in primary MM 

patients 

To analyse the gene expression in MM patients and to analyse their role in patient 

survival and prognosis 

Expression of different genes including Trx1, TrxR1, DJ-1, KLF6, and HO-1 was 

analysed by using the gene expression profile data in myeloma patient cells at different 

stages of the disease and healthy cells deposited in the publically available gene 

expression database GSE6477. 

For survival analysis, the gene expression profiling data from MM patients receiving the 

total therapy (TT) 2 [thalidomide and stem-cell transplantation] and 3 [bortezomib, 

thalidomide, and stem-cell transplantation] deposited in the gene expression database 

GSE4581 was used. The analysis was done as described previously (Salem et al., 2015). 

MM patients were classified into high-risk and low-risk groups using the 70-gene 

model. The high-risk group comprised of the patients with shorter duration of complete 

remission and overall survival (OS). The Kaplan-Meier curve was created to estimate 

the OS in high-risk and low-risk patients. The TrxR1 and DJ-1 expression was 

categorized into two groups, high and low, using upper (Q4) and lower quartiles (Q1, 

Q2, Q3) and OS was estimated with 95% confidence interval (CI) for either TrxR1 or 

DJ-1 as a continuous variable. 

2.2.13 Reverse transcriptase quantitative PCR (RT-qPCR) 

To quantify mRNA expression levels in myeloma cells in response to the given treatment 

2.2.13.1 Isolation of total RNA 

Cells (0.5 X 10
6
 cells per well of 24-well plate) were either treated with appropriate 

inhibitors or transfected with siRNAs for indicated time periods. At the end of each 

treatment, cells were pelleted, washed once with 1X PBS, and lysed by addition of 500 

µl of TRIsure
™

 reagent (Bioline) by pipetting up and down several times. Then, 80 µl of 
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chloroform was added to each sample and mixed vigorously for 1 minute by shaking. 

The samples were then incubated for 15 minutes at room temperature and then 

centrifuged at 12,000 X g for 15 minutes at 4
o
C. The aqueous phase (containing RNA) 

was transferred to a new eppendorf tube without disturbing the interphase and bottom 

organic phase.   

Then, 500 µl ice-cold isopropanol was added to the aqueous phase, mixed thoroughly 

by pipetting up and down several times, and incubated for 10 minutes at room 

temperature. The samples were then centrifuged at 12,000 X g for 10 minutes at 4
o
C. 

The supernatant was discarded, 1 ml of ice-cold 70% ethanol was added to wash the 

pellet, samples were vortexed, and centrifuged at 8000 X g for 5 minutes. All traces of 

ethanol were removed and the pellets were air-dried for 5 to 10 mins. Once dried, the 

pellets were re-suspended in 15 µl of PCR-grade water. The concentration of RNA was 

measured by reading the absorbance at 260 nm using the Nanodrop ND-1000 (Biolab, 

Australia). The samples were stored at -20
o
C until required. 

2.2.13.2 cDNA synthesis 

cDNA was synthesised from the total RNA by using SensiFAST™ cDNA Synthesis kit 

(Bioline).  

The reverse transcriptase reaction was set up on ice as mentioned below: 

RNA 500 ng 

5X Trans Amp Buffer 4 µl 

Reverse Transcriptase 1 µl 

PCR-grade water up to 20 µl 

 

The reaction parameters were an initial annealing step at 25
o
C for 10 minutes, reverse 

transcription at 42
o
C for 15 minutes, and a final inactivation step at 85

o
C for 5 minutes. 

The samples were either used directly to set up the RT-qPCR reaction or stored at -20
o
C 

until required. 

 

 



  CHAPTER 2   

62 
 

2.2.13.3 Real-time RT-qPCR  

The real-time RT-PCR reactions were performed using SensiFAST™ No-Rox kit 

(Bioline). The reactions were set up on ice as mentioned below: 

 

2X SensiFAST™ No-Rox Mix 10 µl 

10 µM Forward primer (Table 2.1) 0.4 µl (200 nM) 

10 µM Reverse primer (Table 2.1) 0.4 µl (200 nM) 

cDNA template 1 µl 

PCR-grade water up to 20 µl 

 

The PCR was performed using a Rotor Gene 6000 Real-time PCR system (Corbett Life 

Sciences, QIAGEN). Reaction conditions were 95
o
C for 2 minutes followed by 40 

cycles of 95
o
C for 5 seconds, 60

o
C for 10 seconds, and 72

o
C 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). 

2.2.14 Plasmid DNA extraction 

To extract plasmid DNA from the bacterial culture 

Bacteria transformed with the required plasmid DNA were spread onto the LB-Agar 

plate containing ampicillin, and plates were incubated overnight at 37
o
C. A colony was 

selected from a plate, inoculated in 50 ml of L-Broth media supplemented with 100 

µg/ml ampicillin, and grown overnight at 37
o
C on an orbital shaker. The cell suspension 

was centrifuged at 3000 X g for 5 minutes, supernatant was discarded, and the pellet 

was re-suspended in 2.5 ml of plasmid preparation solution (Table 2.4). The cells were 

lysed and DNA was denatured by adding 5 ml of 0.2M NaOH/1% (w/v) SDS solution. 

The samples were mixed on ice until the solution became clear. Then, 4 ml of 3M 

NaAc, pH 4.6 was added in order to lower the pH and re-anneal the denatured DNA. 

The solution was mixed on ice until white precipitates were formed, and then the 

solution was centrifuged at 12,500 X g for 10 minutes. The supernatant was transferred 

to a fresh tube. 

Next, 10 ml ice-cold isopropanol was added to the supernatant and the solution was 

incubated on ice for 10 to 20 minutes. The solution was then centrifuged at 12,500 X g 



  CHAPTER 2   

63 
 

for 10 minutes, supernatant was discarded, and the pellet was re-suspended in 400 µl of 

sterile water, and transferred to a new 1.5 ml eppendorf tube. Then, 400 µl of 5M LiCl 

was added to precipitate unwanted RNA molecules, the solution was vortexed, and 

incubated on ice for 10 minutes. The solution was then centrifuged at 16,200 X g for 10 

minutes and the supernatant was transferred to a new eppendorf tube. Then, 400 µl of 

ice-cold isopropanol was added to the supernatant and incubated on ice until the 

solution was precipitated. The solution was then centrifuged at 16,200 X g for 10 

minutes, and the pellet was re-suspended in 200 µl of sterile water.  

Then, 2 µl of 10 mg/ml RNase A was added to the solution to remove the small RNA 

molecules and the solution was incubated for 20 minutes at 37
o
C. Next, 200 µl of 

saturated phenol/chloroform mixture was added to the solution to remove proteins. The 

solution was centrifuged at 16,200 X g for 2 minutes and the top aqueous layer was 

transferred to a new eppendorf tube. 500 µl of ice cold absolute ethanol and 20 µl of 3M 

NaAc, pH 5.3, were added to the solution to precipitate the plasmid DNA. This solution 

was stored at -20
o
C overnight and then centrifuged at 16,200 X g for 10 minutes. The 

supernatant was discarded and the pellet was washed once with 70% (v/v) ice-cold 

ethanol. The sample was centrifuged at 16,200 X g for 1 minute and any residual 

ethanol was removed. The pellet was air-dried and re-suspended in 50 µl of sterile 

water. The plasmid DNA was then stored at -20
o
C until required.  

2.2.15 Statistical analyses 

To statistically analyse the significance of each result 

Statistical analysis was performed as indicated in each results section. All the analysis 

was performed using the raw data. Statistical significance was determined by unpaired 

Student’s t test when two samples were directly compared to each other. Statistical 

significance was determined by one-way analysis of variance (ANOVA) followed by 

Tukey’s post-test and Two-way ANOVA followed by Sidak’s post-test when multiple 

samples compared with each other. P < 0.05 was considered as significant. All values 

were presented as mean ± SEM. The correlation analysis between DJ-1 and KLF6 gene 

expression within the different groups of MM patients was performed by the  

Pearson’s correlation method. Data were analysed using the software GraphPad Prism 6 

(GraphPad Software, CA, USA). 
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Chapter 3: 

Inhibition of thioredoxin 1 leads to apoptosis 

in drug-resistant multiple myeloma 
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3.1 Abstract 

Multiple myeloma (MM) is a haematological malignancy characterized by the aberrant 

accumulation of clonal plasma cells in the bone marrow. Despite recent advancement in 

anti-myeloma treatment, MM remains an incurable disease. This study showed higher 

intrinsic oxidative stress and higher Trx1 and TrxR1 protein levels in MM cells 

compared to normal cells. Drug-induced Trx1 (PX-12) and TrxR1 (Auranofin) 

inhibition disrupted redox homeostasis resulting in ROS-induced apoptosis in MM cells 

and a reduction in clonogenic activity. Knockdown of either Trx1 or TrxR1 reduced 

MM cell viability. Trx1 inhibition by PX-12 sensitized MM cells to undergo apoptosis 

in response to the NF-кB inhibitors, BAY 11-7082 and curcumin. PX-12 treatment 

decreased the expression of the NF-кB subunit p65 in MM cells. Bortezomib-resistant 

MM cells contained higher Trx1 protein levels compared to the parent cells and PX-12 

treatment resulted in apoptosis. Thus, increased Trx1 enhances MM cell growth and 

survival and exerts resistance to NF-кB inhibitors. Therefore inhibiting the thioredoxin 

system may be an effective therapeutic strategy to treat newly diagnosed as well as 

relapsed/refractory MM. 
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3.2 Introduction 

Multiple myeloma (MM) is a cancer characterized by aberrant accumulation of 

malignant monoclonal plasma cells in the bone marrow. MM accounts for 2% of all 

neoplasms and is the second most common form of haematological malignancies (Raab 

et al., 2009). There are a number of chemotherapeutic agents that are being used as anti-

myeloma therapies, for example, the immunomodulator thalidomide (Singhal et al., 

1999) and its derivative lenalidomide (Richardson et al., 2006), and a proteasome 

inhibitor bortezomib (Richardson et al., 2005). Despite such advancements in anti-

myeloma therapies, MM remains an incurable disease with a median survival rate of 5 

years (Jemal et al., 2011). Upon prolonged treatment MM cells acquire resistance to the 

given treatment, and thus relapse is inevitable. Therefore, novel therapeutic approaches 

to treat MM are desperately needed.  

Intrinsic oxidative stress is a hallmark of cancer that gives rise to the conditions leading 

to tumour development and progression (Pelicano et al., 2004). In response to increased 

reactive oxygen species (ROS) levels and their toxic effects, cells have evolved a 

number of survival pathways, which includes the expression of antioxidant molecules 

and stress-response molecules. However, cancer cells exploit this advantage and adapt 

to the enhanced oxidative stress through an increased antioxidant capacity. Cancer cells 

with higher intrinsic oxidative stress are more resistant to the disruption of redox 

regulation compared to non-cancerous cells (Schumacker, 2006). 

The thioredoxin (Trx) system is one of the major antioxidant systems that maintain the 

intracellular redox homeostasis (Lu and Holmgren, 2014). The Trx system is comprised 

of thioredoxin 1 (Trx1), a cellular redox protein, thioredoxin reductase 1 (TrxR1) 

enzyme, and NADPH. The Trx system maintains cellular redox homeostasis by either 

directly scavenging ROS (Das and Das, 2000) or by regulating several redox enzymes 

(Rhee et al., 2005, Kim and Kim, 2008). In addition, Trx1 also regulates various redox-

sensitive transcription factors by acting as a co-factor to reduce specific cysteine 

residues (Hirota et al., 1997, Bloomfield et al., 2003). Trx1 also acts as a growth factor 

that stimulates cancer cell proliferation and tumour growth and inhibits spontaneous and 

drug-induced apoptosis (Baker et al., 1997). Expression of Trx1 is upregulated in many 

human cancer types, correlating with cancer cell proliferation, survival, and 

chemoresistance (Lincoln et al., 2003, Kim et al., 2005, Li et al., 2012). Similarly, 

expression and activity of TrxR is upregulated in many human cancer types (Lincoln et 
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al., 2003, Iwasawa et al., 2011) and its inhibition results in cancer cell apoptosis (Liu et 

al., 2011). However, there are no previous reports on the physiological and therapeutic 

significance of the Trx family members in multiple myeloma and its survival. 

Nuclear factor-кB (NF-кB) is a nuclear transcription factor regulating the expression of 

various genes involved in cell proliferation, tumourigenesis, and inflammation. The NF-

кB family is comprised of five members including p50/p105 (NF-кB1), p52/p100 (NF-

кB2), p65 (Rel A), c-Rel, and Rel B (May and Ghosh, 1998). Under non-stimulating 

conditions, NF-кB binds a class of inhibitor proteins called Inhibitor of кB (IкB) (May 

and Ghosh, 1998). Upon stimulation, IкB undergoes phosphorylation and subsequent 

degradation by the proteasome releasing NF-кB, which then translocates into the 

nucleus where it activates gene expression (Barkett and Gilmore, 1999). NF-кB and its 

signalling pathways are constitutively activated in MM cell lines as well as in patient 

myeloma cells (Annunziata et al., 2007) and constitutive NF-кB activity is required for 

the pathogenesis of multiple myeloma (Hideshima and Anderson, 2002, Gilmore, 

2007). While the proteasome inhibitor bortezomib inhibits NF-кB signalling by 

preventing the degradation of IкB, resulting in MM cell apoptosis (Hideshima et al., 

2001, Hideshima et al., 2002), and significant improvement in terms of disease control 

and patient survival (Richardson et al., 2005, Kumar et al., 2008), upon prolonged 

treatment myeloma cells become resistant to bortezomib (Lu and Wang, 2013).  

Being a critical redox regulator, Trx1 activates several redox sensitive transcription 

factors including NF-кB. Under oxidative stress conditions, Trx1 increases the DNA 

binding activity of NF-кB subunits, enhancing NF-кB mediated gene expression leading 

to cell proliferation and survival (Matthews et al., 1992). However, not much is known 

about the interaction between Trx1 and the NF-кB pathway in MM cells. 

The present study was designed to characterize the role of Trx1 and TrxR1 in myeloma 

cell survival, growth, and chemo-resistance. Our results show that higher Trx1 and 

TrxR1 expression levels correlate with myeloma cell survival and growth, and protect 

MM cells against increased intrinsic oxidative stress. Trx1 and TrxR1 inhibition results 

in ROS-induced apoptosis in MM cells. Our data also demonstrate that inhibition of 

Trx1 using a sub-lethal concentration of PX-12 sensitizes MM cells to undergo cell 

death in response to NF-кB inhibition. Results show that Trx1 inhibition decreases 

levels of the NF-кB subunit p65 protein in MM cells. Moreover, the Trx1 inhibiting 



  CHAPTER 3 
 

68 
 

drug PX-12 induces apoptosis of bortezomib-resistant MM cells. Thus, Trx1 may be an 

effective therapeutic target either alone or in combination with other NF-кB targeted 

therapies in the treatment of newly diagnosed as well as relapse/refractory MM patients. 

3.3 Materials and methods 

3.3.1 Cells and reagents 

Human multiple myeloma cell lines (RPMI8226, U266) were obtained from Dr. Slavica 

Vuckovic (QIMR Berghofer Medical Research Institute). Human peripheral blood 

mononuclear cells (PBMCs) were isolated from the whole blood of healthy volunteers 

and were collected under the ethical approval BPS/08/14/HREC. The cells were 

cultured in RPMI-1640 medium (Gibco, VIC, Australia) containing 10% (V/V) fetal 

bovine serum (FBS) (Gibco), 200 mM L-glutamine (Invitrogen, VIC, Australia), and 

100 U/ml penicillin and 100 µg/ml streptomycin (Invitrogen). The Trx1 antibody (5G8) 

is a mouse monoclonal antibody generated against recombinant human thioredoxin 

(Karlenius et al., 2012). The monoclonal anti-TrxR1 antibody was purchased from 

R&D systems (MN, USA). The polyclonal anti-NF-кB p65 antibody was purchased 

from GeneTex (CA, USA) and anti-β-tubulin antibody was purchased from Abcam. The 

Trx1 inhibitor PX-12 (1-methylpropyl 2-imidazolyl disulfide) was purchased from 

Cayman Chemicals (MI, USA). The NF-κB inhibitors BAY 11-7082 and curcumin 

were purchased from Cayman Chemicals and Sigma. The TrxR1 validated small 

interfering RNA (siRNA) and control siRNA were purchased from Santa Cruz 

Biotechnology (TX, USA). The Trx1-anti sense plasmid was made by reversing the 

orientation of the Trx insert in pcDNA3.1 (Invitrogen) of a pTrx-WT plasmid 

previously described (Osborne et al., 2006). 

3.3.2 Database 

Gene expression data was obtained from the gene expression profile arrays in patient 

myeloma cells at different stages of the disease and healthy cells deposited in the gene 

expression omnibus database GSE6477. 

3.3.3 Western blot analysis 

Western blot analysis was performed as described previously (Karlenius et al., 2012). 

Whole cell extracts were prepared using 0.5% (v/v) Nonidet-40 cell lysis buffer. 

Nuclear and cytosolic fractions were prepared using Nuclear Protein Extraction Kit 
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(Cayman Chemicals) according to the manufacturer’s guidelines. Protein samples were 

solubilized with 5% SDS (w/v) sample buffer and electrophoresed on polyacrylamide 

gel. Proteins were transferred onto a polyvinylidene difluoride membrane and were 

probed with various specific antibodies (Trx1, TrxR1, p65, β-tubulin) and the 

appropriate horseradish peroxide-conjugated secondary antibodies.  

3.3.4 Measurement of intracellular ROS generation 

A dicholorofluorescein (DCF) assay was used to determine cellular ROS generation in 

MM cells and control PBMCs as described previously (Rushworth et al., 2008). Briefly, 

either 1 X 10
6
 or 1 X 10

5
 of treated or untreated cells were washed with PBS and 

incubated with 10 µM H2DCFDA (Molecular probes, CA, USA), a redox sensitive cell 

permeable dye, for 15 minutes. Cells were then transferred to black-walled clear-bottom 

96-well plate in triplicate and assessed for H2DCFDA oxidation using the SpectraMax 

fluorescence plate reader (Molecular Devices). Data were analysed using SoftMax Pro 

software (Bio-strategy). The fluorescence intensity measuring the oxidation of 

H2DCFDA by ROS represents the amount of intracellular ROS generation. 

3.3.5 Cell proliferation assay  

RPMI8226, U266, and PBMCs (0.5 X 10
6
 cells per well of 24-wells plate) were treated 

with appropriate inhibitors for 24 hours. After which, cell proliferation was determined 

using MTT solution (Sigma, NSW, Australia).  

3.3.6 Cell viability measurement 

Cell viability was measured by the Trypan blue exclusion method. Treated and 

untreated cells were stained with Trypan blue and viable cells were counted using an 

inverted light microscope. 

3.3.7 Caspase-3 activity assay 

Caspase-3 activity within the treated and untreated MM cell lines and PBMCs was 

determined as described previously following the cleavage of Ac-DEVD-AMC (Enzo 

Life Sciences, NY, USA), a caspase-3 substrate (Cox et al., 2008). Briefly, treated or 

untreated cells (0.5 X 10
6
 cells) were pelleted, washed with PBS, re-suspended in 10-15 

µl of PBS, and transferred to black-walled 96-well plate. 90 µl of caspase assay buffer 

(5 mM dithiothreitol, 100 mM HEPES, 10% (w/v) sucrose, 0.1% NP-40 at pH 7.25) 

containing 50 μM Ac-DEVD-AMC was added to the samples and the amount of AMC 
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cleaved by caspase-3 was measured at 37°C by measuring the fluorescence at excitation 

wavelength of 370 nm and emission of 445 nm using the SpectraMax plate reader. 

3.3.8 Transient transfections 

Cells (1.5 X 10
6
 per well) were transfected using Amaxa Nucleofector (T-001 program) 

using equivalent molar concentrations of siRNAs (final concentrations of 30 nmol/L). 

Empty vector, pcDNA 3.1, and Trx1-anti sense plasmids (2 µg) were transfected using 

the same protocol. Transfected cells were incubated for 24 hours before the indicated 

treatments. 

3.3.9 Establishment of bortezomib-resistant cell lines 

Bortezomib-resistant (BR) MM cell line (U266-BR) was generated from a parental cell 

line (U266) by multistep exposure of the cells to increasing doses of bortezomib (40 

nM) for 12 weeks. Briefly, cells were initially cultured in a low drug concentration for 1 

week followed by 1 week in a drug-free medium for stabilization. Cells were exposed to 

increasing concentrations of bortezomib for 1 week followed by 1 week in a drug-free 

medium before the next bortezomib exposure for 12 weeks, and subsequently cells 

became resistant to bortezomib. The resistant cells were expanded in a drug-free 

medium. Cells were tested for drug resistance before any further studies. 

3.3.10 Methylcellulose clonogenic assay 

The colony formation assay in methylcellulose (R&D systems) was performed 

according to the manufacturer’s instructions. Briefly, treated and untreated MM cells 

were plated at the density of 1000 cells/ml in 1.1ml volume in 35 mm petri dishes. Each 

plate contained RPMI-1640 media consisting of 1.4% methylcellulose, 25% (v/v) FBS, 

100 U/ml penicillin and 100 µg/ml streptomycin, and 1% (w/v) BSA. Plates were 

incubated at 37
o
C, 5% CO2 for 8-10 days. To observe colonies, cells were stained with 

0.5 mg/ml MTT (Sigma), 500 µl/plate (Xie et al., 2011). After incubating the plates for 

1 hour at 37
o
C, colonies containing more than 30 cells were counted using an inverted 

light microscope. Colonies were photographed using a Tucsen ix30 camera and TSview 

software (Tucsen, China).   

3.3.11 Statistical analysis 

All values are presented as mean ± SEM. Data was analysed using the software 

GraphPad Prism 6 (GraphPad Software, CA, USA). Statistical significance was 
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determined by One-way ANOVA followed by Tukey’s post-test and Two-way ANOVA 

followed by Sidak’s post-test. P< 0.05 was considered significant. 

3.4 Results 

3.4.1 Multiple myeloma cells have higher intrinsic oxidative stress and 

an up-regulated thioredoxin system 

Increased oxidative stress is a hallmark of many human cancer types, which leads to 

aberrant cancer growth and proliferation (Pelicano et al., 2004). The levels of intrinsic 

oxidative stress were examined in MM cell lines (RPMI8226, U266) and normal 

peripheral blood mononuclear cells (PBMCs) by analysing the intracellular ROS levels. 

Both MM cell lines have significantly higher ROS levels compared to PBMCs (Figure 

3.1A).  

To examine whether MM cells have increased antioxidant capacity, we first evaluated 

the expression levels of Trx1 and TrxR1 in myeloma cells compared to PBMCs. A gene 

expression omnibus dataset (GSE6477) shows that both Trx1 (Figure 3.1B) and TrxR1 

(Figure 3.1C) are expressed at significantly higher levels in new and relapsed myeloma 

patient cells compared to normal cells. Western blot analysis confirmed higher protein 

levels of Trx1 (Figure 3.1D) and TrxR1 (Figure 3.1E) in MM cell lines compared to 

PBMCs. 
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Figure 3.1: Multiple myeloma cells have higher intrinsic oxidative stress and an 

upregulated thioredoxin system. A, Basal ROS levels were measured in myeloma cell 

lines (RPMI8226, U266) and two samples of control PBMCs using H2DCFDA. Values 

indicate mean ± SEM of three independent experiments performed in triplicate. One-

way ANOVA followed by Tukey’s post-test were employed. *, P < 0.05 (compared to 

PBMCs) B, C, Expression of Trx1 and TrxR1 in patient myeloma cells (new MM and 

relapsed) and normal cells were determined from the gene expression profile arrays 

deposited in the gene expression omnibus database (GSE6477). One-way ANOVA 

followed by Tukey’s post-test were employed. P < 0.001 (Trx1) and P < 0.05 (TrxR1) 

compared to normal cells. D, E, Whole cell extracts were prepared from myeloma cell 

lines (RPMI8226, U266) and control PBMCs, and western blot analysis was conducted 

for Trx1 (D) and TrxR1 (E) protein levels. β-tubulin was used to confirm the equal 

loading. Western blots are representative of three independent experiments. 
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3.4.2 Trx1 and TrxR1 inhibition reduces MM cell proliferation and 

viability 

To study the role of Trx1 and TrxR1 in the growth and survival of MM cells, we used 

both chemical inhibition and a knockdown approach. Auranofin reacts with selenol-

containing residues present in TrxR1, inhibits its activity (Gromer et al., 1998), and 

shows excellent anti-tumour activity (Liu et al., 2011). PX-12 inhibits Trx1 by 

irreversibly alkylating the Cys73 residue (Kirkpatrick et al., 1998) and has been shown 

to exert anti-tumour activity (Tan et al., 2014, You et al., 2014). We used PX-12 and 

auranofin as tools to study the cytoprotective functions of Trx1 and TrxR1 in MM cells. 

Treatment of RPMI8226, U266, and control PBMCs with increasing concentrations of 

PX-12 (0-40 µM) (Figure 3.2A) and auranofin (0-8 µM) (Figure 3.2B) for 24 hours 

resulted in a marked inhibition of RPMI8226 and U266 cell proliferation compared to 

PBMCs.  

To ascertain if specific knock-down of Trx1 and TrxR1 could reproduce the effect of 

drug-induced Trx1 and TrxR1 inhibition on MM growth, we used the Trx1-antisense 

(Trx1-AS) plasmid DNA and TrxR1 specific siRNA. Transfection of the Trx1-antisense 

plasmid decreased Trx1 protein levels compared to the control vector (Figure 3.2C, E) 

and reduced RPMI8226 (Figure 3.2D) and U266 (Figure 3.2F) cell viability by 50% 

after 2 and 3 days of incubation, respectively. Similarly, siRNA against TrxR1 

suppressed TrxR1 protein expression compared to the control siRNA (Figure 3.2G, I) 

and reduced RPMI8226 (Figure 3.2H) and U266 (Figure 3.2J) cell viability by 

approximately 30-50% after 2 and 3 days of incubation, respectively.  
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Figure 3.2: Trx1 and TrxR1 inhibition reduces myeloma cell proliferation and 

viability. A, B, RPMI 8226, U266, and control PBMCs were treated with indicated 

concentrations of PX-12 (A) and auranofin (B) for 24 hours. Cell proliferation was 

assessed by MTT assays. Values indicate mean ± SEM of three independent 

experiments performed in triplicate. C, D, E, F, RPMI8226 (C, D) and U266 (E, F) 

cells were transfected with 2 µg of pcDNA 3.1 vector or Trx1-AS plasmid. Trx1 protein 

levels (24 hours) were analysed by western blot in RPMI8226 (C) and U266 (E). β-

tubulin was used as a loading control. Cell viability was measured at the indicated time 

points by using the Trypan blue exclusion method in RPMI8226 (D) and U266 (F). G, 

H, I, J, RPMI8226 (G, H) and U266 (I, J) cells were transfected 30 nmol/L of either 

control or TrxR1 specific siRNA. TrxR1 protein levels (48 hours) were analysed by 

western blot in RPMI8226 (G) and U266 (I). β-tubulin was used as a loading control. 

Cell viability was measured at the indicated time points by using the Trypan blue 

exclusion method in RPMI8226 (H) and U266 (J). Values indicate mean ± SEM (n = 3). 

Two-way ANOVA followed by Sidak’s post-test were employed. *, P < 0.05 

3.4.3 Inhibition of Trx1 or TrxR1 decreases the clonogenic activity of 

MM cells 

Myeloma cells have clonogenic activity and these clonogenic myeloma cells are 

resistant to a number of clinically used anti-myeloma drugs (Matsui et al., 2008). We 

investigated whether inhibiting either Trx1 or TrxR1 reduces clonogenic activity of 

myeloma cells. A significant reduction in the number of colonies was observed at 10 

µM PX-12 in RPMI8226 (Figure 3.3A, E) and 5 µM PX-12 in U266 (Figure 3.3B, E). 

Similarly, 4 µM auranofin treatment significantly decreased the number of colonies in 

both MM cell lines (Figure 3.3C, D, & F). No colonies were observed in MM cells 

treated with 8 µM auranofin. No significant effect on colony number was observed with 

lower concentrations of PX-12 or auranofin. 
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Figure 3.3: Inhibition of Trx1 or TrxR1 decreases clonogenic activity of MM cells. 

A, B, Methylcellulose colony formation assay of RPMI8226 (A) and U266 (B) cells 

treated with 5 µM and 10 µM PX-12. C, D, Methylcellulose colony formation assay of 

RPMI8226 (C) and U266 (D) cells treated with 4 µM and 8 µM auranofin. E, Number 

of colonies formed after PX-12 treatment of RPMI8226 and U266 cells. F, Number of 

colonies formed after auranofin treatment of RPMI8226 and U266 cells. Values indicate 

mean ± SEM of three independent experiments performed in duplicate. One-way 

ANOVA followed by Tukey’s post-test were employed. * (U266), # (RPMI8226), P < 

0.05 
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3.4.4 Inhibition of Trx1 or TrxR1 induces MM cell apoptosis 

Next we determined the mode of myeloma cell death in response to Trx1 and TrxR1 

inhibition using specific inhibitors. RPMI8226, U266, and control PBMCs were treated 

with PX-12 (0-20 µM) and auranofin (0-4 µM) for 24 hours and caspase-3 activity was 

measured. 5 µM PX-12 significantly increased caspase-3 activity by 3-fold in 

RPMI8226 and 4-fold in U266 cells compared to non-treated cells (Figure 3.4A). 

Similarly, 1 µM auranofin significantly increased caspase-3 activity by 2.5-fold in 

RPMI8226 and 2.3-fold in U266 cells compared to non-treated cells (Figure 3.4B). No 

significant increase in caspase-3 activity was observed in PX-12 and auranofin-treated 

control PBMCs.  

0 5 1 0 2 0

0

2 0 0

4 0 0

6 0 0

8 0 0

1 0 0 0

1 2 0 0

1 4 0 0

P X -1 2  ( M )

C
a

s
p

a
s

e
-3

 a
c

ti
v

it
y

 (
R

F
U

)

P B M C R P M I8 2 2 6 U 2 6 6

* * *

#
##

0 1 2 4

0

2 0 0

4 0 0

6 0 0

8 0 0

1 0 0 0

1 2 0 0

1 4 0 0

A u ra n o fin  ( M )

C
a

s
p

a
s

e
-3

 a
c

ti
v

it
y

 (
R

F
U

)

P B M C R P M I8 2 2 6 U 2 6 6

*
*

*

#

# #

A

B

 

Figure 3.4: Inhibition of Trx1 or TrxR1 induces MM cell apoptosis. A, B, 

RPMI8226, U266, and control PBMCs were treated with indicated concentrations of 

PX-12 (A) and auranofin (B) for 24 hours. Caspase-3 activity in treated and untreated 

myeloma cell lines and PBMCs was measured by monitoring the cleavage of Ac-

DEVD-AMC. Values indicate mean ± SEM (n = 3). One-way ANOVA followed by 

Tukey’s post-test were employed. * (U266), # (RPMI 8226), P < 0.0001 
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3.4.5 Inhibition of the Trx system results in ROS-induced apoptosis in 

MM 

We next investigated the role of Trx1 and TrxR1 in protecting MM cells against higher 

intrinsic oxidative stress and whether their inhibition disrupts intracellular redox 

homeostasis in myeloma cells. Treatment of RPMI8226 and U266 cells with PX-12 (0-

20 µM) for 24 hours showed a significant increase in the amount of ROS at 5 µM PX-

12 as indicated by H2DCFDA oxidation (Figure 3.5A). To investigate the involvement 

of ROS, we analysed whether two antioxidants, N-acetyl cysteine (NAC) and ascorbic 

acid, protected MM cells against PX-12-induced apoptosis. Treatment of both cell lines 

with 5 µM PX-12, with or without 5 mM NAC, showed that addition of NAC 

significantly abrogated the PX-12-induced increase in ROS in both MM cell lines 

(Appendix 1, Figure S1.1). These results confirmed that Trx1 inhibition by PX-12 

increases intracellular ROS levels in MM. Moreover, treatment of cells with NAC (5 

mM) together with PX-12 (5 µM) significantly rescued MM cells from undergoing cell 

death (Figure 3.5B) and also abrogated PX-12-induced apoptosis in both myeloma cell 

lines (Figure 3.5C). Ascorbic acid (AA) showed a similar protective effect, but was not 

as effective as NAC (Appendix 1, Figure S1.2). 

We then investigated the effect of auranofin on the intracellular ROS levels in MM 

cells. Treatment of RPMI8226 and U266 cells with auranofin (0-4 µM) significantly 

increased intracellular ROS levels in both MM cell lines (Figure 3.5D). In addition, 

addition of 5 mM NAC to auranofin-treated RPMI8226 and U266 cells significantly 

rescued them from undergoing cell death (Figure 3.5E) and apoptosis (Figure 3.5F). 

Addition of AA also showed a similar protective effect, but was observed to be less 

effective than NAC (Appendix 1, Figure S1.2).  
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Figure 3.5: Inhibition of Trx system results in ROS-induced apoptosis in MM. A, 

RPMI8226 and U266 cells were treated with indicated concentrations of PX-12 for 24 

hours and then assessed for H2DCFDA oxidation. B, C, RPMI8226 and U266 cells 

were treated with 5 µM PX-12 alone or in combination with 5 mM NAC for 24 hours 

followed by measuring cell viability using the Trypan blue exclusion method (B), and 

examination of apoptosis by measuring Caspase-3 activity (C). D, RPMI8226 and U266 

cells were treated with indicated concentrations of auranofin for 24 hours and then 

assessed for H2DCFDA oxidation. E, F, RPMI8226 and U266 cells were treated with 2 

µM auranofin alone or in combination with 5 mM NAC for 24 hours followed by 

measuring cell viability using the Trypan blue exclusion method (F) and examination of 

apoptosis by measuring caspase-3 activity (G). One-way ANOVA followed by Tukey’s 

post-test were employed. *, P < 0.05. Values indicate mean ± SEM of three independent 

experiments performed in triplicate. For caspase-3 activity assay (n = 3). 
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3.4.6 Trx1 inhibition sensitizes myeloma cells to NF-кB inhibitors and 

decreases NF-кB p65 protein expression  

Since MM cells have high NF-кB activity, we tested the effect of the NF-кB inhibitors, 

BAY 11-7082 (Rushworth et al., 2010) and curcumin (Singh and Aggarwal, 1995), on 

MM cell proliferation using MTT assays. BAY 11-7082 had no effect on RPMI8226 

cell proliferation, whereas U266 cell proliferation was inhibited only at a higher 

concentration (10 µM) (Figure 3.6A). Curcumin reduced RPMI8226 and U266 cell 

proliferation only at higher concentrations (10 µM and 20 µM) (Appendix 1, Figure 

S1.3A). Our results also showed an increase in Trx1 protein levels in BAY 11-7082-

treated RPMI8226 and U266 cells (Appendix 1, Figure S1.4). Thus, increased Trx1 

levels may be responsible for the decreased sensitivity of MM cells to NF-кB inhibitors. 

We then aimed to investigate the role of Trx1 in the resistance of MM cells to NF-кB 

inhibitors. RPMI8226 and U266 cells were treated with a sub-lethal concentration of 

PX-12 (2.5 µM), with or without 5 µM BAY 11-7082, for 24 hours. Treatment with 

either PX-12 or BAY 11-7082 alone had no effect on cell proliferation. However, co-

treatment of MM cells with both PX-12 and BAY 11-7082 significantly reduced 

RPMI8226 and U266 cell proliferation by 80% (Figure 3.6B). We then measured 

apoptosis in RPMI8226 and U266 cells treated with either PX-12 or BAY 11-7082 

alone or in combination, which showed a significant increase in caspase-3 activity 

(Figure 3.6C) when cells were treated with PX-12 and BAY 11-7082 together. To 

confirm the results observed with PX-12, we used Trx1 knockdown using the Trx1-AS 

plasmid in combination with BAY 11-7082, which reduced U266 cell proliferation 

(Figure 3.6D). Similarly, treatment with either PX-12 or 5 µM curcumin alone had no 

effect on MM cell proliferation, but co-treatment with PX-12 and curcumin 

significantly reduced RPMI8226 and U266 proliferation by 40-45% (Appendix 1, 

Figure S1.3B). Co-treatment with PX-12 and curcumin also significantly increased 

caspase-3 activity in RPMI8226 and U266 cells compared to treatment with either PX-

12 or curcumin alone (Appendix 1, Figure S1.3C).  

Trx1 enhances the DNA binding activity of NF-кB subunit p50 by reducing a cysteine 

at position 62 (Matthews et al., 1992). Based on this information, we investigated the 

effect of Trx1 inhibition on the expression and localization of NF-кB subunit p65 in 

MM cells. Western blot results showed that PX-12 treatment significantly decreased 
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cellular p65 protein levels, including in the nuclear and cytosolic fractions, in a 

concentration dependent manner in both MM cell lines (Figure 3.6E).  
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Figure 3.6: Trx1 inhibition sensitizes myeloma cells to NF-кB inhibitors and 

decreases NF-кB p65 protein expression. A, RPMI8226 and U266 cells were treated 

with indicated concentrations of BAY 11-7082 for 24 hours and cell proliferation was 

assessed by MTT assays. B, C, RPMI8226 and U266 cells were treated with 2.5 µM 

PX-12 and 5 µM BAY 11-7082 alone or in combination for 24 hours and cell 

proliferation (B) and caspase-3 activity (C) were measured. D, U266 cells were 

transfected with Trx1-AS plasmid and pcDNA 3.1 vector. 24 hours after transfections, 
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cells were treated with or without 5 µM BAY 11-7082 for 24 hours and cell 

proliferation was assessed by MTT assays. Values indicated mean ± SEM of three 

independent experiments performed in triplicate. For caspase-3 activity assay (n = 3). 

One-way ANOVA followed by Tukey’s post-test were employed. *, P < 0.05 

(Compared to different treatment groups) E, RPMI8226 and U266 cells were treated 

with PX-12 (0-20 µM) for 24 hours. Nuclear, cytosolic, and total protein extracts were 

prepared and p65 protein expression was analysed by western blot analysis. Lamin B1 

(nuclear fractions) and β-tubulin (cytosolic fractions and total protein lysates) were used 

as loading controls. Western blots are the representative of three independent 

experiments. 

3.4.7 Inhibition of Trx1 reduces proliferation and induces apoptosis of 

bortezomib-resistant MM cells 

As MM cells acquire resistance to bortezomib upon prolonged treatment resulting in 

disease relapse, we evaluated the effect of Trx1 inhibition on the growth and survival of 

drug-resistant myeloma cells. We first generated a bortezomib-resistant (BR) cell line 

(U266-BR) from the highly-sensitive parental U266 cell line (Figure 3.7A). Trx1 

protein levels were observed to be higher in U266-BR cells compared to the U266 cells 

(Figure 3.7B). We next examined the effect of Trx1 inhibition on the survival of U266-

BR cells. Treatment of U266-BR cells with PX-12 for 24 hours significantly inhibited 

their proliferation (Figure 3.7C). Moreover, PX-12 also increased caspase-3 activity in 

U266-BR cells indicating that cells have undergone apoptosis (Figure 3.7D).  
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Figure 3.7: Inhibition of Trx1 reduces proliferation and induces apoptosis in 

bortezomib-resistant MM cells. A, Parent-U266 and U266-BR cells were treated with 

bortezomib for 24 hours and cell proliferation was assessed by MTT assay. B, Trx1 

protein expression in U266 and U266-BR cells was analysed by western blot. β-tubulin 

was used as a loading control. C, D, U266-BR cells were treated with indicated 

concentrations of PX-12 for 24 hours. Cell proliferation was assessed by MTT assay (C) 

and apoptosis was assessed by measuring caspase-3 activity (D). Values indicate mean 

± SEM of three independent experiments performed in triplicate. For caspase-3 activity 

assay (n = 3). One-way ANOVA followed by Tukey’s post-test were employed. *, P < 

0.0001 (Compared to the control)   
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3.5 Discussion 

Despite the development of many anti-myeloma therapies, to date MM remains an 

incurable plasma cell malignancy (Singhal et al., 1999, Richardson et al., 2005, 

Richardson et al., 2006) with drug resistance resulting in disease relapse. Therefore, 

development of new anti-myeloma therapies and strategies to treat drug-resistant MM 

patients is desperately needed. Many of the currently available anticancer drugs induce 

apoptosis by increasing the intracellular ROS levels and oxidative stress. For example, 

bortezomib, which in addition to its primary inhibitory effect on the 26S proteasome 

(Crawford et al., 2006), also increases intracellular ROS levels and induces apoptosis 

(Hong et al., 2012, Selimovic et al., 2013). However, cancer cells enhance their 

antioxidant capacity in response to increased oxidative stress to escape the toxic effect 

of drugs. Therefore, therapies that inhibit the activity of antioxidants to disrupt redox 

homeostasis may provide a more effective anti-myeloma therapy.  

The role of redox proteins, Trx1 and TrxR1, in MM pathogenesis is largely unknown. 

Here, for the first time, we reported the cytoprotective role of Trx1 and TrxR1 in MM, 

and showed that disruption of intracellular redox homeostasis by inhibiting either Trx1 

or TrxR1 reduces MM cell growth and survival. Our data showed that MM cells have 

higher intracellular ROS levels and increased Trx1 and TrxR1 expression levels 

compared to the normal PBMCs (Figure 3.1). We hypothesized that high Trx1 and 

TrxR1 protein levels may provide protection against increased oxidative stress and leads 

to MM cell survival and growth. As discussed earlier, PX-12 is an irreversible inhibitor 

of Trx1 and has been shown to inhibit tumour growth and lead to ROS-induced 

apoptosis in a variety of human cancers including acute myeloid leukaemia (Tan et al., 

2014), colorectal cancer (Wang et al., 2015), and lung cancer (You et al., 2014, You et 

al., 2015). PX-12 has been tested in two independent clinical studies, one in advanced 

gastrointestinal cancer and another in patients with advanced pancreatic cancer 

(Ramanathan et al., 2011, Baker et al., 2013). Although no significant anti-tumour 

activity of PX-12 was observed in both clinical studies, the Trx1 pathway was 

suggested as an effective therapeutic target in cancer. Auranofin, a TrxR1 inhibitor, 

leads to oxidative stress-induced lethality and apoptosis in cancers including chronic 

myeloid leukaemia (Liu et al., 2011), chronic lymphocytic leukaemia (Fiskus et al., 

2014), prostate cancer (Park and Chun, 2014), breast cancer (Kim et al., 2013), and 

acute leukaemia (Kim et al., 2004). Auranofin is currently in a phase II clinical trial for 

chronic lymphocytic leukaemia and adenosquamous cell lung cancer patients. Because 
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of the well documented anti-tumour activity of PX-12 and auranofin in the pre-clinical 

studies, we used these drugs, along with knockdown of Trx1 and TrxR1, as tools to 

study the cytoprotective role of Trx1 and TrxR1 in MM. In line with other studies 

reporting the cytoprotective role of Trx1 and TrxR1 (Honeggar et al., 2009, Li et al., 

2012), we showed that both drug-induced inhibition and specific knockdown of Trx1 

and TrxR1 reduced MM cell proliferation, induced cell death, and apoptosis (Figure 3.2 

& 3.4). Inhibition of Trx1 and TrxR1 using PX-12 and auranofin, respectively, had little 

or no cytotoxic effect on non-cancerous PBMCs isolated from healthy individuals 

(Figure 3.2 & 3.4). Hence, our study suggests that both Trx1 and TrxR1 can be used as 

effective therapeutic targets to treat MM. 

The Trx system maintains the intracellular redox homeostasis by scavenging ROS and 

regulating various redox enzymes (Das and Das, 2000, Rhee et al., 2005, Kim and Kim, 

2008). Inhibition of the Trx system increases intracellular oxidative stress (Yamamoto 

et al., 2003, Holmgren and Lu, 2010). We showed that Trx1 and TrxR1 inhibition 

increased intracellular ROS levels and induced MM cell apoptosis (Figure 3.3 & 3.5). 

Treatment of cells with antioxidants, such as NAC and ascorbic acid, has reduced the 

amount of ROS generated in response to Trx inhibition, and rescued cells from 

undergoing apoptosis.  

Overexpression of Trx1 and TrxR1 has been linked to the aggressive phenotype of 

many cancer types, including aggressive invasive mammary carcinomas and advanced 

malignant melanoma (Lincoln et al., 2003). Trx1 overexpression has been shown to 

promote breast cancer cell invasion by stimulating MMP-9 expression. Inhibition of 

Trx1 activity has been shown to decrease MMP-9 expression via suppression of NF-кB 

activity and expression of NF-кB subunits, p50 and p65, in breast cancer cells (Farina et 

al., 2011). We showed that inhibition of Trx1 resulted in decreased protein levels of NF-

κβ subunit p65 in MM cells. Moreover, Trx1 inhibition has been shown to reduce the 

clonogenic activity in diffuse large B-cell lymphoma (Li et al., 2012). Our findings 

showed that drugs inhibiting either Trx1 or TrxR1 decreased the clonogenic activity in 

multiple myeloma cells. Interestingly, cells treated with 10 µM PX-12 resulted in the 

formation of larger colonies compared to the non-treated cells, although 10 µM PX-12 

treatment has reduced the number of colonies in both cell lines. MM cell lines, 

including RPMI8226 and U266, and primary MM tumour cells have been shown to 

possess a small side population (SP) of the cells that exhibit more clonogenic and 

tumourigenic capacity (Jakubikova et al., 2011). These SP cells possess stem cell-like 
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features and express high levels of the ABC transporter family (ABCB1 and ABCG2), 

which are responsible for SP cell’s drug-resistance (Zhou et al., 2001, Ho et al., 2007, 

Wu et al., 2007, Matsui et al., 2008). Moreover, these SP cells have more clonogenic 

potential and the colonies formed by SP cells are larger than the colonies formed by 

non-SP cells (Jakubikova et al., 2011, Nara et al., 2013). Based on this information, we 

postulated that the larger colonies observed in the samples treated with 10 µM PX-12 

may have formed from the SP cells present in RPMI8226 and U266 cells, which may be 

resistant to PX-12. Thus, an upregulated Trx system is linked not just to cancer cell 

proliferation, invasion, metastasis, but also to clonogenic activity.  

This study, for the first time, highlights the cytoprotective role of Trx1 in the resistance 

of MM cells to NF-кB inhibitors. We showed that Trx1-inhibited MM cells become 

more sensitive towards the NF-кB inhibitors BAY 11-7082 and curcumin. BAY 11-

7082 had no effect on RPMI8226 cell growth at any concentrations, while only higher 

concentrations of BAY 11-7082 reduced U266 cell growth (Figure 3.6), and Trx1 

protein levels were markedly increased in response to BAY 11-7082 treatment in both 

MM cell lines. Similarly, only higher concentrations of curcumin reduced RPMI8226 

and U266 cell proliferation (Appendix 1, Figure S1.3). Elevated levels of Trx1 have 

been implicated in the resistance of cancer cells to several chemotherapeutic agents 

including cisplatin, docetaxel, and doxycycline (Yamada et al., 1996, Kim et al., 2005). 

Inhibition of Trx1 has been shown to reverse the drug-resistance in many cancer types 

(Li et al., 2012). We hypothesized that high levels of Trx1 observed in myeloma cells 

may exert cytoprotection against NF-кB inhibitors in MM. Our data showed that 

inhibition of Trx1 using a sub-lethal concentration of PX-12 (2.5 µM) sensitized MM 

cells to undergo apoptosis in response to BAY 11-7082 (Figure 3.6) or curcumin 

(Appendix 1, Figure S1.3). The amount of cell death and caspase-3 activity was higher 

in cells treated with PX-12 and BAY 11-7082 or curcumin together compared to the 

treatment with either PX-12 or BAY 11-7082 or curcumin alone. Specific knockdown 

of Trx1 using the antisense Trx1 plasmid produced similar results (Figure 3.6). Thus, 

Trx1 inhibition sensitized MM cells to NF-кB inhibitors suggesting that increased Trx1 

levels may be responsible for the resistance of MM cells to NF-кB-targeted therapies. In 

addition, we showed that Trx1 inhibition resulted in decreased protein levels of NF-кB 

subunit p65 in MM cells. Therefore inhibiting Trx1 in conjunction with the NF-кB 

pathway may lead to a better anti-myeloma therapy.  
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In recent years, many anti-myeloma drugs, including bortezomib, thalidomide, and 

dexamethasone, have been developed (Mitsiades et al., 2002, Juvekar et al., 2011). 

Bortezomib, a proteasome inhibitor, has been shown to inhibit proliferation and induce 

apoptosis of human MM cell lines and primary MM patient cells, without any 

significant cytotoxic effect on non-cancerous PBMCs (Hideshima et al., 2001). Upon 

prolonged treatment with these drugs MM cells acquire resistance, resulting in relapse 

(Balsas et al., 2012, Lu and Wang, 2013). This study highlighted a novel strategy to 

treat drug-resistant MM by inhibiting Trx1. We showed that the Trx1 inhibiting drug 

PX-12 induced apoptosis in bortezomib-resistant MM cells. These bortezomib-resistant 

U266 cells had higher Trx1 protein levels compared to the parent U266 cells (Figure 

3.7). In line with other studies indicating the role of Trx1 in chemoresistance (Yamada 

et al., 1996, Kim et al., 2005, Li et al., 2012), our results showed that Trx1 inhibition 

sensitized bortezomib-resistant U266 cells to undergo apoptosis (Figure 3.7). Our 

findings complement a study that showed that inhibition of another major antioxidant 

system, the glutathione system, strongly enhances bortezomib-toxicity in MM (Nerini-

Molteni et al., 2008). Inhibition of Trx1, might not only offer a novel approach to treat 

newly diagnosed MM patients, but also those with drug-resistant relapsed/refractory 

MM.  

In conclusion, this research confirms that Trx1 inhibition results in ROS-induced 

apoptosis in MM cells, sensitizes MM cells to the NF-кB inhibitors, and also induces 

apoptosis in bortezomib-resistant myeloma cells. Thus, Trx1 may be an effective 

therapeutic target to treat newly diagnosed and relapsed/refractory MM patients. This 

research provides an important insight into the cytoprotective role of Trx1 and TrxR1 in 

MM cell survival and growth, which may lead to the development of new, more 

effective approaches to treat MM, which is currently incurable. This study recommends 

considering Trx1 and TrxR1 as molecular targets for inhibition, which holds promising 

anti-myeloma therapy. 
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4.1 Abstract 

Multiple myeloma (MM) is a plasma cell malignancy characterized by an accumulation 

of abnormal clonal plasma cells in the bone marrow. Introduction of the proteasome-

inhibitor bortezomib has improved MM prognosis and survival; however hypoxia-

induced or acquired bortezomib resistance remains a clinical problem. This study 

highlighted the role of thioredoxin reductase 1 (TrxR1) in the hypoxia-induced and 

acquired bortezomib resistance in MM. Higher TrxR1 gene expression correlated with 

high-risk disease, adverse overall survival, and poor prognosis in myeloma patients. We 

demonstrated that hypoxia induced bortezomib resistance in myeloma cells and 

increased TrxR1 protein levels. Inhibition of TrxR1 using auranofin overcame hypoxia-

induced bortezomib resistance and restored the sensitivity of hypoxic-myeloma cells to 

bortezomib. Hypoxia increased NF-кB subunit p65 nuclear protein levels and TrxR1 

inhibition decreased hypoxia-induced NF-кB p65 protein levels in the nucleus and 

reduced the expression of NF-кB-regulated genes. In addition, higher TrxR1 protein 

levels were observed in bortezomib-resistant myeloma cells compared to the naïve cells, 

and its inhibition using either auranofin or TrxR1-specific siRNAs reversed bortezomib 

resistance. TrxR1 inhibition reduced p65 mRNA and protein expression in bortezomib-

resistant myeloma cells, and also decreased the expression of NF-кB-regulated anti-

apoptotic and proliferative genes. Thus, TrxR1 inhibition overcomes both hypoxia-

induced and acquired bortezomib resistance by inhibiting the NF-кB signalling 

pathway. Our findings demonstrate that elevated TrxR1 levels correlate with the 

acquisition of bortezomib resistance in MM. We propose considering TrxR1-inhibiting 

drugs, such as auranofin, either for single agent or combination therapy to circumvent 

bortezomib-resistance and improve survival outcomes of MM patients. 
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4.2 Introduction 

Multiple myeloma (MM) is an incurable plasma cell malignancy characterized by the 

accumulation of abnormal clonal plasma cells in the bone marrow (BM). In the past 

decade, many effective anti-myeloma agents have been developed including 

bortezomib, thalidomide, and lenalidomide (Cavo, 2006, Richardson et al., 2006, 

Palumbo et al., 2008). The introduction of bortezomib as an anti-myeloma agent has 

greatly improved overall survival in MM patients (Palumbo et al., 2011). Despite such 

advancements, relapse following prolonged bortezomib treatment is inevitable due to 

either genetic modifications (Balsas et al., 2012) or emergence of bortezomib-resistant 

plasma cell sub-clones (Kapoor et al., 2012) as a result of clonal evolution and clonal 

tiding (Egan et al., 2012, Keats et al., 2012, Brioli et al., 2014). The current treatment 

strategy for MM involves sequential therapy given as induction therapy followed by 

consolidation therapy and maintenance or third-line therapy (Barlogie et al., 2006). 

Increasingly, and in view of recent findings regarding clonal evolution and clonal tides, 

patients are being re-challenged with bortezomib in a third-line setting after exposure to 

an alternate agent (Cavo et al., 2012). Clinical data shows that roughly half of initially 

bortezomib-sensitive MM patients do not respond to bortezomib once the disease is 

relapsed (Lonial et al., 2011). Therefore, new therapeutic strategies are needed to treat 

such bortezomib-resistant or relapsed MM patients.  

A crucial microenvironmental factor that plays an important role in the acquisition of 

drug resistance and MM disease progression is hypoxia. Hypoxia is an imbalance 

between the supply of oxygen and its consumption that deprives cells of sufficient 

oxygen. Recent studies have shown that myeloma cells reside in an extensively hypoxic 

BM microenvironment (Hu et al., 2010). Hypoxia induces myeloma cell 

dedifferentiation, acquisition of quiescent state by reducing cell proliferation and 

inducing G1-cell cycle arrest, and enhances tumour progression. Hypoxia also induces 

drug resistance to proteasome inhibitors including bortezomib, and carfilzomib (Muz et 

al., 2014). However, the exact molecular mechanism by which hypoxia induces such 

resistance remains to be elucidated. In recent years, therapies including the hypoxia-

activated prodrug TH-302, which targets the hypoxic myeloma cells have been 

developed (Hu et al., 2010). Together TH-302 and bortezomib synergistically induce 

apoptosis in myeloma cells growing under hypoxic conditions (Hu et al., 2013). Thus, 

development of therapies that target not only the cell growing under normal oxygen 
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conditions but also under hypoxia, either alone or in combination with conventional 

anti-myeloma drugs, may provide a better therapeutic approach to treat MM.  

Acquisition of bortezomib resistance has been attributed to different mechanisms 

including increased growth factor expression (Kuhn et al., 2012), a mutated proteasome 

subunit PSMβ5 and overexpression of PSMβ5 protein (Balsas et al., 2012), an 

upregulated NF-кB signalling pathway (Annunziata et al., 2007, Murray et al., 2015), 

and overexpressed antioxidant molecules (Nerini-Molteni et al., 2008, Raninga et al., 

2015). The pro-survival NF-кB signalling pathway and its members are upregulated in 

MM patients compared to healthy individuals (Annunziata et al., 2007, Chapman et al., 

2011). Bortezomib has been shown to inhibit NF-кB expression in myeloma cells by 

inhibiting the 20S proteasome β5 subunit (Lu and Wang, 2013). However, bortezomib 

also increases constitutive NF-кB expression levels by activating IKKβ, leading to NF-

кB nuclear translocation and the transcription of multiple NF-кB-regulated genes 

including Survivin, and Cyclin D1, which are associated with multi-drug resistance in 

MM (Markovina et al., 2008, Tsubaki et al., 2012, Sewify et al., 2014). This 

upregulation of NF-кB expression and its signalling pathway has been associated with 

acquisition of bortezomib resistance due to prolonged drug exposure in MM 

(Markovina et al., 2008, Murray et al., 2015). However, the role of the NF-кB signalling 

pathway in hypoxia-induced bortezomib resistance in MM is unknown. 

The thioredoxin (Trx) system is one of the major antioxidant systems in the body and is 

comprised of thioredoxin 1 (Trx1), thioredoxin reductase 1 (TrxR1) and NADPH. Both 

Trx1 and TrxR1 have been shown to be upregulated in many human cancer types 

including MM, and correlated with cancer cell proliferation, survival, and 

chemoresistance (Lincoln et al., 2003, Iwasawa et al., 2011, Li et al., 2012, Raninga et 

al., 2015). We have previously shown that bortezomib-resistant cells contained higher 

Trx1 protein levels compared to parent myeloma cells and its inhibition induced 

apoptosis in bortezomib-resistant myeloma cells (Raninga et al., 2015). TrxR1 

expression has been shown to be upregulated in drug-resistant cancer cells and its 

inhibition induced apoptosis in those cells (Marzano et al., 2007, Liu et al., 2011). 

However, there are no previous reports on the therapeutic significance of TrxR1 in 

bortezomib-resistant myeloma cells.   

The present study was designed to characterize the role of TrxR1 in the acquisition of 

bortezomib resistance in myeloma cells, to investigate whether TrxR1 inhibition 
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overcomes the hypoxia-induced and acquired bortezomib resistance in myeloma cells, 

and to elucidate the involvement of the NF-кB signalling pathway. Our results show 

that TrxR1 inhibition overcomes the hypoxia-induced and acquired bortezomib 

resistance in MM by inhibiting the NF-κB signalling pathway. These data provide 

justification for considering TrxR1 as an effective therapeutic target to treat bortezomib-

resistant MM patients. These results also establish the possibility of using TrxR1-

inhibiting drugs, such as auranofin, in conjunction with bortezomib for therapeutic 

intervention of relapsed/bortezomib-resistant MM patients in the clinic. 

4.3 Materials and methods 

4.3.1 Cells and reagents 

Two standard human multiple myeloma cell lines (RPMI8226 and U266) were obtained 

from Dr. Slavica Vuckovic (QIMR Berghofer Medical Research Institute). RPMI8226 

cells were originally derived from the peripheral blood of a 61-year-old male with 

multiple myeloma (IgG lambda-type) (Matsuoka et al., 1967). U266 cells were 

originally derived from the peripheral blood of a 53-year-old male with IgE-secreting 

myeloma (refractory) (Nilsson et al., 1970). Human peripheral blood mononuclear cells 

(PBMCs) were isolated from the whole blood of healthy volunteers and were collected 

under the ethical approval BPS/08/14/HREC. Cells were cultured in RPMI-1640 

medium (Gibco) containing 10% (V/V) fetal bovine serum (FBS) (Bovagen), 200 mM 

L-glutamine, and 100 U/ml penicillin and 100 ug/ml streptomycin (Invitrogen). The 

monoclonal anti-TrxR1 and polyclonal anti-phospho-IкB antibodies were purchased 

from R & D system. The polyclonal anti-NF-кB p65 antibody was purchased from 

GeneTex. The anti-β-tubulin and anti-Lamin B1 antibodies were purchased from 

Abcam. The TrxR1 inhibitor auranofin was purchased from Sigma. The TrxR1 

validated small interfering RNA (siRNA), a pool of four siRNAs, and control siRNA 

were purchased from Santa Cruz Biotechnology.  

4.3.2 Analysis of TrxR1 expression and clinical prognosis in primary 

MM patients 

TrxR1 gene expression was analysed using the gene expression profiling (GEP) data 

from MM patients receiving the total therapy (TT) 2 [thalidomide and stem-cell 

transplantation] and 3 [bortezomib, thalidomide, and stem-cell transplantation] 

deposited in the gene expression omnibus database GSE4581. The analysis was done as 
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described previously (Salem et al., 2015). Briefly, in this study MM patients were 

classified into high-risk and low-risk groups using the 70-gene model. The high-risk 

group comprised of the patients with shorter duration of complete remission and overall 

survival (OS). The Kaplan-Meier curve was created to estimate the OS in high-risk and 

low-risk patients. The TrxR1 expression was categorized into two groups, high and low, 

using upper (Q4) and lower quartiles (Q1, Q2, Q3) and OS was estimated with 95% 

confidence interval (CI) for TrxR1 as a continuous variable. 

4.3.3 TrxR activity assays 

The TrxR activity assays were performed as described previously (Smith and Levander, 

2002). Briefly, treated and untreated cells were lysed 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, 1X PBS). To omit 

non-TrxR1-specific DTNB reduction, cell lysates were treated with or without 8 µM 

auranofin for 30 minutes at room temperature. The TrxR activity was measured using a 

buffer containing 0.5 M potassium phosphate, 200 mM EDTA, 20 mM NADPH, and 

125 mM DTNB. TNB production was measured by following an increase in absorbance 

at 412 nm for 10 minutes. The reaction rates obtained in the presence of auranofin were 

subtracted from the reaction rates obtained in the absence of auranofin to give the final 

corrected TrxR rates. Units of TrxR activity (µmoles of TNB produced/minute) were 

calculated using an extinction coefficient of 13.6 X 10
3
 M

-1
 of TNB at 412 nm. The 

specific thioredoxin reductase activity was determined using the following equation: 

Specific activity (U/mg) = U/total protein. 

4.3.4 Establishment of bortezomib-resistant cell lines  

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

generated from the parent cell lines (RPMI8226 and U266) by multistep exposure of the 

cells to increasing doses of bortezomib (from 1 nM to 20 nM) for 10-12 weeks as 

described previously (Raninga et al., 2015). Bortezomib-resistance was confirmed by 

measuring cell proliferation and apoptosis in response to bortezomib exposure.  

4.3.5 Western blot analysis 

Whole cell extracts were prepared using 0.5% (v/v) Nonidet P-40 cell lysis buffer. 

Nuclear and cytosolic fractions were prepared using Nuclear Protein Extraction Kit 

(Cayman Chemicals) according to the manufacturer’s guidelines. Western 

immunoblotting analysis was performed as described previously (Karlenius et al., 
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2012). Blots were probed with various specific antibodies (TrxR1, phospho-IкB, p65, β-

tubulin, Lamin B1) and ECL detection was done using GE ECL Western Blotting 

Substrate (GE Healthcare).  

4.3.6 Cell proliferation assay 

0.5 X 10
6
 cells were treated with the appropriate drugs for specified period of time. 

Relative cell proliferation was assayed using the CellTiter-Blue Cell Viability Assay 

(Promega), as per the manufacturer’s instructions.   

4.3.7 Cell viability measurement 

Cell viability was measured by the Trypan blue exclusion method as described 

previously (Raninga et al., 2015). 

4.3.8 Caspase-3 and 9 activity assays 

Caspase-3 activity was determined in treated and untreated myeloma cells by using Ac-

DEVD-AMC (Enzo Life Sciences), a caspase-3 substrate, as described previously 

(Raninga et al., 2015). Caspase-9 activity was determined following the cleavage of Ac-

LEHD-AFC (Cayman Chemicals), a caspase-9 substrate, in treated and untreated 

myeloma cells. Briefly, treated or untreated cells (0.5 X 10
6
 cells) were pelleted, washed 

with PBS, re-suspended in 15 µl of PBS, and transferred to black-walled 96-well plate. 

85 µl of caspase assay buffer (100 mM HEPES, 0.1 M NaCl, 0.05 M EDTA, 10 mM 

DTT, 10% sucrose, 0.5% NP-40 at pH 7.5) containing 100 µM Ac-LEHD-AFC was 

added to the samples and the amount of AFC cleaved by caspase-9 was measured at 

37
0
C by measuring the fluorescence at excitation wavelength of 405 nm and emission of 

510 nm using the SpectraMax plate reader (Molecular Devices). Data were analysed 

using SoftMax Pro software (Bio-strategy). 

4.3.9 Transient transfections 

Cells (2 X 10
6
 per well) were transfected using the Amaxa nucleofector (T-001 

program) using equivalent molar concentrations of all four TrxR1 specific siRNAs and 

control siRNA (final concentrations of 100 nmol/L) (Santa Cruz). Transfected cells 

were incubated for the specified time before the indicated treatments.  

4.3.10 RNA extraction and reverse transcriptase- quantitative PCR 

Total RNA was extracted from U266-BR and RPMI8226-BR cells (1 X 10
6
 cells) using 

TRIsure™ Total RNA Lysis solution (Bioline) according to the manufacturer’s 

instructions. Total RNA was reverse transcribed using the SensiFAST™ cDNA 
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synthesis kit (Bioline). Resultant cDNA was analysed by reverse transcriptase-

quantitative PCR (RT-qPCR) using SensiFAST™ SYBR® No-Rox Kit (Bioline) and 

RT-qPCR primers for Ribosomal Protein L32 (RPL32) [forward 5’-

CAGGGTTCGTAGAAGATTCAAGGG-3’ and reverse 5’-

CTTGGAGGAAAACATTGTGAGCGATC-3’](Lafleur et al., 2005), NF-кB p65 

[forward 5’-ACCGCTGCATCCACAGTT-3’ and reverse 5’-

GGATGCGCTGACTGATAGC-3’](Murray et al., 2015), Bcl-2 [forward 5’-

CACCTGCACACCTGGATCCAGGATAA-3’ and reverse 5’-CACCAG 

GGCCAAACTGAGCAG A-3’], Bcl-xL [forward 5’-

CCTAGAGCCTTGGATCCAGGA GAA-3’ and reverse 5’-

GGTTGAAGCGTTCCTGGCCCTTT-3’], Survivin [forward 5’-

GAGCCAGACTTGGCCCAGTGTTT-3’ and reverse 5’-

GATGGCACGGCGCACTTTCT-3’], Cyclin D1 [forward 5’-

CGCCCTCGGTGTCCTACTTCAA-3’ and reverse 5’- CTG 

CAGGCGGCTCTTTTTCA-3], and XIAP [forward 5’-

GAGGTTCTGGTTGCAGATCTA GTGA-3’ and reverse 5’-

CTCCTCTTGCAGGCGCCTTA-3’] (Integrated DNA Technologies, IA, USA), on the 

Rotor-Gene 6000 Real-time PCR system (Corbett Life Sciences) according to the 

manufacturer’s guidelines. Reaction conditions were 95
o
C for 2 minutes followed by 40 

cycles of 95
o
C for 5 seconds, 60

o
C for 10 seconds, and 72

o
C for 20 seconds. The 

comparative cycle threshold algorithm (ΔΔCT) method was used to analyse gene 

expression. The mRNA was normalized against RPL32 expression (Lafleur et al., 

2005). 

4.3.11 Statistical analysis 

Data were analysed by using the software GraphPad Prism 6 (GraphPad Software). 

Values are presented as mean ± SEM. Statistical significance was determined by the 

specified statistical test. P < 0.05 was considered significant. 
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4.4 Results 

4.4.1 TrxR1 upregulation decreases myeloma patient survival and 

responsiveness to the treatment 

We first aimed to examine the effect of TrxR1 on myeloma patient survival and 

responsiveness to the given treatment. By using the gene expression dataset (GSE6477), 

we previously showed that TrxR1 is expressed at significantly higher levels in the 

newly diagnosed and relapsed MM patients compared to the healthy individuals 

(Raninga et al., 2015). To analyse the role of TrxR1 in patient survival upon treatment, 

we used the gene expression dataset (GSE4581) in which myeloma patients were 

subsequently treated with the Total Therapies (as described in the method section). 

TrxR1 gene expression was analysed in the high-risk and low-risk group of MM 

patients and the data showed that high-risk patients exhibited approximately 1.2-fold 

increased TrxR1 expression relative to low-risk patients (Figure 4.1A). Next, survival 

analysis methods were used to analyse the effect of TrxR1 expression on the overall 

survival (OS) for MM patients. The OS was significantly decreased in the high-risk 

group of patients compared to low-risk patients (HR = 2.47, log-rank P < 0.0001) 

(Figure 4.1B). Moreover, patients having higher TrxR1 expression were at a higher 

death risk compared to the patients with low TrxR1 expression (HR = 2.02, log-rank P < 

0.0023) (Figure 4.1C). Overall, retrospective analysis of primary samples showed that 

increased TrxR1 expression decreases MM patient survival in response to the treatment 

and portends poor prognosis.  
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Figure 4.1: Increased TrxR1 expression in MM patients correlates with decreased 

overall survival and poor prognosis. A, TrxR1 expression in high-risk and low-risk 

MM patients was determined from the gene expression profiling data deposited in the 

gene expression omnibus database (GSE4581). Unpaired student’s t test was performed. 

P < 0.05 (compared to low-risk patients) B, Overall survival of high-risk and low-risk 

patients receiving Total Therapy 2 & 3 was estimated by generating the Kaplan-Meier 

curve. C, Overall survival was estimated in the patients with high and low TrxR1 

expression levels receiving Total Therapy 2 & 3 by generating the Kaplan-Meier curve. 
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4.4.2 TrxR1 is upregulated in hypoxic myeloma cells and its inhibition 

sensitizes hypoxic myeloma cells to bortezomib 

Hypoxia is a critical microenvironmental factor that promotes myeloma cell metastasis, 

disease progression, and drug resistance (Azab et al., 2012, Hu et al., 2013, Muz et al., 

2014). We firstly investigated the effect of hypoxia on myeloma cell proliferation in the 

presence of bortezomib. RPMI8226 and U266 cells were cultured under hypoxic (Hx, 

1% O2) and normoxic (Nrx, 21% O2) conditions for 24 hours, and subsequently treated 

with or without bortezomib (0-40 nM) for 24 hours, and cell proliferation was analysed. 

In line with another study (Muz et al., 2014), our data showed that hypoxia induced 

bortezomib resistance in myeloma cells, whereas normoxic myeloma cells were 

sensitive to bortezomib (Figure 4.2A, B). Western blot analysis showed that culturing 

RPMI8226 and U266 cells under hypoxia for different time-periods markedly increased 

HIF-1α protein expression indicating that myeloma cells have become hypoxic (Figure 

4.2C, D). Moreover, hypoxia increased TrxR1 protein expression in both RPMI8226 

and U266 cells in a time-dependent manner (Figure 4.2C, D).  

Based on these results, we hypothesized that upregulated TrxR1 levels may be 

responsible for hypoxia-induced bortezomib resistance in myeloma cells. We aimed to 

investigate whether TrxR1 inhibition reduces proliferation and sensitizes hypoxic 

myeloma cells to bortezomib. RPMI8226 and U266 cells were cultured under normoxic 

and hypoxic conditions for 24 hours and subsequently treated with specified auranofin 

concentrations for 24 hours, and TrxR1 activity and cell proliferation were analysed. 

Auranofin treatment significantly inhibited TrxR1 activity in both RPMI8226 and U266 

(Figure 4.2E) cells. Unlike bortezomib treatment, auranofin treatment exerted a similar 

anti-proliferative effect on the hypoxic as well as normoxic RPMI8226 in a 

concentration-dependent manner (Figure 4.2F). While auranofin reduced proliferation 

of both normoxic and hypoxic U266 cells in a concentration-dependent manner, 

hypoxic U266 cells were observed to be more resistant to auranofin compared to 

normoxic U266 cells (Figure 4.2G). We then analysed whether TrxR1 inhibition 

sensitizes hypoxic myeloma cells to the cytotoxic effect of bortezomib. Hypoxic 

RPMI8226 and U266 cells were treated with a sub-lethal concentration of auranofin (2 

µM) and bortezomib (10 nM) either alone or in combination for 24 hours under 

hypoxia, and cell proliferation was measured. Both auranofin and bortezomib alone had 

no effect on RPMI8226 and U266 cell proliferation, whereas auranofin and bortezomib 
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in combination significantly reduced RPMI8226 and U266 (Figure 4.2H) cell 

proliferation by approximately 50% and 75%, respectively, under hypoxic conditions.  
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Figure 4.2: TrxR1 is upregulated in hypoxic myeloma cells and its inhibition 

overcomes hypoxia-induced bortezomib-resistance in myeloma cells. A, B, 

RPMI8226 (A) and U266 (B) cells were cultured under normoxia (Nrx, 21% O2) and 

hypoxia (Hx, 1% O2) for 24 hours. Both cell lines were treated with bortezomib (0-40 

nM) for 24 hours under normoxia and hypoxia and cell proliferation was analysed by 

CellTiter blue assays. C, D, RPMI8226 (C) and U266 (D) cells were cultured under 

hypoxia for indicated time periods. Total cell extracts were prepared, and HIF-1α and 

TrxR1 protein levels were analysed by western blot analysis. β-tubulin was used as a 

loading control. Western blots are the representative of three independent experiments. 

E, Hx-RPMI8226 and Hx-U266 cells were treated with auranofin (0-4 µM) for 24 hours 

under hypoxia (1% O2) and protein was extracted. The TrxR1 activity was analysed by 

measuring the NADPH-dependent reduction of DTNB by TrxR1 enzyme and 

normalizing against the protein concentration. F, G, RPMI8226 (F) and U266 (G) cells 

were cultured under normoxia (21% O2) and hypoxia (1% O2) for 24 hours. Both cell 

lines were treated with auranofin (0-8 µM) for 24 hours under normoxia and hypoxia 

and cell proliferation was analysed by CellTiter blue assays. H, Hx-RPMI8226 and Hx-

U266 cells were treated with auranofin (AF) (2 µM) and bortezomib (Btz) (10 nM) 

either alone or in combination for 24 hours under hypoxia. Cell proliferation was 

analysed by CellTiter blue assays. Values indicate mean ± SEM (n = 3). One-way 

ANOVA followed by Tukey’s post-test were employed. *, P < 0.05 
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4.4.3 TrxR1 inhibition overcomes hypoxia-induced bortezomib 

resistance by inhibiting the NF-кB signalling pathway 

Hypoxia has been shown to activate the NF-кB signalling pathway and hypoxia-induced 

NF-кB activation has been associated with drug resistance in cancer cells (Koong et al., 

1994, Taylor and Cummins, 2009, Liang et al., 2013). Moreover, increased NF-кB 

expression has been linked to bortezomib resistance in myeloma cells (Murray et al., 

2015). Therefore, we first aimed to examine the effect of hypoxia on NF-кB p65 

expression in myeloma cells. U266 cells were cultured under hypoxia for different time-

periods (0-24 hours) and NF-кB p65 protein levels were analysed by western blot 

analysis. Results showed that 2 to 8 hours exposure of U266 cells to hypoxia markedly 

increased NF-кB p65 protein levels in the nucleus (Figure 4.3A). 

Based on these results, we hypothesized that an activated NF-кB pathway may be 

responsible for the acquisition of hypoxia-induced bortezomib resistance in myeloma 

cells. We then investigated the effect of TrxR1 inhibition on the NF-кB signalling 

pathway in hypoxic myeloma cells. U266 cells were treated with or without auranofin 

(4 µM) and cultured under hypoxia for 0, 2, and 4 hours. Although 4 µM auranofin 

significantly reduced the proliferation of hypoxic-U266 cells by approximately 85% 

after 24 hours treatment (Figure 4.2G), only 25% reduction in cell proliferation was 

observed after 4 hours treatment (Figure 4.3B). Thus, this concentration of auranofin 

was selected to analyse the effect on the NF-κB signalling pathway. Western blot 

analysis showed that auranofin treatment inhibited hypoxia-induced nuclear 

accumulation of NF-кB p65 (Figure 4.3C). Auranofin treatment also reduced NF-кB 

p65 protein levels in the cytosol after 4 hours exposure to hypoxia (Figure 4.3C). 

Hypoxic U266 cells were treated with or without auranofin (4 µM) for 4 hours under 

hypoxia and the expression of the downstream NF-кB-regulated genes were analysed. 

RT-qPCR results showed a significant decrease in the mRNA levels of NF-кB p65 and 

its target genes, Survivin and Cyclin D1, in auranofin-treated hypoxic U266 cells 

compared to the untreated cells (Figure 4.3D). 
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Figure 4.3: TrxR1 inhibition overcomes hypoxia-induced bortezomib resistance by 

inhibiting the NF-кB signalling pathway. A, U266 cells were cultured under hypoxia 

(1% O2) for indicated time periods. NF-κB subunit p65 protein levels were analysed by 

western blot analysis. B, U266 cells were cultured under hypoxia for 24 hours and 

subsequently treated with auranofin (4 µM) for 4 hours, and cell proliferation was 

analysed. C, U266 cells were cultured under hypoxia for 0, 2, and 4 hours with or 

without auranofin (4 µM) treatment. NF-кB subunit p65 protein levels were analysed by 

western blot analysis. Lamin B1 (nuclear fraction) and β-tubulin (cytosolic fraction) 

were used as loading controls. Western blots are the representative of three independent 

experiments. D, Hypoxic U266 cells were treated with 4 µM auranofin for 4 hours 

under hypoxia (1% O2). Expression of indicated NF-κB-regulated genes was analysed 

by RT-qPCR and normalized against RPL32. Values indicate mean ± SEM (n = 3). 

Unpaired student’s t test was employed. *, P < 0.05 
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4.4.4 Basal TrxR1 protein expression is increased in bortezomib-

resistant myeloma cells 

In addition to hypoxia-induced bortezomib resistance, we also aimed to determine the 

role of TrxR1 in the bortezomib resistance acquired due to prolonged drug exposure in 

MM. To investigate the role of TrxR1 in the acquired bortezomib resistance in myeloma 

cells we first generated bortezomib-resistant (BR) cell lines (RPMI8226-BR and U266-

BR) from the highly sensitive parent RPMI8226 and U266 cell lines. Bortezomib 

resistance was confirmed by exposing both RPMI8226-BR and U266-BR cell lines to 

bortezomib (0-10 nM) for 24 hours. Results showed that 10 nM bortezomib 

significantly reduced the proliferation of parent RPMI8226 and U266, whereas no 

significant effect was observed on RPMI8226-BR and U266-BR cell proliferation 

(Figure 4.4A, B). In addition, we analysed apoptosis by measuring caspase-3 activity in 

the parent and bortezomib-resistant cell lines following bortezomib exposure. Caspase-3 

activity was significantly increased in the parent RPMI8226 and U266 cells after 

exposure to 10 nM bortezomib whereas, no significant increase in caspase-3 activity 

was observed in RPMI8226-BR and U266-BR cells (Figure 4.4C, D). Western blot 

analysis showed higher TrxR1 protein levels in both bortezomib-resistant cell lines 

compared to the parent cell lines (Figure 4.4E). 
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Figure 4.4: TrxR1 protein expression in the parent and bortezomib-resistant 

myeloma cells. A-D Parent and bortezomib-resistant RPMI8226 and U266 cells 

(RPMI8226-BR and U266-BR) were treated with indicated concentrations of 

bortezomib for 24 hours and cell proliferation (A, B) and caspase-3 activity (C, D) were 

measured. One-way ANOVA followed by Tukey’s post-test were employed. *, P < 0.05 

(compared to the 0 nM bortezomib treatment) E, TrxR1 protein levels in the parent and 

bortezomib-resistant myeloma cells were analysed by western blot. β-tubulin was used 

as a loading control. Western blots are the representative of three independent 

experiments. 
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4.4.5 TrxR1 inhibition induces apoptosis in bortezomib-resistant 

myeloma cells 

We have previously shown that TrxR1 expression is increased in myeloma cells 

compared to normal cells and its inhibition leads to apoptosis in the parent myeloma 

cells (Raninga et al., 2015). Increased TrxR1 expression has been correlated with drug 

resistance in many human cancer types and its inhibition induces apoptosis in those 

cancer cells (Marzano et al., 2007, Liu et al., 2011, Chen et al., 2014). We therefore 

examined the effect of TrxR1 inhibition on the cell proliferation and apoptosis in 

bortezomib-resistant myeloma cells by using the TrxR1 inhibitor, auranofin, and TrxR1 

specific siRNA. Treatment of RPMI8226-BR and U266-BR cells with auranofin 

significantly inhibited TrxR1 activity in a concentration dependent manner (Figure 

4.5A). RPMI8226-BR and U266-BR cell proliferation was significantly reduced by 

approximately 60% and 80% following treatment with 4 µM and 8 µM auranofin, 

respectively (Figure 4.5B). Similarly, 4 µM auranofin significantly increased caspase-3 

activity by 2-fold in both RPMI8226-BR and U266-BR cells indicating that TrxR1 

inhibition leads to apoptosis in bortezomib-resistant myeloma cells (Figure 4.5C). 

To ascertain if specific knockdown of TrxR1 could reproduce the effect of drug-induced 

TrxR1 inhibition on the growth of bortezomib-resistant myeloma cells, we used TrxR1 

specific siRNA. Transfection of the siRNAs against TrxR1 suppressed TrxR1 protein 

expression compared to the control siRNA (Figure 4.5D, F) and reduced RPMI8226-BR 

and U266-BR cell viability by approximately 40% (Figure 4.5E, G).  
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Figure 4.5: TrxR1 inhibition induces apoptosis in bortezomib-resistant myeloma cells. 

A, B, C, RPMI8226-BR and U266-BR cells were treated with indicated concentrations of 

auranofin for 24 hours. The TrxR1 activity (A), cell proliferation (B), and apoptosis were 

assessed (C). For caspase-3 activity assay (n = 3). One-way ANOVA followed by Tukey’s 

post-test were employed. *, P < 0.0001 (compared to the 0 µM auranofin treatment). D-G, 

RPMI8226-BR and U266-BR cells were transfected with 100 nmol/L of either control or 

TrxR1 specific siRNA. TrxR1 protein levels (48 hours) were analysed by western blot (D, 

F). Cell viability was determined by using the Trypan blue exclusion method 48 hours post-

transfection (E, G). β-tubulin was used as a loading control. Western blots are the 
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representative of three independent experiments. Values indicate mean ± SEM (n = 3). 

Unpaired student’s t test was employed. *, P < 0.05 (compared to the siControl) 

4.4.6 TrxR1 inhibition sensitizes bortezomib-resistant myeloma cells 

to bortezomib and reverses chemoresistance 

Inhibition of TrxR1 has been shown to reverse the chemoresistance in human cancers 

including chronic myeloid leukaemia and ovarian cancer (Marzano et al., 2007, Liu et 

al., 2011). We investigated whether inhibition of increased TrxR1 restores the 

sensitivity to bortezomib in bortezomib-resistant myeloma cells and reverses the 

chemoresistance. Normal peripheral blood mononuclear cells (PBMCs), RPMI8226-

BR, and U266-BR cells were treated with auranofin (2 µM) and bortezomib (10 nM) 

either alone or in combination for 48 hours. Treatment with auranofin or bortezomib 

alone had no statistically significant effect on cell proliferation. However, co-treatment 

with auranofin and bortezomib significantly reduced RPMI8226-BR and U266-BR cell 

proliferation by approximately 60%. Auranofin and bortezomib either alone or in 

combination exerted no significant cytotoxic effect on normal PBMCs (Figure 4.6A). 

While treatment of the parent RPMI8226 and U266 cells with auranofin (2 µM) and 

bortezomib (10 nM) alone significantly reduced their proliferation, co-treatment with 

auranofin (2 µM) and bortezomib (10 nM) for 48 hours further reduced the proliferation 

of these cells (Figure 4.6B). We then measured apoptosis in bortezomib-resistant 

myeloma cells treated with either auranofin or bortezomib alone or in combination. 

Higher caspase-3 & 9 activities were observed when cells were treated with auranofin 

and bortezomib together compared to the treatment with auranofin or bortezomib alone 

(Figure 4.6C, D). To confirm the results obtained by auranofin-induced TrxR1 

inhibition, we used TrxR1 knockdown using TrxR1-specific siRNA in combination 

with bortezomib (10 nM) treatment, which significantly reduced RPMI8226-BR and 

U266-BR cell viability by 60% and 70%, respectively (Figure 4.6E). While TrxR1 

knockdown using TrxR1-specific siRNA and bortezomib (10 nM) treatment alone 

significantly reduced parent RPMI8226 and U266 cell viability, co-treatment with 

TrxR1-specific siRNA and bortezomib for 48 hours further reduced the viability of 

these cells (Figure 4.6F). 
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Figure 4.6: TrxR1 inhibition sensitizes bortezomib-resistant myeloma cells to 

bortezomib and reverses chemoresistance. A, PBMCs, RPMI8226-BR and U266-BR 

cells, and B, parent RPMI8226 and U266 cells were treated with 2 µM AF and 10 nM 

Btz either alone or in combination. Cell proliferation was analysed by CellTiter blue 

assays 48 hours post-treatment. C, D, RPMI8226-BR and U266-BR cells were treated 

with 2 µM AF and 10 nM Btz either alone or in combination. Apoptosis was assessed 

by measuring caspase-3 and caspase-9 activity 24 hours post-treatment in RPMI8226-

BR (C) and U266-BR (D) cells. E, RPMI8226-BR and U266-BR cells, and F, parent 

RPMI8226 and U266 cells were transfected with 100 nmol/L of either control or TrxR1 

specific siRNA. Cells were treated with or without 10 nM bortezomib 4 hours post-

transfection for 48 hours. Cell viability was measured by the Trypan blue exclusion 

method. Values indicate mean ± SEM of three independent experiments performed in 

triplicate. For caspase-3 and 9 activity assay (n = 3). One-way ANOVA followed by 

Tukey’s post-test were employed. * (compared to the untreated cells), Δ (compared to 

either AF alone or Btz alone panel B, C); (compared to either siTrxR1 alone or Btz 

alone panel D, E), P < 0.05 
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4.4.7 TrxR1 inhibition suppresses the NF-кB signalling pathway in 

bortezomib-resistant myeloma cells 

Increased NF-кB expression was observed in bortezomib refractory primary myeloma 

patient samples and has been linked to drug resistance in those patients (Markovina et 

al., 2008). We initially examined the basal protein levels of NF-кB subunit p65 in the 

parent and bortezomib-resistant U266 and RPMI8226 cells. Higher NF-кB p65 protein 

levels were observed in the nucleus of bortezomib-resistant cells compared to the 

nucleus of parent cells whereas, its levels in the cytosol remained unchanged (Figure 

4.7A).  

We next investigated whether TrxR1 inhibition overcomes bortezomib resistance in 

myeloma cells by inhibiting the NF-кB pathway. The degradation of IкBα and release 

of NF-кB subunits is preceded by the phosphorylation of IкBα at Ser32 and Ser36 

residues (Chen et al., 1996). Therefore, we first examined the effect of TrxR1 inhibition 

on IкBα phosphorylation. Auranofin treatment markedly decreased the content of 

phosphorylated IкBα in U266-BR cells in a concentration and time-dependent manner 

(Figure 4.7B). RT-qPCR data showed that 4 µM auranofin significantly reduced NF-кB 

p65 mRNA expression in U266-BR and RPMI8226-BR (Figure 4.7C). In addition, 

western blot results showed that auranofin treatment significantly decreased NF-кB p65 

protein levels in the nucleus, cytosol, and total lysates in U266-BR cells in a 

concentration dependent manner (Figure 4.7D). We then analysed the effect of TrxR1 

inhibition on the downstream NF-кB-regulated genes. RT-qPCR results showed a 

significant decrease in the mRNA expression levels of various NF-кB target genes 

including Bcl-2, Bcl-xL, Survivin, Cyclin D1, and XIAP in auranofin-treated (4 µM) 

U266-BR (Figure 4.7E) and RPMI8226-BR (Figure 4.7F) cells compared to untreated 

cells.  
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Figure 4.7: TrxR1 inhibition suppresses the NF-кB signalling pathway in 

bortezomib-resistant myeloma cells. A, NF-кB p65 protein levels were analysed in 

the nuclear and cytosolic fractions of parent and bortezomib-resistant U266 and 

RPMI8226 cells by western blot analysis. B, U266-BR cells were treated with the 

indicated concentrations of AF for 24 hours and with 4 µM AF for the indicated time 

periods. Expression of phospho-IкBα was analysed by western blot analysis. C, NF-кB 

p65 mRNA levels in U266-BR and RPMI8226-BR cells treated with or without 4 µM 

AF for 24 hours were analysed by RT-qPCR. NF-кB p65 mRNA levels were 

normalized against RPL32 housekeeping gene.  D, U266-BR cells were treated with AF 

(0-4 µM) for 24 hours. Nuclear, cytosolic, and total cell extracts were prepared and p65 

protein levels were analysed by western blot analysis. Lamin B1 and β-tubulin were 

used as loading controls for nuclear and cytosolic fractions, respectively. Western blots 

are the representative of three independent experiments. E, F, U266-BR (E) and 
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RPMI8226-BR (F) cells were treated with or without 4 µM AF for 24 hours. Expression 

of indicated NF-кB-regulated genes was analysed by RT-qPCR and normalized against 

RPL32. Values indicate mean ± SEM (n = 3). Unpaired student’s t test was employed. 

*, P < 0.05 
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4.5 Discussion 

Although many anti-myeloma therapies have been developed in recent years, to date 

MM remains an incurable disease with drug resistance being the major impediment. 

Bortezomib is the first proteasome inhibitor to be approved by the FDA for the 

treatment of newly diagnosed and relapsed MM patients (Twombly, 2003). Bortezomib 

was also approved by the Therapeutic Goods Administration to be used in the treatment 

of multiple myeloma patients in Australia in 2005/6 (TGA, 2005). Bortezomib, in single 

agent therapy, has a response rate of approximately 30% and in combination with other 

conventional anti-myeloma therapeutic agents, the response rate increases to 

approximately 60-90% of MM patients (Murray et al., 2014). Despite such a high 

response rate, MM patients acquire resistance to bortezomib when treated for a longer 

duration (Balsas et al., 2012, Petrucci et al., 2013). Hence, a thorough understanding of 

the molecular mechanisms for bortezomib resistance in MM and novel therapeutic 

approaches to overcome bortezomib resistance in MM are needed.  

Here, for the first time we report the role of the cellular redox protein, TrxR1, in the 

bortezomib resistance of myeloma cells. It has been reported that MM patients having 

increased copper-zinc superoxide dismutase (CuZnSOD) expression have shorter 

overall and event free survival compared to patients with lower CuZnSOD levels 

(Salem et al., 2015). Higher Trx1 levels in breast cancer patients also correlate with a 

low response rate to docetaxel compared to the patients with low Trx1 levels (Kim et 

al., 2005). We here report that MM patients with higher TrxR1 levels have a shorter 

overall survival compared to patients with lower TrxR1 levels (Figure 4.1). Thus, higher 

antioxidant levels may correlate with poor prognosis and clinical outcome in cancers 

including MM.  

Several microenvironmental factors including hypoxia and interactions with the bone 

marrow stroma cells play a crucial role in acquisition of drug resistance in many human 

cancer types including haematological malignancies such as chronic myeloid leukaemia 

(Damiano et al., 2001, Giuntoli et al., 2006). Overcoming such drug resistance remains 

a great challenge to treat cancer. Our study highlights a novel strategy to overcome 

hypoxia-induced drug resistance in myeloma cells by targeting upregulated TrxR1. As 

discussed earlier, myeloma cells reside in the hypoxic BM region, which plays a crucial 

role in MM disease progression by conferring survival and chemoresistance (Hu et al., 

2010, Azab et al., 2012). Hypoxia promotes immature and stem-cell like phenotype in 
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myeloma cells by decreasing CD138 and increasing CD34 expression (Kawano et al., 

2013, Muz et al., 2014). Such hypoxic cells are resistant to proteasome inhibitors 

including bortezomib and carfilzomib (Muz et al., 2014). In accordance to these studies, 

our results showed that hypoxic RPMI8226 and U266 cells became resistant to 

bortezomib compared to their normoxic counterparts. Moreover, our data showed 

increased TrxR1 protein levels in hypoxic myeloma cells suggesting a possible 

involvement of TrxR1 in the acquisition of hypoxia-induced bortezomib resistance in 

MM.  

In recent years, targeting hypoxic myeloma cells has emerged as a novel therapeutic 

strategy to eliminate myeloma cells residing in the hypoxic environment. For example, 

the hypoxia-activated prodrug TH-302 induces apoptosis in hypoxic myeloma cells 

either alone or in combination with bortezomib (Hu et al., 2013). In line with this study, 

our results showed that auranofin-induced TrxR1 inhibition exerted an anti-proliferative 

effect on hypoxic RPMI8226 and U266 cells (Figure 4.2). Interestingly, unlike 

bortezomib, auranofin exerted significant anti-proliferative effects on myeloma cells 

growing under both normoxic and hypoxic conditions suggesting that TrxR1-inhibiting 

drugs may exert better anti-myeloma activity compared to other conventional drugs 

under different physiological conditions. Furthermore, we also showed that TrxR1 

inhibition using a sub-lethal concentration of auranofin (2 µM) sensitized hypoxic 

myeloma cells to the cytotoxic effect of bortezomib (Figure 4.2). Our results 

complement another study that showed that TrxR1 inhibition by a similar auranofin 

concentration (1.5 µM) has increased the bortezomib sensitivity of human colon 

carcinoma cell line HCT116 overexpressing Bcl-2 by 2-fold under normoxic conditions 

(Wang et al., 2014). While many therapies targeting the hypoxic myeloma cells are 

being developed either as a single agent or combinatorial therapies (Hu et al., 2010, Hu 

et al., 2013), our study provided evidence that targeting hypoxic myeloma cells using 

TrxR1 inhibitors, such as auranofin, provides a potentially useful and novel treatment 

strategy for MM. 

This research, for the first time, shows the effect of hypoxia on the NF-кB pathway and 

the role of TrxR1 in the regulation of hypoxia-induced NF-кB p65 expression in 

myeloma cells. Hypoxia activates the NF-кB signalling pathway and NF-кB-mediated 

gene expression (Koong et al., 1994, Taylor and Cummins, 2009). We show that 

exposure of U266 cells to hypoxia increased NF-кB p65 protein levels in the nucleus. 

Increased nuclear p65 protein levels have been correlated with the acquisition of drug 
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resistance in cancer cells (Liang et al., 2013, Murray et al., 2015). Our results showed 

that auranofin-induced TrxR1 inhibition reduced the hypoxia-induced nuclear 

accumulation of NF-кB p65 protein, reduced the mRNA levels of p65 and downstream 

NF-кB-regulated genes, Survivin and Cyclin D1 (Figure 4.3). Thus, TrxR1 inhibition 

induces myeloma cell death growing under a hypoxic microenvironment and overcomes 

hypoxia-induced bortezomib resistance by inhibiting the NF-кB pathway. 

Significant correlation between adaptation of cancer cells to oxidative stress by 

upregulating intracellular antioxidant systems and chemoresistance has been 

documented (Landriscina et al., 2009). Increased CuZnSOD expression was shown to 

induce imexon-resistance in myeloma cells (Samulitis et al., 2006). TrxR1 expression 

and activity is increased in adriamycin-resistant leukaemia cells and cisplatin-resistant 

ovarian cancer cells, and its inhibition using auranofin induced apoptosis in these cells 

(Marzano et al., 2007, Liu et al., 2011). Here, for the first time we report that increased 

TrxR1 expression is associated with bortezomib resistance in myeloma cells. We 

showed that TrxR1 protein levels are upregulated in bortezomib-resistant myeloma cells 

(RPMI8226 & U266) compared to the parent cells (Figure 4.4) and its inhibition 

resulted in apoptosis in these cells (Figure 4.5). Moreover, TrxR1 inhibition using either 

a sub-lethal concentration of auranofin or TrxR1-specific siRNAs significantly restored 

the sensitivity of bortezomib-resistant myeloma cells to bortezomib (Figure 4.6). Our 

findings complement other studies that showed that modulation of antioxidant systems, 

glutathione and CuZnSOD, abrogates bortezomib resistance and resensitizes resistant 

myeloma cells to bortezomib (Nerini-Molteni et al., 2008, Salem et al., 2015). 

Interestingly, despite higher Trx1 protein levels in bortezomib-resistant myeloma cells 

(Raninga et al., 2015), its inhibition using either a specific inhibitor PX-12 or Trx1 anti-

sense plasmid did not sensitize bortezomib-resistant U266 cells to bortezomib 

(Appendix 2, Figure S2.1). However, the underlying mechanism for this effect remains 

to be elucidated. One possible explanation may be that TrxR1 have distinct downstream 

targets in addition to the common targets as Trx1, which may be involved in 

overcoming bortezomib resistance (Nordberg and Arner, 2001). Thus, despite being part 

of the same antioxidant system TrxR1 inhibition may serve as a better and more 

effective therapeutic approach for treatment of bortezomib-resistant MM patients. 

Moreover, TrxR1-targeting drugs, like auranofin, can either be used as single agent 

therapy or in combination with bortezomib to treat relapsed MM patients. 
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Our study highlights a molecular mechanism by which TrxR1 inhibition overcomes 

bortezomib resistance in myeloma cells. Higher NF-кB expression is seen in bortezomib 

refractory primary MM patients (Markovina et al., 2008) and bortezomib resistance in 

MM is associated with increased basal nuclear localization of NF-кB p65 in 

bortezomib-resistant myeloma cells (Murray et al., 2015). Here, we also show increased 

nuclear NF-кB p65 levels in bortezomib-resistant U266 cells compared to the parent 

counterpart. We showed that TrxR1 inhibition using auranofin reduced NF-кB p65 

mRNA and protein levels, and reduced the mRNA levels of downstream NF-кB-

regulated genes including anti-apoptotic and proliferation genes in bortezomib-resistant 

U266 cells (Figure 4.7). These results indicated that TrxR1 inhibition suppresses the 

NF-кB signalling pathway by inhibiting the phosphorylation and subsequent 

degradation of IкBα and overcomes acquired bortezomib resistance in myeloma cells. 

In addition to the NF-кB signalling pathway, TrxR1 inhibition, either by auranofin or 

TrxR1-specific si/shRNA, has also been shown to induce an expression of the oxidative 

stress responsive transcription factor, Nrf2 (Kim et al., 2010, Cebula et al., 2015). 

Moreover, Nrf2 activation has been shown to inhibit the NF-кB signalling pathway and 

attenuate NF-кB-mediated inflammatory responses and induce apoptosis (Li et al., 

2008). Nrf2 deficient mouse embryonic fibroblasts showed activation of NF-кB 

(Thimmulappa et al., 2006), suggesting that Nrf2 induction may inhibit the NF-кB 

signalling pathway in the cells. Based on these findings, it may be hypothesized that 

Nrf2 may act as an intermediate between TrxR1 and NF-кB, and TrxR1 inhibition may 

suppress the NF-кB signalling pathway via Nrf2 induction. However, whether TrxR1 

regulates the NF-кB signalling pathway in MM via either Nrf2 or another mechanism 

remains undetermined and needs further investigation. 

In conclusion, our research confirms that higher TrxR1 expression is associated with 

both the hypoxia-induced and acquired bortezomib resistance in myeloma cells, and its 

inhibition leads to apoptosis in these cells. Moreover, TrxR1 inhibition overcomes the 

bortezomib resistance in myeloma cells through inhibition of the NF-кB signalling 

pathway. Therefore, we propose considering TrxR1-inhibiting drugs like auranofin, 

either for single agent or combination therapies to circumvent bortezomib resistance in 

MM and improve survival outcomes of MM patients. 
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Chapter 5 

Cross-talk between two antioxidants, 

thioredoxin reductase and heme oxygenase-1, 

and therapeutic implications for multiple 

myeloma 
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5.1 Abstract 

Multiple myeloma (MM) is characterized by an accumulation of abnormal clonal 

plasma cells in the bone marrow. Despite recent advancements in anti-myeloma 

therapies, MM remains an incurable disease. Antioxidant molecules are upregulated in 

many cancers, correlating with tumour proliferation, survival, and chemoresistance and 

therefore, have been suggested as potential therapeutic targets. This study investigated 

the cross-talk between two antioxidant molecules, thioredoxin reductase (TrxR) and 

heme oxygenase-1 (HO-1), and their therapeutic implications in MM. We found that 

although auranofin, a TrxR inhibitor, significantly inhibited TrxR activity by more than 

50% at lower concentrations, myeloma cell proliferation was only inhibited at higher 

concentrations of auranofin. Inhibition of TrxR using lower auranofin concentrations 

induced HO-1 protein expression in myeloma cells. Using a sub-lethal concentration of 

auranofin to inhibit TrxR activity in conjunction with HO-1 inhibition significantly 

decreased myeloma cell growth and induced apoptosis. TrxR was shown to regulate 

HO-1 via the Nrf2 signalling pathway in a ROS-dependent manner. Increased HO-1 

mRNA levels were observed in bortezomib-resistant myeloma cells compared to parent 

cells and HO-1 inhibition restored the sensitivity to bortezomib in bortezomib-resistant 

myeloma cells. These findings indicate that concurrent inhibition of HO-1 with either a 

TrxR inhibitor or with bortezomib would improve therapeutic outcomes in MM 

patients. Hence, our findings further support the need to target multiple antioxidant 

systems alone or in combination with other therapeutics to improve therapeutic 

outcomes in MM patients. 
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5.2 Introduction 

Multiple myeloma (MM) is a malignant neoplasm of plasma cells characterized by an 

aberrant accumulation of plasma cells in the bone marrow (BM). In recent years, new 

therapeutics including proteasome inhibitors, bortezomib (Cavo, 2006) and carfilzomib 

(Stewart, 2015), and immunomodulatory drugs thalidomide (Palumbo et al., 2008) and 

lenalidomide (Richardson et al., 2006) significantly improve MM patient outcome. 

Despite such developments in MM treatment, relapse is inevitable, and MM remains an 

incurable disease with the median survival rate of 3-5 years. Thus, better understanding 

of the myeloma biology and the mechanisms underlying chemoresistance can help to 

develop new therapeutic modalities with the potential to cure MM.  

Heme oxygenase-1 (HO-1) is a cytoprotective enzyme catalysing the conversion of 

intracellular heme into biliverdin, free iron, and carbon monoxide (Maines, 1988). 

Biliverdin reductase further reduces biliverdin into a potent antioxidant bilirubin 

(Stocker et al., 1987, Baranano et al., 2002), which possesses anti-inflammatory, anti-

oxidative, and anti-apoptotic properties (Otterbein et al., 2003, Miyazaki et al., 2010). 

Elevated HO-1 expression and activity have been observed in various cancer types 

including renal cell carcinoma (Goodman et al., 1997), prostate cancer (Berberat et al., 

2005), lymphosarcoma (Schacter and Kurz, 1986), melanoma (Jozkowicz et al., 2007), 

chronic myeloid leukaemia (CML) (Mayerhofer et al., 2004), and chronic lymphocytic 

leukaemia (CLL) (Wu et al., 2010). Moreover, HO-1 expression has been shown to 

increase in response to the treatment with chemotherapeutic agents in acute myeloid 

leukaemia (AML) (Heasman et al., 2011), CML (Mayerhofer et al., 2008), pancreatic 

cancer (Berberat et al., 2005), and MM (Barrera et al., 2012). Inhibition of upregulated 

HO-1 has been demonstrated to reverse the chemoresistance and resensitizes cancer 

cells to the chemotherapeutic agents in many human cancer types (Berberat et al., 2005, 

Mayerhofer et al., 2008, Heasman et al., 2011). Thus, HO-1 serves as a potential 

therapeutic target in cancer either alone or in conjunction with conventional 

chemotherapeutic agents. Although bortezomib treatment increased HO-1 mRNA levels 

in MM (Barrera et al., 2012), the functional role of HO-1 in myeloma cell survival, 

growth, and bortezomib resistance has not been established. The expression of HO-1 is 

regulated by many transcription factors including nuclear factor-кB (NF-кB) 

(Lavrovsky et al., 1994, Rushworth et al., 2010), NF-E2-related factor 2 (Nrf2) (Alam et 

al., 1999), activator protein-1 (AP-1) (Camhi et al., 1998), and Bach-1 (Sun et al., 

2002). However, how HO-1 is regulated in myeloma cells is unclear.  
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The thioredoxin (Trx) system is one of the major cellular antioxidant systems and is 

comprised of thioredoxin (Trx), thioredoxin reductase (TrxR), and NADPH (Holmgren, 

1985). Both Trx1 and TrxR1 have been shown to be upregulated in many human cancer 

types including MM, and correlated with cancer cell survival, growth, resistance to 

apoptosis, and drug resistance (Lincoln et al., 2003, Raninga et al., 2015). Although the 

Trx system is a major antioxidant system involved in multiple redox-regulated 

signalling pathways in cancer (Mahmood et al., 2013, Raninga et al., 2014), it also 

interacts with other antioxidant systems. Upon the loss of one antioxidant system, the 

cell may activate another antioxidant or stress molecule to compensate for the loss and 

protect themselves against increased oxidative stress and chemotherapeutic drugs 

(Mostert et al., 2003, Du et al., 2012, Zhang et al., 2014). Several lines of evidence 

indicate the involvement of the Trx/TrxR system in the regulation of HO-1 expression 

(Wiesel et al., 2000, Mostert et al., 2003, Trigona et al., 2006). Inhibition of TrxR using 

pharmacological inhibitors, such as aurothioglucose, induces HO-1 expression and 

activity. Moreover, TrxR inhibition using auranofin has also increased HO-1 expression 

in an oxidative stress-dependent manner in CLL cells (Fiskus et al., 2014). However, 

the role of TrxR in regulating HO-1 and the therapeutic implications of targeting both 

TrxR and HO-1 together in MM remains unclear. 

The present study was designed to study the cross-talk between the two antioxidants, 

TrxR and HO-1 in MM, and the therapeutic implication of targeting both in conjunction 

in myeloma cells. Our results show that TrxR inhibition induces HO-1 expression 

through the Nrf2 signalling pathway. We show that HO-1 inhibition using a 

pharmacological inhibitor, Zinc Protoporphyrin IX (ZnPP IX), sensitizes myeloma cells 

to undergo apoptosis in response to TrxR inhibition at the lower concentrations of 

auranofin. Thus, HO-1 acts as a secondary anti-apoptotic mechanism and is upregulated 

to compensate for the loss of TrxR functions. Our data also show that HO-1 expression 

is increased in bortezomib-resistant myeloma cells and its inhibition restores the 

sensitivity to bortezomib. These findings suggest concurrent inhibition of HO-1 with 

either a TrxR inhibitor or with bortezomib would improve therapeutic outcomes in MM 

patients.  
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5.3 Materials and methods 

5.3.1 Cells and reagents 

The human myeloma cell lines (RPMI8226, U266, and OPM2) were obtained from Dr. 

Slavica Vuckovic (QIMR Berghofer Medical Research Institute). RPMI8226 cells were 

originally derived from the peripheral blood of a 61-year-old male with multiple 

myeloma (IgG lambda-type) (Matsuoka et al., 1967). U266 cells were originally derived 

from the peripheral blood of a 53-year-old male with IgE-secreting myeloma 

(refractory) (Nilsson et al., 1970). OPM2 cells were originally derived from the 

peripheral blood of a 56-year-old woman with multiple myeloma in leukemic phase 

(relapse) (Katagiri et al., 1985). Human peripheral blood mononuclear cells (PBMCs) 

were isolated from the whole blood of healthy volunteers and were collected under the 

ethical approval BPS/08/14/HREC. Cells were cultured in RPMI-1640 medium (Gibco) 

containing 10% (V/V) fetal bovine serum (FBS) (Bovagen), 200 mM L-glutamine, and 

100 U/ml penicillin and 100 ug/ml streptomycin (Invitrogen). The monoclonal anti-HO-

1 antibody was purchased from R & D Systems. The monoclonal anti-Nrf2 antibody, 

anti-Lamin B1, and anti-β-tubulin antibodies were purchased from Abcam. The 

monoclonal anti-HIF-1β antibody was purchased from BD Biosciences. The TrxR1 

inhibitor auranofin was purchased from Sigma. An HO-1 inhibitor ZnPP IX and its 

control compound CuPP IX were purchased from Enzo Life Sciences. The dominant 

negative-Nrf2 plasmid was kindly provided by Dr. Xilin Chen (Atherogenics, USA) 

(Chen et al., 2003). 

5.3.2 TrxR activity assay 

RPMI8226, U266, and OPM2 cells were treated with auranofin (0-2 µM) for 24 hours 

in 6-well plate. The TrxR activity assays were performed as described previously 

(Smith and Levander, 2002). Briefly, treated and untreated cells were lysed 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, 1X 

PBS). To omit non-TrxR1-specific DTNB reduction, cell lysates were treated with or 

without 8 µM auranofin for 30 minutes at room temperature. The TrxR activity was 

measured using a buffer containing 0.5 M potassium phosphate, 200 mM EDTA, 20 

mM NADPH, and 125 mM DTNB. TNB production was measured by following an 

increase in absorbance at 412 nm for 10 minutes. The reaction rates obtained in the 

presence of auranofin were subtracted from the reaction rates obtained in the absence of 
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auranofin to give the final corrected TrxR rates. Units of TrxR activity (µmoles of TNB 

produced/minute) were calculated using an extinction coefficient of 13.6 X 10
3
 M

-1
 of 

TNB at 412 nm. The specific thioredoxin reductase activity was determined using the 

following equation: Specific activity (U/mg) = U/total protein. 

5.3.3 Cell proliferation assay 

0.5 X 10
6
 cells were treated with the appropriate drugs for indicated period of time in 

24-well plate. Relative cell proliferation was assayed using the CellTiter-Blue Cell 

Viability Assay (Promega), as per the manufacturer’s instructions.   

5.3.4 Western blot analysis 

Whole cell extracts were prepared using 0.5% (v/v) Nonidet P-40 cell lysis buffer. 

Nuclear and cytosolic fractions were prepared using Nuclear Protein Extraction Kit 

(Cayman Chemicals) according to the manufacturer’s guidelines. Western 

immunoblotting analysis was performed as described previously (Karlenius et al., 

2012). Blots were probed with various specific antibodies (HO-1, Nrf2, Lamin B1, HIF-

1β, and β-tubulin) and ECL detection was done using GE ECL Western Blotting 

Substrate (GE Healthcare). 

5.3.5 Caspase-3 activity assay 

0.5 X 10
6
 cells were treated with the appropriate drugs for indicated period of time in 

24-well plate. Caspase-3 activity within the treated and untreated myeloma cell lines 

and PBMCs was determined as described previously following the cleavage of Ac-

DEVD-AMC (Enzo Life Sciences, NY, USA), a caspase-3 substrate (Raninga et al., 

2015). Briefly, treated or untreated cells (0.5 X 10
6
 cells) were pelleted, washed with 

PBS, re-suspended in 10-15 µl of PBS, and transferred to black-walled 96-well plate. 90 

µl of caspase assay buffer (5 mM dithiothreitol, 100 mM HEPES, 10% (w/v) sucrose, 

0.1% NP-40 at pH 7.25) containing 50 μM Ac-DEVD-AMC was added to the samples 

and the amount of AMC cleaved by caspase-3 was measured at 37°C by measuring the 

fluorescence at excitation wavelength of 370 nm and emission of 445 nm using the 

SpectraMax plate reader. 

5.3.6 Measurement of intracellular ROS generation 

A dicholorofluorescein (DCF) assay was used to determine cellular ROS generation in 

myeloma  cells and control PBMCs as described previously (Raninga et al., 2015). 

Briefly, 1 X 10
6
 of treated or untreated cells were washed with PBS and incubated with 
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10 µM H2DCFDA (Molecular probes, CA, USA), a redox sensitive cell permeable dye, 

for 15 minutes. Cells were then transferred to black-walled clear-bottom 96-well plate 

in triplicate and assessed for H2DCFDA oxidation using a SpectraMax fluorescence 

plate reader (Molecular Devices). Data were analysed using SoftMax Pro software (Bio-

strategy). The fluorescence intensity measuring the oxidation of H2DCFDA by ROS 

represents the amount of intracellular ROS generation. 

5.3.7 Transient transfections 

Cells (2 X 10
6
 per well) were transfected using Amaxa Nucleofector (T-001 program) 

using 2 ug of empty vector, pcDNA 3.1, and dominant negative-Nrf2 (dn-Nrf2) 

plasmids. Transfected cells were incubated for 24 hours before the indicated treatments. 

5.3.8 RNA extraction and reverse transcriptase- quantitative PCR 

Total RNA was extracted from parent U266 and U266-BR cells (1 X 10
6
 cells) using 

TRIsure
TM

 Lysis solution (Bioline) according to the manufacturer’s instructions. Total 

RNA was reverse transcribed using the SensiFAST
TM

 cDNA synthesis kit (Bioline). 

Resultant cDNA was analysed by reverse transcriptase-quantitative PCR (RT-qPCR) 

using SensiFAST
TM

 SYBR® No-Rox Kit (Bioline) and RT-qPCR primers for 

Ribosomal Protein L32 (RPL32) [forward 5’-CAGGGTTCGTAGAAGATTCAAGGG-

3’ and reverse 5’-CTTGGAGGAAAACATTGTGAGCGATC-3’] (Lafleur et al., 2005) 

and HO-1 [forward 5’- GCAGTCAGGCAGAGGGTGATAGAA-3’ and reverse 5’-

GGGCTCTGGTCCTTGGTGTCAT-3’] (Integrated DNA Technologies, IA, ISA), on 

the QuantStudio® 6 Flex Real-Time PCR System (Applied Biosystems) according to 

the manufacturer’s  guidelines. Reaction conditions were 95
0
C for 5 seconds, 60

0
C for 

10 seconds, and 72
0
C for 20 seconds. The comparative cycle threshold algorithm 

(ΔΔCt) method was used to analyse gene expression. The mRNA was normalized 

against RPLL32 expression (Lafleur et al., 2005). 

5.3.9 Statistical analysis 

Data were analysed by using the software GraphPad Prism 6 (GraphPad Software). 

Values are presented as mean ± SEM. Statistical significance was determined by the 

specified statistical test. P < 0.05 was considered significant.   
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5.4 Results 

5.4.1 Auranofin inhibits TrxR activity in myeloma cells 

We have previously shown that TrxR1 is upregulated in myeloma cells and auranofin, a 

TrxR inhibitor, induces myeloma cell death (Raninga et al., 2015). Here, we aimed to 

correlate auranofin-induced inhibition of TrxR activity with myeloma cell death and to 

study the interactions of TrxR with other antioxidants. Results showed that auranofin 

significantly inhibited TrxR activity in all three myeloma cell lines (RPMI8226, U266, 

and OPM2) and the IC50 value was achieved at 0.48 µM, 0.46 µM, and 0.457 µM in 

RPMI8226, U266, and OPM2 cells, respectively (Figure 5.1A, B, C). Interestingly, 

these auranofin concentrations were not sufficient to reduce cell proliferation and higher 

auranofin concentrations were required to significantly reduce cell proliferation in all 

three myeloma cell lines (Figure 5.1D, E, F). We previously showed that auranofin 

treatment did not exert any significant cytotoxic effect on control peripheral blood 

mononuclear cells (PBMCs) (Raninga et al., 2015).  

 



  CHAPTER 5 
 

124 
 

0 0 .1 0 .2 5 0 .5 1 2

0 .0

0 .2

0 .4

0 .6

0 .8

1 .0

1 .2

1 .4

1 .6

R P M I8 2 2 6

A u ra n o fin  ( M )

T
r
x

R
 a

c
ti

v
it

y
 (

m
U

/m
g

)

**

*

0 0 .1 0 .2 5 0 .5 1 2

0

2 0

4 0

6 0

8 0

1 0 0

1 2 0
R P M I8 2 2 6

A u ra n o fin  ( M )

C
e

ll
 g

r
o

w
th

 (
%

 c
o

n
tr

o
l)

*

0 0 .1 0 .2 5 0 .5 1 2

0 .0

0 .2

0 .4

0 .6

0 .8

1 .0

1 .2

1 .4

1 .6

U 2 6 6

A u ra n o fin  ( M )

T
r
x

R
 a

c
ti

v
it

y
 (

m
U

/m
g

)

**

*

0 0 .1 0 .2 5 0 .5 1 2

0

2 0

4 0

6 0

8 0

1 0 0

1 2 0

U 2 6 6

A u ra n o fin  ( M )

C
e

ll
 g

r
o

w
th

 (
%

 c
o

n
tr

o
l)

*

0 0 .1 0 .2 5 0 .5 1 2

0 .0

0 .2

0 .4

0 .6

0 .8

1 .0

1 .2

1 .4

1 .6

O P M 2

A u ra n o fin  ( M )

T
r
x

R
 a

c
ti

v
it

y
 (

m
U

/m
g

)

**

*

0 0 .1 0 .2 5 0 .5 1 2

0

2 0

4 0

6 0

8 0

1 0 0

1 2 0

O P M 2

A u ra n o fin  ( M )

C
e

ll
 g

r
o

w
th

 (
%

 c
o

n
tr

o
l)

*

A

B

C

D

E

F

 

Figure 5.1: Auranofin inhibits TrxR activity in myeloma cells. MM cell lines 

(RPMI8226, U266, and OPM2) were treated with indicated concentrations of auranofin 

(0-2 µM) for 24 hours. A-C, Protein was extracted and TrxR activity was analysed by 

measuring the NADPH-dependent reduction of DTNB by TrxR enzyme and normalized 

against the protein concentration in RPMI8226 (A), U266 (B), and OPM2 (C). D-F, 

Cell proliferation was assessed by CellTiter blue assays in RPMI8226 (D), U266 (E), 

and OPM2 (F). Values indicate mean ± SEM of three independent experiments 

performed in triplicate. One-way ANOVA followed by Tukey’s post-test were 

employed. *, P < 0.0001 (compared to the 0 µM auranofin treatment) 
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5.4.2 TrxR inhibition induces HO-1 expression on myeloma cells 

Based on the observed discrepancy in auranofin concentrations required for inhibition 

of TrxR and cell proliferation, we hypothesized that TrxR inhibition may activate 

another antioxidant molecule, which may serve as a secondary anti-apoptotic 

mechanism in myeloma cells. Firstly, by using a publically available gene expression 

database (GSE6477), we showed that HO-1 expression is significantly lower in new and 

relapsed MM patients compared to healthy individuals (Figure 5.2A). Studies have 

shown that TrxR inhibition induces hepatic HO-1 expression (Mostert et al., 2003). 

Therefore, we investigated the effect of TrxR inhibition on HO-1 expression in 

myeloma cells and control PBMCs. Western blot results showed a marked induction of 

HO-1 expression when TrxR activity was inhibited by 50% in all three myeloma cell 

lines (Figure 5.2B, C, & D). However, auranofin treatment did not induce HO-1 protein 

expression in control PBMCs (Figure 5.2E). In addition, we also investigated whether 

Trx1 inhibition induces HO-1 expression in myeloma cells. RPMI8226, U266, and 

OPM2 cells were treated with a Trx1 inhibitor, PX-12 (0-20 µM), and HO-1 protein 

expression was analysed. Interestingly, targeting Trx1 did not induce HO-1 expression 

in myeloma cells at any concentration of PX-12 (Appendix 3, Figure S3.1). 
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Figure 5.2: TrxR inhibition induces HO-1 expression in myeloma cells. A, 

Expression of HO-1 in myeloma patient cells (new MM and relapsed) and in normal 

cells were determined from the gene expression profile arrays deposited in the gene 

expression omnibus database (GSE6477). One-way ANOVA followed by Tukey’s post-

test were employed. P < 0.05 (compared to the normal cells) B-E, Myeloma cell lines 

RPMI8226 (B), U266 (C), OPM2 (D), and control PBMCs (E) were treated with 

indicated concentrations of auranofin (AF) (0-2 µM) for 24 hours. Whole cell extracts 

were prepared, and HO-1 protein levels were analysed by western blot analysis. β-

tubulin was used as a loading. Western blots are representative of three independent 

experiments. 
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5.4.3 TrxR and HO-1 inhibition in conjunction induces apoptosis in 

myeloma cells 

We further analysed whether increased HO-1 expression in response to TrxR inhibition 

can rescue myeloma cells from undergoing cell death. To resolve whether inhibiting 

TrxR in combination with HO-1 can induce myeloma cell death, normal PBMCs, 

RPMI8226, and U266 cells were treated with 5 µM Zinc Protoporphyrin IX (ZnPP IX) 

(an HO-1 inhibitor) or its control compound Copper Protoporphyrin IX (CuPP IX) and 

1 µM auranofin (a concentration that inhibits TrxR activity by more than 50%) either 

alone or in combination for 24, 48, and 72 hours. To optimize the assays, myeloma cells 

were treated with increasing concentrations of ZnPP IX and CuPP IX (0-10 µM) and a 

sub-lethal concentration of ZnPP IX, 5 µM, was selected for subsequent experiments 

(Appendix 3, Figure S3.2). In RPMI8226 cells, ZnPP IX, CuPP IX, and auranofin alone 

had little or no effect on the cell proliferation (Figure 5.3A, B). However, in 

combination with auranofin ZnPP IX (Figure 5.3A), but not CuPP IX (Figure 5.3B), 

significantly reduced RPMI8226 cell proliferation by approximately 35% and 50% after 

48 and 72 hours treatment, respectively. Similarly, in U266 cells, ZnPP IX, CuPP IX, 

and auranofin alone had no effect on cell proliferation (Figure 5.3C, D). However, 

auranofin and ZnPP IX (Figure 5.3C), but not CuPP IX (Figure 5.3D), in combination 

significantly reduced U266 cell proliferation by approximately 70% after 24 hours 

treatment. Auranofin, ZnPP IX, and CuPP IX either alone or in combination exerted no 

significant cytotoxic effect on normal PBMCs (Figure 5.3E, F).  
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Figure 5.3: TrxR and HO-1 inhibition in conjunction inhibits myeloma cell 

proliferation. Myeloma cell lines (RPMI8226, U266) and normal PBMCs were treated 

with 5 µM ZnPP IX (a HO-1 inhibitor) (A, C, E, respectively) or its control compound 

CuPP IX (B, D, F, respectively) alone or in combination with 1 µM auranofin for 24, 

48, and 72 hours. Cell proliferation was assessed by CellTiter blue assays at each time-

point. Values indicate means ± SEM of three independent experiments performed in 

triplicates. Two-way ANOVA followed by Sidak’s post-test were employed. *, P < 0.05 

(compared to the cells treated with auranofin and ZnPP IX alone at each time-point). 

 

We next examined the mode of myeloma cell death in response to TrxR and HO-1 

inhibition. RPMI8226 and U266 cells were treated with 1 µM auranofin and 5 µM 

ZnPP IX either alone or in combination for 24 hours and caspase-3 activity was 

measured. Myeloma cells were also treated with 5 µM CuPP IX and 1 µM auranofin 
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either alone or in combination as a control for ZnPP IX. Results showed that auranofin 

and ZnPP IX co-treatment significantly increased caspase-3 activity by 2.2-fold and 2.5-

fold in RPMI8226 (Figure 5.4A) and U266 (Figure 5.4B) cells, respectively, suggesting 

that myeloma cells are undergoing apoptosis when TrxR and HO-1 are co-inhibited. 

Treatment of myeloma cells with auranofin and CuPP IX together had no effect on 

caspase-3 activity (Figure 5.4A, B). 
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Figure 5.4: Inhibiting TrxR in combination with HO-1 induces myeloma cell 

apoptosis. A, B, Myeloma cell lines RPMI8226 (A) and U266 (B) were treated with 5 

µM ZnPP IX or its control compound CuPP IX alone or in combination with 1 µM 

auranofin for 24 hours. Caspase-3 activity in treated and untreated cells was measured 

by monitoring the cleavage of Ac-DEVD-AMC. Values indicate mean ± SEM of three 

independent experiments. One-way ANOVA followed by Tukey’s post-test were 

employed. * (compared to the untreated control cells), Δ (compared to either AF alone 

or ZnPP IX alone), P < 0.05 
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5.4.4 TrxR inhibition induces HO-1 expression in myeloma cells 

through Nrf2 activation 

Since HO-1 is regulated by multiple transcription factors including Nrf2, NF-κβ, and 

AP-1, we investigated the underlying molecular mechanism by which TrxR may 

regulate HO-1 in myeloma cells. RPMI8226 and U266 cells were treated with auranofin 

(0-2 µM) for 24 hours, cytosolic and nuclear fractions were prepared, and Nrf2 and HO-

1 protein expression were analysed. Western blot results showed that auranofin-induced 

TrxR inhibition increased nuclear accumulation of Nrf2 in both RPMI8226 and U266 

cells (Figure 5.5A, B). As little as 0.25 µM auranofin increased nuclear Nrf2 protein 

levels in both myeloma cell lines (Figure 5.5A, B). Nrf2 protein levels were 

undetectable in the cytosolic fractions in both cell lines. Western blot results also 

showed that TrxR inhibition increased HO-1 protein levels in both myeloma cell lines, 

which correlated with increased nuclear Nrf2 protein levels.  

To confirm the involvement of the Nrf2 pathway in TrxR-mediated HO-1 regulation in 

myeloma cells, we inhibited Nrf2 using dominant negative-Nrf2 (dn-Nrf2) (Chen et al., 

2003). U266 cells were transfected with dn-Nrf2 for 24 hours, subsequently treated with 

or without 1 µM auranofin for 24 hours, and HO-1 protein expression was analysed. 

Results showed a statistically significant decrease in HO-1 protein levels in dn-Nrf2-

transfected U266 cells after auranofin treatment compared to the control cells (Figure 

5.5C, D).  
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Figure 5.5: TrxR inhibition induces HO-1 expression in myeloma cells through 

Nrf2 activation. A, B, Myeloma cell lines RPMI8226 (A) and U266 (B) were treated 

with indicated concentrations of auranofin (0-2 µM) for 24 hours. Nuclear and cytosolic 

fractions were prepared, and Nrf2 and HO-1 protein levels were analysed by western 

blot analysis in the respective cellular fractions. C, U266 cells were transfected with 

pcDNA3.1 empty vector and dominant negative-Nrf2 (dn-Nrf2) using the Amaxa 

Nucleofection Technology (program T-001). 24 hours post-transfection U266 cells were 

treated with or without 1 µM auranofin for 24 hours. Whole cell extracts were prepared 

and HO-1 protein levels were analysed by western blot analysis. Lamin B1 and HIF-1β 

(nuclear fractions) and β-tubulin (cytosolic and whole cell fractions) were used as 

loading controls. Western blots are the representative of three independent experiments. 

D, HO-1 protein levels were quantified by densitometry analysis using Image Gauge 

V4.0 software. Quantification data are expressed as mean ± SEM of three independent 

experiments. Unpaired student’s t test was employed. *, P < 0.05  
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5.4.5 ROS play an important role in TrxR-mediated HO-1 expression 

HO-1 has been shown to be involved in the regulation of redox equilibrium in human 

cells (Fang et al., 2004), and it is reported that intracellular ROS levels are increased 

when TrxR is inhibited (Raninga et al., 2015). We therefore examined the role of ROS 

in myeloma cells after TrxR and HO-1 inhibition. Control PBMCs and U266 cells were 

treated with auranofin (1 µM) and ZnPP IX (5 µM) alone or in combination for 24 

hours and ROS production and caspase-3 activity were measured. Results showed that 

intracellular ROS levels were increased when TrxR was inhibited (by 1.5-fold compared 

to untreated control) and were further increased when HO-1 was inhibited (by 2.2-fold 

compared to untreated control and 1.5-fold compared to TrxR inhibition alone) (Figure 

5.6A). No significant increase in intracellular ROS levels was observed when control 

PBMCs were treated with either auranofin or ZnPP alone or in combination (Figure 

5.6A). A ROS quencher, the antioxidant N-acetylcysteine (NAC), blocked the apoptotic 

response by inhibiting caspase-3 activity in U266 cells with both TrxR and HO-1-

inhibited (Figure 5.6B). This suggests that ROS are effectors of apoptosis in myeloma 

cells when TrxR and HO-1are inhibited. 

We then analysed the role of ROS in TrxR-mediated HO-1 expression in myeloma 

cells. RPMI8226 and U266 cells were treated with both auranofin (1 µM) and NAC (5 

mM) either alone or in combination for 24 hours, and HO-1 and Nrf2 protein expression 

were analysed. Western blot results showed that auranofin-induced TrxR inhibition 

increased nuclear Nrf2 and cytosolic HO-1 protein levels in both MM cell lines (Figure 

5.6C). Addition of NAC markedly decreased both Nrf2 and HO-1 protein levels in the 

nucleus and cytosol, respectively, in both myeloma cell lines (Figure 5.6C). This 

suggests the involvement of ROS in TrxR-mediated HO-1 expression in myeloma cells. 
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Figure 5.6: ROS play an important role in TrxR-mediated HO-1 expression in 

myeloma cells. A, Control PBMCs and U266 cells were treated with 1 µM AF and 5 

µM ZnPP IX either alone or in combination for 24 hours. Intracellular ROS levels were 

assessed by measuring the oxidation of H2DCFDA dye. B, U266 cells were treated with 

1 µM AF and 5 mM NAC either alone or in combination for 24 hours. Apoptosis was 

examined by measuring the caspase-3 activity. One-way ANOVA followed by Tukey’s 

post-test were employed. Values indicate mean ± SEM of three independent 

experiments performed in triplicates. For caspase-3 activity assay (n = 3). * (compared 

to untreated control), Δ (compared to AF treatment alone), P < 0.05 C, RPMI8226 and 

U266 cells were treated with 1 µM AF and 5 mM NAC either alone or in combination 

for 24 hours. Nuclear and cytosolic fractions were prepared, and Nrf2 and HO-1 protein 

levels were analysed by western blot analysis in the respective cellular fractions. Lamin 

B1 (nuclear fractions) and β-tubulin (cytosolic fractions) were used as loading controls. 

Western blots are the representative of three independent experiments. 
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5.4.6 HO-1 inhibition overcomes bortezomib resistance in myeloma 

cells 

To investigate the role of HO-1 in bortezomib resistant myeloma cells, we first analysed 

HO-1 mRNA and protein levels in previously characterized bortezomib-resistant U266 

(U266-BR) (Raninga et al., 2015) and parent U266 cells. Significantly higher HO-1 

mRNA levels were observed in U266-BR cells compared to the parent U266 cells 

(Figure 5.7A). Western blot results showed that 10 nM bortezomib treatment induced 

HO-1 protein expression in U266-BR cells, but lower concentrations of bortezomib did 

not induce HO-1 protein expression (Figure 5.7B). To examine whether HO-1 inhibition 

overcomes bortezomib resistance in myeloma cells, U266-BR cells were treated with 10 

µM ZnPP IX and 10 nM bortezomib either alone or in combination for 48 hours and 

cell proliferation was analysed. While ZnPP IX and bortezomib alone had no effect on 

U266-BR cell proliferation, ZnPP IX and bortezomib in combination significantly 

reduced U266-BR cell proliferation by approximately 50% (Figure 5.7C). Lower 

concentrations of ZnPP IX were also tested in combination with bortezomib (10 nM), 

but no significant effect on cell proliferation was observed (Appendix 3, Figure S3.3).  
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Figure 5.7: HO-1 inhibition overcomes bortezomib resistance in myeloma cells. A, 

HO-1 mRNA levels were analysed in parent U266 and bortezomib-resistant U266 

(U266-BR) cells by RT-qPCR and normalized against RPL32 housekeeping gene. 

Values indicate mean ± SEM (n = 3). Unpaired student’s t test was employed. *, P < 

0.05 B, U266-BR cells were treated with indicated concentrations of bortezomib (Btz) 

(0-10 nM) for 24 hours, whole cell extracts were prepared, and HO-1 protein levels 

were analysed by western blot analysis. β-tubulin was used as a loading control. 

Western blots are representative of three independent experiments. C, U266-BR cells 

were treated with 10 µM ZnPP IX and 10 nM Btz either alone or in combination for 48 

hours. Cell proliferation was assessed by CellTiter blue assays. Values indicate mean ± 

SEM of three independent experiments performed in triplicates. One-way ANOVA 

followed by Tukey’s post-test were employed. *, P < 0.05 (compared to other treatment 

groups) 
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5.5 Discussion 

This study highlights the cross-talk between two antioxidants, TrxR and HO-1, in 

myeloma cells. We previously showed that TrxR1 is upregulated in myeloma cells and 

its inhibition induced myeloma cell apoptosis (Raninga et al., 2015). This study showed 

that myeloma cell proliferation was not affected when TrxR activity was inhibited by 

more than 50% at lower auranofin concentrations (Figure 5.1), suggesting the activation 

of another antioxidant system, which may act as a secondary anti-apoptotic mechanism. 

Previous studies suggested that glutathione and glutaredoxins systems rescue cells from 

apoptosis when TrxR is inhibited either by auranofin or aurothioglucose (Du et al., 

2012, Zhang et al., 2014). Our data showed that inhibition of TrxR activity by 50% 

induced HO-1 protein expression in all three myeloma cell lines (Figure 5.2). Our data 

also showed that auranofin treatment did not induce HO-1 protein expression in control 

PBMCs, suggesting that the effect of TrxR inhibition on HO-1 expression is specific to 

myeloma cells. Thus, inhibition of TrxR activity by auranofin induces HO-1 expression 

in myeloma cells, which may serve as a secondary anti-apoptotic mechanism in TrxR-

inhibited myeloma cells.  

To our knowledge, this is the first study to report the therapeutic potential of inhibiting 

both TrxR and HO-1 together in cancers. This study highlights the role of HO-1 as a 

secondary anti-apoptotic molecule in MM, which only becomes active when the 

primary defence mechanism such as TrxR, is inhibited. We showed that, like AML cells 

(Rushworth et al., 2010), MM patient cells have low HO-1 expression levels compared 

to healthy cells (Figure 5.2). HO-1 expression has been shown to increase in AML cells 

upon treatment with chemotherapeutic agents such as cytarabine, daunorubicin, and 

bortezomib, and its inhibition sensitized AML cells to these drugs (Heasman et al., 

2011, Rushworth et al., 2011). Moreover, arsenic trioxide treatment also increased HO-

1 expression in different myeloma cell lines and its inhibition reduced myeloma cell 

proliferation (Zhou et al., 2005). In AML cells, HO-1 expression has been shown to 

increase in response to NF-кB inhibition, and HO-1-inhibited AML cells became more 

susceptible to the NF-кB inhibitor, BAY-11-7082 indicating that HO-1 serves as a 

secondary anti-apoptotic mechanism in these cells (Rushworth et al., 2010). Our results 

showed that HO-1 inhibition using ZnPP IX (5 µM) in conjunction with auranofin (1 

µM) significantly reduced proliferation and induced apoptosis in myeloma cell lines 

(Figure 5.3 & 5.4). However, ZnPP IX (5 µM) and auranofin (1 µM) in combination 

had no cytotoxic effect on normal PBMCs suggesting that this therapeutic combination 
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can be a safe approach to treat MM patients. These findings indicate that HO-1 serves as 

a secondary anti-apoptotic mechanism in myeloma cells and is upregulated to 

compensate for the loss of TrxR functions. Therefore, we suggest inhibiting HO-1 could 

potentially enhance the cytotoxic effect of TrxR inhibitors in myeloma cells with 

minimal adverse effect on normal cells. It has been shown that the presence of the HO-1 

inhibitor, ZnPP IX, in vivo can enhance tumour responsiveness to anti-cancer agents 

(Fang et al., 2004). Moreover, another study showed that TrxR1 knockdown 

upregulated the glutathione system in mouse embryonic fibroblasts and concomitant 

inhibition of TrxR1 and glutathione significantly reduced the growth of B-cell 

lymphoma in vivo (Mandal et al., 2010). Taken together, we suggest that inhibiting 

multiple antioxidant systems in combination may provide more effective therapeutic 

strategy to combat cancers including MM. 

This study also highlighted a molecular mechanism by which TrxR inhibition induces 

HO-1 expression in myeloma cells. An oxidative stress sensitive transcription factor 

Nrf2 binds the antioxidant response element (ARE) located in the upstream promoter 

region of HO-1 (Alam et al., 1999). In this study, we showed that auranofin treatment 

increased Nrf2 protein levels in the nucleus and HO-1 protein levels in the cytoplasm of 

myeloma cells (Figure 5.5). Moreover, Nrf2 inhibition using a dn-Nrf2 expressing 

plasmid (Chen et al., 2003) significantly decreased HO-1 protein levels in response to 

TrxR inhibition (Figure 5.5). Thus, our results indicated that TrxR inhibition induces 

HO-1 expression through the Nrf2 transcriptional machinery in myeloma cells.  

Our results showed that inhibiting TrxR and HO-1 in conjunction significantly 

increased intracellular ROS levels and caspase-3 activity (Figure 5.6). Addition of NAC 

decreased caspase-3 activation in response to TrxR and HO-1 co-inhibition indicating 

that HO-1 protects myeloma cells from apoptosis upon TrxR inhibition by removing 

ROS. Furthermore, we also showed that addition of NAC has markedly decreased 

nuclear Nrf2 and cytosolic HO-1 protein levels (Figure 5.6). Thus, ROS plays a key role 

in TrxR-mediated HO-1 expression in myeloma cells. Previous studies have suggested 

that HO-1 protects AML cells from apoptosis in response to treatment with cytarabine, 

daunorubicin, and BAY-11-7082 by removing ROS generated by these drugs 

(Rushworth et al., 2010, Heasman et al., 2011). 

In recent years, HO-1 has emerged as an effective drug target to overcome 

chemoresistance in many human cancer types. Upregulated enzymatic antioxidant 
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defences and stress-responsive proteins have been suggested as potential mechanisms 

responsible for drug resistance in cancer cells (Landriscina et al., 2009). The gene 

expression profiling of docetaxel-resistant breast carcinoma patients revealed elevated 

levels of the antioxidant genes including Trx, glutathione, and peroxiredoxins (Iwao-

Koizumi et al., 2005). Moreover, HO-1 expression was shown to be increased in 

recurrent or relapsed prostate cancer patients (Li et al., 2011). We and another group 

showed an increased HO-1 mRNA levels in bortezomib-resistant myeloma cells 

(Barrera et al., 2012), however, the functional role of HO-1 in overcoming bortezomib 

resistance in myeloma cells is unknown. Bortezomib-resistant myeloma cells have been 

shown to have increased Nrf2 mRNA levels compared to their parent counterpart (Li et 

al., 2015). Since Nrf2 regulates HO-1 gene transcription by directly binding to the ARE 

site in the HO-1 promoter region (Alam et al., 1999), elevated Nrf2 levels may be 

responsible for the increased HO-1 transcript levels in bortezomib-resistant myeloma 

cells. However, the exact molecular mechanism for the elevated HO-1 mRNA levels in 

bortezomib-resistant myeloma cells warrants further investigation.    

This study, for the first time, highlights a novel strategy to overcome bortezomib 

resistance in MM by inhibiting HO-1. We showed that bortezomib treatment markedly 

increased HO-1 protein levels in U266-BR cells. Our data showed that HO-1 inhibition 

using its inhibitor, ZnPP IX, significantly restored the sensitivity to bortezomib in 

bortezomib-resistant myeloma cells (Figure 5.7). Our data complements other studies 

where HO-1 inhibition using specific siRNA or its inhibitor, ZnPP IX, has been shown 

to increase the sensitivity of pancreatic cancer cells, cholangiocarcinoma cells,  AML,  

and CML to chemo- and radiotherapy (Berberat et al., 2005, Mayerhofer et al., 2008, 

Heasman et al., 2011, Kongpetch et al., 2012). Thus, inhibition of HO-1 in combination 

with other conventional therapies may offer a novel approach to treat bortezomib-

resistant relapsed/refractory MM patients.  

In conclusion, we report that TrxR inhibition induces HO-1 expression and that 

inhibiting TrxR and HO-1 together induces myeloma cell apoptosis. Therefore HO-1 

serves as a secondary anti-apoptotic mechanism in myeloma cells. Our findings suggest 

that HO-1 has a significant role in multiple myeloma; however, this role of HO-1 is 

only revealed when TrxR activity is inhibited. Our findings further point towards the 

need of targeting multiple antioxidant system to combat MM more effectively. 
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Chapter 6 

Targeted inhibition of DJ-1 induces multiple 

myeloma cell death via KLF6 upregulation 
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6.1 Abstract 

Multiple myeloma (MM) is an incurable plasma cell malignancy. Despite recent 

advancements in anti-MM therapies, development of drug resistance remains a major 

clinical hurdle. DJ-1, a Parkinson’s disease-associated protein, is upregulated in many 

cancers and its knockdown suppresses tumour growth and overcomes chemoresistance. 

However, the role of DJ-1 in MM remains unknown. Using gene expression databases 

we found increased DJ-1 expression in MM patient cells, which correlated with shorter 

overall survival and poor prognosis in MM patients. Targeted DJ-1 knockdown using 

siRNAs induced necroptosis in myeloma cells. We found that Krüppel-like factor 6 

(KLF6) is expressed at lower levels in myeloma cells compared to PBMCs, and DJ-1 

knockdown increased KLF6 expression in myeloma cells. Targeted knockdown of 

KLF6 expression in DJ-1 knockdown myeloma cells rescued these cells from 

undergoing cell death. Higher DJ-1 levels were observed in bortezomib-resistant 

myeloma cells compared to parent cells, and siRNA-mediated DJ-1 knockdown 

reversed bortezomib resistance. DJ-1 knockdown increased KLF6 expression in 

bortezomib-resistant myeloma cells, and subsequent siRNA-mediated KLF6 

knockdown rescued bortezomib-resistant myeloma cells from undergoing cell death. 

We also demonstrated that specific siRNA-mediated DJ-1 knockdown reduced 

myeloma cell growth under a hypoxic microenvironment. DJ-1 knockdown reduced the 

expression of HIF-1α and its target genes in hypoxic-myeloma cells, and overcame 

hypoxia-induced bortezomib resistance. Our findings demonstrate that elevated DJ-1 

levels correlate with myeloma cell survival and acquisition of bortezomib resistance. 

Thus, we propose that inhibiting DJ-1 may be an effective therapeutic strategy to treat 

newly diagnosed as well as relapsed/refractory MM patients. 

 
 

 

 

 

 

 



  CHAPTER 6 
 

141 
 

6.2 Introduction 

Despite recent advances in multiple myeloma (MM) treatment with new molecular-

targeted drugs, MM remains an incurable disease. MM patients acquire drug resistance 

and die due to disease progression within 5-10 years. To improve clinical outcomes in 

myeloma patients, it is essential to understand the molecular basis of chemoresistance 

and to identify novel therapeutic strategies to overcome such drug resistance. 

DJ-1, also known as Parkinson’s disease-associated protein 7, was initially identified as 

a putative oncogene that together with H-RAS can transform mouse NIM3T3 cells 

(Nagakubo et al., 1997). Accumulating evidence has indicated that DJ-1 is 

overexpressed in many cancers including prostate cancer (Hod, 2004), breast cancer (Le 

Naour et al., 2001), leukaemia (Liu et al., 2008), ovarian cancer (Davidson et al., 2008), 

non-small cell lung cancer (Zeng et al., 2011), cervical cancer (Arnouk et al., 2009), 

thyroid cancer (Zhang et al., 2008), and uveal cancer (Pardo et al., 2006). Studies have 

shown that increased DJ-1 expression is correlated with tumour progression and 

decreased survival in patients with lung cancer (Kim et al., 2005), pancreatic cancer (He 

et al., 2012), cervical cancer (Arnouk et al., 2009), and esophageal squamous cell 

carcinoma (Yuen et al., 2008). DJ-1 knockdown using siRNAs induced cell death and 

overcame chemoresistance in many cancers (Liu et al., 2008, Zhang et al., 2008, Zeng et 

al., 2011, Chen et al., 2012, Ismail et al., 2012). However, there are no reports on the 

role of DJ-1 in myeloma cell survival, growth, and drug resistance to date.    

DJ-1 has been shown to regulate the Krüppel-like family (KLF) of transcription factors 

in cancer cells. Krüppel-like factor 6 (KLF6) regulates various physiological processes 

including growth-related signalling pathways, cell proliferation, apoptosis, 

angiogenesis, and metastasis (Bieker, 2001, Black et al., 2001, Hatami et al., 2013). 

KLF6 was first identified as a tumour suppressor gene in prostate cancer cells (Narla et 

al., 2001). KLF6 is either inactivated or its expression is decreased in many human 

tumours including colorectal cancers (Reeves et al., 2004), hepatocellular and gastric 

carcinomas (Kremer-Tal et al., 2004, Cho et al., 2005), ovarian carcinoma (DiFeo et al., 

2006), glioblastoma (Jeng and Hsu, 2003), melanoma (Cai et al., 2014), and non-small 

cell lung carcinoma (Ito et al., 2004). Enhanced expression of KLF6 reduced 

proliferation and induced apoptosis in various cancer cells including lung carcinoma 

(Ito et al., 2004), pancreatic cancer (Huang et al., 2008), glioblastoma (Camacho-

Vanegas et al., 2007), and ovarian cancer (DiFeo et al., 2006). However, the role of 
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KLF6 is not elucidated in MM to date. In breast cancer cells, overexpression of DJ-1 

decreased KLF17 mRNA and protein levels (Ismail et al., 2014) suggesting that DJ-1 

may act as a negative regulator of KLF transcription factors. However, the role of DJ-1 

in regulating KLF6 remains unknown.  

Hypoxia is a crucial microenvironmental factor that leads to MM disease progression. 

We and others have shown that hypoxia induces drug resistance to front-line anti-

myeloma drugs including bortezomib in MM (Muz et al., 2014, Raninga et al., 2016). 

DJ-1 has been identified as an upstream mediator of hypoxia-inducible factor-1 (HIF-1) 

and is required for hypoxia-induced cellular processes (Vasseur et al., 2009). However, 

the role of DJ-1 in adaptation of myeloma cells to the hypoxic microenvironment and to 

hypoxia-induced drug resistance remains unclear.  

This study has characterized the role of DJ-1 in myeloma cells. We report that elevated 

DJ-1 levels correlate with poor prognosis and shorter survival in MM patients. Our data 

shows that targeted knockdown of DJ-1 induces myeloma cell necroptosis and 

overcomes acquired bortezomib resistance via upregulation of KLF6. In addition, we 

show that targeted knockdown of DJ-1 reduces growth of myeloma cells residing under 

a hypoxic microenvironment and overcomes hypoxia-induced bortezomib resistance. 

Therefore these data suggest that DJ-1 can be considered as a potential therapeutic 

target in newly diagnosed and relapsed/drug-resistant MM patients. 

6.3 Materials and methods 

6.3.1 Cells and reagents 

Two human multiple myeloma cell lines, RPMI8226 (Matsuoka et al., 1967) and U266 

(Nilsson et al., 1970), were obtained from Dr. Slavica Vuckovic (QIMR Berghofer 

Medical Research Institute). Human peripheral blood mononuclear cells (PBMCs) were 

isolated from the whole blood of healthy individuals under the ethical approval 

BPS/08/14/HREC. Cells were cultured in RPMI-1640 medium (Gibco) containing 10% 

(V/V) fetal bovine serum (FBS) (Bovagen), 200 mM L-glutamine, and 100 U/ml 

penicillin and 100 ug/ml streptomycin (Invitrogen). The monoclonal anti-DJ-1 antibody 

was purchased from Upstate, the polyclonal anti-KLF6 antibody from GeneTex, the 

anti-β-tubulin antibody from Abcam, and necrostatin-1 from Cayman Chemicals. The 

DJ-1 and KLF6 validated small interfering RNA (siRNA), a pool of four siRNAs, and 

control siRNA were purchased from Santa Cruz Biotechnology. 
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6.3.2 Analysis of DJ-1 expression and clinical prognosis in MM patients 

DJ-1 expression was analysed by using the gene expression profile data in myeloma 

patient cells at different stages of the disease and healthy cells deposited in the gene 

expression database GSE6477. For survival analysis, the gene expression profiling 

(GEP) data from MM patients receiving the total therapy (TT) 2 [thalidomide and stem-

cell transplantation] and 3 [bortezomib, thalidomide, and stem-cell transplantation] 

deposited in the gene expression database GSE4581 was used. The DJ-1 expression was 

categorized into two groups, high and low, using upper (Q4) and lower quartiles (Q1, 

Q2, Q3) and OS was estimated with 95% confidence interval (CI) for DJ-1 as a 

continuous variable. 

6.3.3 Western blot 

Whole cell extracts were prepared using 0.5% (v/v) Nonidet P-40 cell lysis buffer. 

Western immunoblotting analysis was performed as described previously (Karlenius et 

al., 2012). Blots were probed with various specific antibodies (DJ-1, KLF6, and β-

tubulin) and ECL detection was done using GE ECL Western Blotting Substrate (GE 

Healthcare).  

6.3.4 Cell proliferation and viability assays 

0.5 X 10
6
 cells (transfected with either DJ-1-specific or control siRNAs) were treated 

with the appropriate drugs for specified period of time. Relative cell proliferation was 

assayed using the CellTiter-Blue Cell Viability Assay (Promega), as per the 

manufacturer’s instructions. Cell viability was measured by the Trypan blue exclusion 

method as described previously (Raninga et al., 2015). 

6.3.5 Transient transfections 

Cells (2 X 10
6
 per well) were transfected using the Amaxa nucleofector (T-001 

program) using equivalent molar concentrations of all four DJ-1 specific siRNAs, KLF6 

specific siRNAs, and control siRNA (final concentrations of 50 nmol/L) (Santa Cruz). 

Each siRNA set contains a pool of four independent duplex siRNAs targeting a different 

part of the target gene sequence. Transfected cells were incubated for the specified time 

before the indicated treatments.  
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6.3.6 Reverse transcriptase quantitative PCR 

Gene expression analysis using reverse-transcriptase quantitative PCR (RT-qPCR) was 

performed using Rotor-Gene 6000  RT-qPCR system (Corbett Life Sciences) as 

described previously (Raninga et al., 2016). The following primers were used: 

Ribosomal Protein L32 (RPL32) [forward 5’-CAGGGTTCGTAGAAGATTCAAGGG-

3’ and reverse 5’-CTTGGAGGAAAACATTGTGAGCGATC-3’] (Lafleur et al., 2005), 

DJ-1 [forward 5’-GAGCAGAGGAAATGGAGACGGTCAT-3’ and reverse 5’-

CACGGCTACACTGTACTGGGTCTT-3’], KLF6 [forward 5’-

CACACCGGGGCCAAGCCTTTTAA-3’ and reverse 5’-

GCTCCCTCAGAGGTGCCTCTTCA-3’], p21 [forward 5’- 

ACCATGTGGACCTGTCACTGT-3’ and reverse 5’- 

TTAGGGCTTCCTCTTGGAGAA -3’], c-Myc [forward 5’-

GCAGCTGCTTAGACGCTGGATTTT-3’ and reverse 5’-

GTTCTCCTCCTCGTCGCAGTAGAAATA-3’], HIF-1α [forward 5’-

GCAAGCCCTGAAAGCG-3’ and reverse 5’-GGCTGTCCGACTTTGA -3’], VEGF 

[forward 5’-TACCTCCACCATGCCAAGTG-3’ AND REVERSE 5’-

ACTCCTGGAAGATGTCCACC-3’], and GLUT1 [forward 5’- 

CGTCGCGTTCCTTGTGCAGAT-3’ and reverse 5’-

CCTCTGGCTGGCTTCTCACATTCT-3’] (Integrated DNA Technologies, IA, USA). 

The comparative cycle threshold algorithm (ΔΔCT) method was used to analyse gene 

expression. The mRNA was normalized against the RPL32 mRNA expression (Lafleur 

et al., 2005). 

6.3.7 Statistical analysis 

Data were analysed by using the software GraphPad Prism 6 (GraphPad Software). All 

the analysis was carried out on the raw data. Values are presented as mean ± SEM. 

Statistical significance was determined by the specified statistical test. P < 0.05 was 

considered significant. The correlation analysis between DJ-1 and KLF6 gene 

expression within the different groups of MM patients was performed by the  

Pearson’s correlation method using the GraphPad Prism 6 software. 
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6.4 Results 

6.4.1 DJ-1 expression is increased in myeloma cells and correlates with 

shorter survival in MM patients 

To investigate the role of DJ-1 in MM, we first evaluated the expression of DJ-1 in 

myeloma cells compared to normal PBMCs. A gene expression database (GSE6477) 

shows that DJ-1 expression is significantly increased in newly diagnosed and relapsed 

myeloma patient cells compared to PBMCs obtained from healthy individuals (Figure 

6.1A). Furthermore, RT-qPCR and western blot analysis have confirmed higher DJ-1 

mRNA (Figure 6.1B) and protein (Figure 6.1C) levels in U266 and RPMI8226 cells 

compared to control PBMCs. We next analysed the correlation between DJ-1 and 

patient survival by using the gene expression dataset (GSE4581) in which myeloma 

patients received two different Total Therapies (TT), TT2 and TT3 (as described in the 

methods). By using survival analysis methods, an impact of DJ-1 expression on overall 

survival of MM patients receiving TT2 was analysed. The risk of death was higher in 

MM patients having higher DJ-1 levels compared to those with lower DJ-1 levels (HR = 

2.188, log-rank P < 0.0009) (Figure 6.1D). Unlike the results from the TT2 cohort, an 

impact of DJ-1 expression on overall survival of MM patients receiving TT3 was not 

significant. Overall, retrospective analysis of primary patient samples confirmed that 

increased DJ-1 expression correlates with a shorter survival in MM patients.  
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Figure 6.1: DJ-1 expression is increased in myeloma cells and correlates with 

shorter survival in MM patients. A, Expression of DJ-1 in myeloma patient cells 

(newly diagnosed and relapsed) and normal cells was determined from the gene 

expression profile arrays deposited in the gene expression database (GSE6477). One-

way ANOVA followed by Tukey’s post-test were performed. *, P < 0.05 (compared to 

normal cells) B, DJ-1 mRNA levels were analysed in control PBMCs, U266, and 

RPMI8226 cells by RT-qPCR and normalized against Ribosomal Protein L32 (RPL32) 

mRNA. Values indicate mean ± SEM (n = 3). One-way ANOVA followed by Tukey’s 

post-tests were employed. *, P < 0.05 (compared to PBMCs) C, DJ-1 protein levels 

were analysed in control PBMCs, U266, and RPMI8226 cells by western blot analysis. 

β-tubulin was used as a loading control. Western blots are representative of three 

independent experiments. D, Overall survival was estimated in the patients with high 

and low DJ-1 expression levels receiving TT2 by generating the Kaplan-Meier curve 

using a gene expression database (GSE4581). 

6.4.2 DJ-1 knockdown reduces myeloma cell viability by necroptosis 

To study the role of DJ-1 in myeloma cell growth and viability, we used DJ-1 specific 

siRNA to reduce DJ-1 expression in myeloma cells. Either DJ-1-specific or scrambled 

siRNAs were transfected into RPMI8226, U266, and control PBMCs, and DJ-1 mRNA 

and protein levels were analysed. DJ-1-specific siRNAs significantly decreased DJ-1 

mRNA (Figure 6.2A) and protein (Figure 6.2B) levels in RPMI8226, U266, and control 

PBMCs. Also DJ-1 knockdown significantly reduced RPMI8226 and U266 cell 
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viability by approximately 50% after 2 and 3 days of incubation, respectively (Figure 

6.2C). However, DJ-1 knockdown had no significant effect on the viability of PMA-

stimulated and unstimulated control PBMCs (Figure 6.2C). 

Next we determined the mode of myeloma cell death in response to DJ-1 knockdown. 

RPMI8226 and U266 cells were transfected with either DJ-1-specific or scrambled 

siRNA, and caspase-3 activity was measured 24 and 48 hours post-transfection as an 

indicator of apoptosis. No significant increase in caspase-3 activity was observed in 

myeloma cells after DJ-1 knockdown (Appendix 4, Figure S4.1), indicating that 

myeloma cells are not undergoing apoptosis when DJ-1 expression is reduced. We then 

analysed whether DJ-1 knockdown induces necroptosis, a caspase-independent 

inflammatory cell death, in myeloma cells. RPMI8226 and U266 cells were transfected 

with either DJ-1-specific or scrambled siRNA, treated with 50 µM necrostatin-1, a 

necroptosis inhibitor (Wang et al., 2014) 4 hours post-transfection, and cell growth and 

cell viability were analysed after 48 hours treatment. Results showed that treatment with 

necrostatin-1 significantly rescued RPMI8226 (Figure 6.2D) and U266 (Figure 6.2E) 

cells from undergoing cell death in response to DJ-1 knockdown. 
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Figure 6.2: DJ-1 knockdown reduces myeloma cell viability by necroptosis. A, B, 

RPMI8226, U266, and PBMCs were transfected with 50 nmoles/L of either control or 

DJ-1-specific siRNAs. DJ-1 mRNA (A) and protein (B) levels were analysed 48 hours 

post-transfection by RT-qPCR and western blot analysis, respectively. DJ-1 mRNA 

levels were normalized against RPL32. Values indicate mean ± SEM (n = 3). Unpaired 

student’s t test was employed. *, P < 0.05. β-tubulin was used as a loading control for 

western blots. Western blots are representative of three independent experiments. C, 

RPMI8226, U266, and control PBMCs were transfected with either control or DJ-1-

specific siRNAs. Control PBMCs were stimulated with 10 ng/ml PMA for 4 hours after 

transfection. Cell viability was measured at the indicated time-points by the Trypan blue 

exclusion method. Values indicate mean ± SEM (n = 3). Two-way ANOVA followed 

by Sidak’s post-test were employed. P < 0.05 D, E, RPMI8226 (D) and U266 (E) were 
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transfected with either control or DJ-1-specific siRNAs, and subsequently treated with 

or without 50 µM necrostatin-1 4 hours post-transfection. Cell viability was analysed 

after 48 hours treatment by the Trypan blue exclusion method. Values indicate mean ± 

SEM (n = 3). One-way ANOVA followed by Tukey’s post-test were employed. * 

(compared to the siControl-transfected cells), Δ (compared to siDJ-1-transfected cells 

alone) P < 0.05 

6.4.3 DJ-1 knockdown induces myeloma cell death via KLF6 upregulation 

We next determined the molecular mechanism by which DJ-1 knockdown induces 

myeloma cell death. As discussed earlier, KLF6 acts as a tumour suppressor and its 

expression is decreased in many cancer types. We first examined the expression of 

KLF6 in myeloma cells using a gene expression database (GSE6477). Results showed 

that KLF6 expression was significantly lower in MM patient cells compared to normal 

cells (PBMCs) (Figure 6.3A). We then analysed KLF6 mRNA levels in control PBMCs, 

RPMI8226, and U266 cells. The KLF6 mRNA levels were significantly lower in 

RPMI8226 and U266 cells compared to PBMCs (Figure 6.3B). Since both newly 

diagnosed and relapsed myeloma cells have increased DJ-1 expression levels and 

decreased KLF6 levels, we performed Pearson’s correlation analysis for the expression 

of DJ-1 and KLF6 in newly diagnosed (Figure 6.3C) and relapsed (Figure 6.3D) 

myeloma cells to determine their respective correlation coefficients. This analysis 

revealed a strong inverse correlation between the expression of DJ-1 and KLF6 genes 

within the newly diagnosed and relapsed MM patients with the correlation coefficient 

“r” values -0.2074 (P = 0.0413) in new MM (Figure 6.3C) and -0.4507 (P = 0.0136) in 

relapsed MM (Figure 6.3D).  
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Figure 6.3: KLF6 mRNA levels are reduced in myeloma cells compared to normal 

cells. A, Expression of KLF6 gene in myeloma patient cells (newly diagnosed and 

relapsed) and normal cells was determined from the gene expression profile arrays 

deposited in the gene expression database (GSE6477). One-way ANOVA followed by 

Tukey’s post-test were performed. *, P < 0.05 (compared to normal cells) B, KLF6 

mRNA levels were analysed in control PBMCs, U266, and RPMI8226 cells by RT-

qPCR and normalized against RPL32. Values indicate mean ± SEM (n = 3). One-way 

ANOVA followed by Tukey’s post-tests were employed. *, P < 0.05 (compared to 

PBMCs) C, D, Pearson’s correlation analysis (using GraphPad Prism software) showing 

a significant inverse correlation between DJ-1 and KLF6 expression within the new (C) 

and relapsed (D) MM patients. 

We next investigated the effect of DJ-1 knockdown on KLF6 levels in myeloma cells. 

Knockdown of DJ-1 expression has been previously shown to upregulate KLF17 and to 

decrease breast cancer cell invasion (Ismail et al., 2014). Therefore we hypothesized 

that DJ-1 knockdown may upregulate KLF6 levels in myeloma cells to induce cell 

death. Either DJ-1-specific or scrambled siRNAs were transfected into RPMI8226 and 

U266 cells, and KLF6 mRNA levels were analysed. DJ-1 knockdown significantly 

increased KLF6 levels by approximately 2.3-fold in RPMI8226 cells and by 1.7-fold in 

U266 cells (Figure 6.4A). To confirm the involvement of KLF6 in myeloma cell death 

in response to DJ-1 knockdown, U266 cells were transfected with either DJ-1- or 
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KLF6-specific siRNAs alone or in combination. Cell viability and DJ-1, KLF6, and p21 

mRNA levels were measured 48 hours post-transfection. The p21 gene is reported to be 

a direct transcriptional target of KLF6 in cultured cells and in vivo mouse models (Narla 

et al., 2001, Narla et al., 2007). DJ-1 knockdown significantly reduced U266 cell 

viability by 40% and knockdown of KLF6 in combination with DJ-1 significantly 

rescued U266 cells from undergoing cell death (Figure 6.4B). DJ-1 knockdown 

significantly increased KLF6 and p21 mRNA levels by 1.7-fold and 3-fold, respectively 

(Figure 6.4C). Such increases in KLF6 and p21 mRNA expression were reversed when 

U266 cells were co-transfected with DJ-1 and KLF6-specific siRNAs (Figure 6.4C). 

Western blot results showed that DJ-1 knockdown increased KLF6 protein levels and 

this effect was reversed when U266 cells were co-transfected with DJ-1 and KLF6-

specific siRNAs (Figure 6.4D). The effectiveness of KLF6 siRNA in silencing KLF6 

gene expression was analysed by transfecting PBMCs, which have high basal 

expression levels of KLF6, with KLF6 siRNA alone. We found that KLF6 siRNAs 

significantly reduced KLF6 mRNA levels in PBMCs by 30% (Appendix 4, Figure 

S4.3). 
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Figure 6.4: DJ-1 knockdown induces myeloma cell death via KLF6 upregulation. 

A, RPMI8226 and U266 cells were transfected with either control or DJ-1-specific 

siRNAs (50 nmoles/L), and KLF6 mRNA levels were analysed by RT-qPCR 48 hours 

post-transfection. B-D, U266 cells were transfected with control, DJ-1, or KLF6-

specific siRNAs alone or DJ-1 and KLF6-specific siRNAs in combination (50 

nmoles/L). B, Cell viability was measured by the Trypan blue exclusion method. C, DJ-

1, KLF6, and p21 mRNA levels were analysed by RT-qPCR and normalized against 

RPL32. Values indicate mean ± SEM (n = 3). One-way ANOVA followed by Tukey’s 

post-test were employed. *, P < 0.05 (compared to the siControl-transfected cells) D, 

KLF6 protein levels were analysed by western blot analysis. β-tubulin was used as a 

loading control for western blots. Western blots are representative of three independent 

experiments. 

6.4.4 DJ-1 expression is increased in bortezomib-resistant myeloma cells, 

and its knockdown overcomes bortezomib resistance  

Increased DJ-1 expression has been correlated with acquisition of drug resistance in 

various cancer types (Zeng et al., 2011, Chen et al., 2012). We therefore examined the 

role of DJ-1 in acquisition of bortezomib resistance in myeloma cells. We used gene 

expression profiles of myeloma cells collected from 239 patients before their enrolment 

in phase 2 and phase 3 trials of bortezomib and dexamethasone (GSE9782). The dataset 
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includes 169 patients treated with bortezomib (85 responders and 84 non-responders) 

and 70 patients treated with dexamethasone (28 responders and 42 non-responders). We 

then analysed DJ-1 expression in responder and non-responder populations within each 

therapy group. DJ-1 expression was significantly higher in bortezomib non-responding 

patients, whereas no correlation was observed between responders and non-responders 

to dexamethasone therapy (Figure 6.5A). We next analysed DJ-1 mRNA and protein 

levels in previously characterized bortezomib-resistant U266 (U266-BR) (Raninga et 

al., 2015) and parent U266 cells. Significantly higher DJ-1 mRNA levels were observed 

in U266-BR cells compared to parent U266 cells (Figure 6.5B). Thus, DJ-1 expression 

in myeloma patients may be a biological determinant of bortezomib resistance. 

Inhibition of DJ-1 overcomes drug resistance and increases sensitivity to cytotoxic 

drugs in many different types of cancers (Liu et al., 2008, Zeng et al., 2011, Chen et al., 

2012). We therefore examined whether DJ-1 knockdown restores the sensitivity of 

bortezomib-resistant myeloma cells to bortezomib. U266-BR cells were transfected 

with either DJ-1-specific or scrambled siRNA and DJ-1 mRNA levels were analysed 48 

hours post-transfection. DJ-1 mRNA levels were significantly reduced in U266-BR 

cells after siRNA transfection (Figure 6.5C). To investigate the role of DJ-1 in 

overcoming bortezomib resistance, U266-BR cells transfected with either DJ-1-specific 

or scrambled siRNAs were treated with or without bortezomib (10 nM) for 48 hours. 

Bortezomib failed to reduce cell growth in U266-BR cells transfected with scrambled 

siRNAs. While DJ-1 knockdown alone reduced U266-BR cell viability by 

approximately 40%, co-treatment with bortezomib further reduced cell viability by 70% 

in DJ-1-knockdown U266-BR cells (Figure 6.5D). While DJ-1 knockdown and 

bortezomib treatment alone significantly reduced parent U266 cell growth, co-treatment 

with DJ-1-specific siRNA and bortezomib for 48 hours further reduced the growth of 

these cells (Figure 6.5E). We then determined the mode of myeloma cell death in 

response to the co-treatment with DJ-1-specific siRNA and bortezomib. U266-BR cells 

were transfected with DJ-1-specific siRNA and treated with bortezomib (10 nM) either 

alone or in combination with necrostatin-1 (50 µM) for 48 hours. Co-treatment with DJ-

1-specific siRNA and bortezomib reduced U266-BR cell growth by 60%, and addition 

of necrostatin-1 rescued U266-BR cells from undergoing cell death (Figure 6.5F). Thus, 

bortezomib induces necroptosis in DJ-1-knockdown myeloma cells. 
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Figure 6.5: DJ-1 expression is increased in bortezomib-resistant myeloma cells, 

and its knockdown overcomes bortezomib resistance. A, Expression of DJ-1 in 

myeloma patient cells was determined from the gene expression profile arrays from the 

169 patients before bortezomib (Btz, responders (R), n = 85, and non-responders (NR), 

n = 83) or 70 patients before dexamethasone (Dex, responders (R), n = 28, and non-

responders (NR), n = 42) using the gene expression database (GSE9782). Unpaired 

student’s t test was employed. *, P < 0.05 (compared between responders and non-

responders) B, DJ-1 mRNA levels were analysed in parent U266 and bortezomib-

resistant U266 (U266-BR) cells by RT-qPCR and normalized against RPL32. Values 

indicate mean ± SEM (n = 3). Unpaired student’s t test was employed. *, P < 0.05 C-F, 

U266-BR or parent U266 cells were transfected with either control or DJ-1-specific 

siRNAs (50 nmoles/L) (C), DJ-1 mRNA levels were analysed in transfected U266-BR 
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cells by RT-qPCR. Values indicate mean ± SEM (n = 3). Unpaired student’s t test was 

employed. D, E, Transfected U266-BR (D) and parent U266 (E) were treated with or 

without bortezomib (10 nM) for 48 hours. Cell viability was analysed by the Trypan 

blue exclusion method. F, Transfected U266-BR cells were treated (4 hours post-

transfection) with or without necrostatin-1 (50 µM) for 48 hours. Cell viability was 

analysed by the Trypan blue exclusion method. One-way ANOVA followed by Tukey’s 

post-test were employed. * (compared to siControl-transfected cells), Δ (compared to 

siDJ-1-transfected cells), P < 0.05 

6.4.5 DJ-1 knockdown overcomes bortezomib resistance in myeloma cells via 

KLF6 upregulation 

We next investigated the underlying molecular mechanism by which DJ-1 knockdown 

induces cell death in bortezomib-resistant myeloma cells. Based on the results obtained 

in bortezomib-sensitive myeloma cells, we investigated the effect of DJ-1 knockdown 

on KLF6 expression in bortezomib-resistant cells. We first performed Pearson’s 

correlation analysis comparing the expression of DJ-1 and KLF6 genes in bortezomib 

responder (Figure 6.6A) and non-responder (Figure 6.6B) MM patients to determine 

their respective correlation coefficients. We used gene expression profiles of myeloma 

cells collected from 169 patients before their enrolment in phase 2 and phase 3 trials of 

bortezomib (GSE9782). Amongst these 169 patients treated with bortezomib, 85 

patients responded to bortezomib but 84 patients had not responded. This analysis 

revealed a strong inverse correlation between the expression of DJ-1 and KLF6 genes 

within bortezomib responder and non-responder MM patients with the correlation 

coefficient “r” values -0.4000 (P < 0.0001) in responder (Figure 6.6A) and -0.375 (P = 

0.0002) in non-responder MM patients (Figure 6.6B). 

U266-BR cells were transfected with either DJ-1 or KLF6-specific siRNAs alone or in 

combination. DJ-1 and KLF6 protein levels, and cell viability were analysed 48 hours 

post-transfection by western blot analysis and the Trypan blue method, respectively. DJ-

1 knockdown increased KLF6 protein levels in U266-BR and such an increase was 

reversed when cells were co-transfected with KLF6-specific siRNAs (Figure 6.6C). 

Results also showed that decreasing KLF6 expression levels in DJ-1-knockdown U266-

BR cells significantly rescued these cells from undergoing cell death (Figure 6.6D).  
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Figure 6.6: DJ-1 knockdown overcomes bortezomib resistance in myeloma cells via 

KLF6 upregulation. A, B, Pearson’s correlation analysis (using GraphPad Prism 

software) showing a significant inverse correlation between DJ-1 and KLF6 expression 

within bortezomib responder (A) and non-responder (B) MM patients (GSE9782). C, D, 

U266-BR cells were transfected with either DJ-1 or KLF6-specific siRNAs alone or in 

combination and cultured for 48 hours. C, KLF6 and DJ-1 protein levels were analysed 

by western blot. β-tubulin was used as a loading control. Western blots are 

representative of three independent experiments. D, Cell viability in the transfected 

U266-BR cells was analysed by the Trypan blue exclusion method. Values indicate 

mean ± SEM (n = 3). One-way ANOVA followed by Tukey’s post-test were employed. 

* (compared to other treatment groups), P < 0.05 
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6.4.6 DJ-1 knockdown overcomes hypoxia-induced bortezomib resistance in 

myeloma cells 

The expression of HIF-1α and its downstream signalling pathway is upregulated in 

newly diagnosed and relapsed MM patients, and contributes to drug resistance in MM 

(Martin et al., 2010, Maiso et al., 2015). We previously showed that hypoxia induces 

bortezomib resistance in MM (Raninga et al., 2016). Here, we investigated the role of 

DJ-1 in hypoxia-induced bortezomib resistance in MM. U266 cells were transfected 

with either DJ-1-specific or scrambled siRNAs and incubated under hypoxia (1% O2) 

for 48 hours, and DJ-1 expression and cell growth were analysed. DJ-1-specific siRNAs 

significantly reduced DJ-1 mRNA (Figure 6.7A) and protein (Figure 6.7B) levels in 

hypoxic U266 (Hx-U266) cells, and reduced growth by 40% in these cells (Figure 

6.7C). To understand the underlying molecular mechanism, we investigated the effect of 

DJ-1 knockdown on the HIF-1α signalling pathway and analysed the expression of HIF-

1α and its target genes VEGF and glucose transporter 1 (GLUT1). We also analysed the 

effect of DJ-1 knockdown on c-Myc expression levels since myeloma cells are 

dependent on the c-Myc protein for survival and c-Myc regulates the expression of 

various metabolic enzymes in MM (Tagde et al., 2016). The RT-qPCR results showed 

that DJ-1 knockdown significantly reduced c-Myc, HIF-1α, VEGF, and GLUT1 mRNA 

levels in U266 cells when cultured under hypoxia (Figure 6.7D). To analyse whether 

DJ-1 knockdown sensitizes Hx-U266 to bortezomib, DJ-1-knockdown U266 cells were 

treated with or without bortezomib (10 nM) for 48 hours under hypoxia, and cell growth 

was measured. While bortezomib alone had no effect on U266 cell growth, co-treatment 

with DJ-1-specific siRNAs and bortezomib significantly reduced U266 cell growth by 

60% (Figure 6.7E) under hypoxic conditions.  
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Figure 6.7: DJ-1 knockdown overcomes hypoxia-induced bortezomib resistance in 

myeloma cells. A-D, U266 cells were transfected with either control or DJ-1-specific 

siRNA and cultured under hypoxic conditions (1% O2) for 48 hours. A, DJ-1 mRNA 

levels were analysed in transfected hypoxic-U266 (Hx-U266) cells by RT-qPCR and 

normalized against RPL32. Unpaired student’s t test was employed. B, DJ-1 protein 

levels were analysed by western blot. β-tubulin was used as a loading control. Western 

blots are representative of three independent experiments. C, Cell growth was analysed 

by CellTiter blue assays in transfected Hx-U266 cells. D, c-Myc, HIF-1α, VEGF, and 

GLUT1 mRNA levels were analysed by RT-qPCR and normalized against RPL32. 

Unpaired student’s t test was employed.  E, U266 cells were transfected with either 

control or DJ-1-specific siRNA, treated with or without 10 nM bortezomib for 48 hours 

under hypoxic conditions. Cell growth was analysed by CellTiter blue assays. Values 

indicate mean ± SEM (n = 3). One-way ANOVA followed by Tukey’s post-test were 

employed. * (compared to siControl-transfected cells), Δ (compared to siDJ-1-

transfected cells), P < 0.05 
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6.5 Discussion 

Increased expression of different antioxidants in myeloma cells correlates with shorter 

overall survival and poor treatment outcomes in MM patients. For example, MM 

patients with increased copper-zinc superoxide dismutase (CuZnSOD) and thioredoxin 

reductase 1 (TrxR1) expression have shorter overall survival compared to patients with 

lower CuZnSOD and TrxR1 expression (Salem et al., 2015, Raninga et al., 2016). 

Increased cytosolic DJ-1 expression is associated with shorter overall survival in 

pancreatic, glottic and supraglottic carcinoma (Zhu et al., 2010, He et al., 2011, Zhu et 

al., 2012). In addition, increased nuclear DJ-1 expression is associated with a shorter 

survival rate in oesophageal carcinoma (Yuen et al., 2008). This study reports, for the 

first time, the role of DJ-1 in myeloma survival. We report that DJ-1 expression is 

increased in newly diagnosed and relapsed MM patients and that patients with higher 

DJ-1 levels have shorter overall survival than patients with lower DJ-1 levels (Figure 

6.1).  

DJ-1 has a protective role against multiple toxic stresses in many types of cancers. 

Expression of DJ-1 is increased in leukaemia (Liu et al., 2008), glottic (Zhu et al., 

2010), oesophageal (Yuen et al., 2008) and laryngeal carcinoma (Wang et al., 2014) and 

its knockdown using specific siRNAs reduced proliferation and induced apoptosis in 

these cancers. Another study also showed that DJ-1 knockdown sensitized thyroid 

cancer cells to undergo TRAIL-induced apoptosis (Zhang et al., 2008), indicating that 

DJ-1 downregulation induces apoptosis in cancer cells. In line with these studies, our 

results show a cytoprotective role of DJ-1 in myeloma growth since DJ-1 knockdown 

reduced RPMI8226 and U266 cell viability in a time-dependent manner without any 

significant cytotoxicity on PMA-stimulated or unstimulated control PBMCs (Figure 

6.2). In contrast to the results observed in other cancers, our study in myeloma cells 

showed no significant increase in caspase-3 activity in response to DJ-1 knockdown 

(Appendix 4, Figure S4.1).  Interestingly, treatment of DJ-1 knockdown myeloma cells 

with a RIP1 kinase inhibitor, necrostatin-1, rescued them from undergoing cell death 

(Figure 6.2) indicating that DJ-1 knockdown induces necroptosis in myeloma cells. In 

recent years, many cancer types have been shown to undergo necroptosis when treated 

with chemotherapeutic agents. Acute myeloid and lymphoblastic cells have been 

reported to undergo necroptosis when treated with second mitochondrial activator of 

apoptosis (SMAC) mimetics, demethylating agents, cytarabine, and shikonin (Xuan and 

Hu, 2009, Steinhart et al., 2013, Chromik et al., 2014). In addition, myeloma cells have 
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also been shown to undergo necroptotic cell death in response to treatment with 

shikonin (Wada et al., 2015). Thus, triggering necroptosis may be a promising 

therapeutic strategy to induce cell death in apoptosis-resistant cancer cells.   

We next elucidated the molecular mechanism by which DJ-1 knockdown induces 

myeloma cell death. We report, for the first time, the role of the tumour suppressor 

gene, KLF6, in MM. DJ-1 regulates cell proliferation and apoptosis by regulating 

various transcription factors and signalling pathways including PTEN (Kim et al., 

2005), PI3K/AKT (Wang et al., 2014), and NF-κB (Liu et al., 2008, McNally et al., 

2011). In leukaemia cells, DJ-1 knockdown reduced the mRNA expression of NF-κB 

and its target gene Bcl-2 (Liu et al., 2008). However, in myeloma cells DJ-1 knockdown 

resulted in no significant change in NF-κB subunit p65 mRNA levels (Appendix 4, 

Figure S4.2A). In addition, DJ-1 has been shown to act as a negative regulator of 

KLF17 in breast cancer cells suggesting its role in regulating KLF transcription factors 

(Ismail et al., 2014). The role of KLFs is poorly studied in MM. Mannava, et. al. 

showed that bortezomib induces myeloma cell apoptosis by upregulating KLF9 

expression and its knockdown abrogated bortezomib-induced apoptosis (Mannava et al., 

2012). However, we observed no significant change in KLF9 mRNA levels in DJ-1 

knockdown myeloma cells (Appendix 4, Figure S4.2B). Several studies showed that 

KLF6 acts as a tumour suppressor in many cancer types and its upregulation induces 

cancer cell death (Narla et al., 2001, Cheng et al., 2008, Sangodkar et al., 2009). We 

showed that KLF6 mRNA levels are reduced in myeloma cells compared to normal 

cells (Figure 6.3), which suggests a potential tumour suppressor role of KLF6 in MM. 

Our data showed a significant increase in KLF6 levels in DJ-1 knockdown myeloma 

cells, and siRNA-mediated KLF6 knockdown reduced KLF6 protein levels in DJ-1 

silenced cells and rescued myeloma cells from undergoing cell death in these DJ-1 

knockdown cells (Figure 6.4). Our observation that the baseline expression level of 

KLF6 is low, and is not affected by KLF6 siRNA alone, is consistent with there being a 

small subpopulation of cells that express KLF6 and that are refractory to transfection.  

KLF6 upregulation increases the expression of the cell cycle inhibitor gene p21 leading 

to cell cycle blockade and reduced cell proliferation in hepatocellular carcinoma (Narla 

et al., 2007) suggesting p21 as a direct transcriptional target of KLF6. In addition, 

upregulation of p21 has been shown to be involved in tumour necrosis factor-induced 

necroptosis (Ussat et al., 2002), suggesting the potential role of p21 in inducing 

necroptosis in cancer cells. In this study, we showed a significant increase in p21 
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mRNA levels (by 3-fold) in DJ-1 knockdown cells and p21 expression was reduced 

when myeloma cells were co-transfected with DJ-1 and KLF6-specific siRNAs (Figure 

6.4). These results further confirmed activation of the KLF6 pathway in response to DJ-

1 downregulation and its involvement in inducing necroptosis in myeloma cells.  DJ-1 

has been shown to act as a transcriptional co-activator or regulator (Shinbo et al., 2005, 

Clements et al., 2006). However, there is no evidence showing the direct binding of DJ-

1 to the promoter region with any transcription factor. For example, DJ-1 has been 

shown to upregulate the Nrf2-mediated signalling pathway by increasing the stability of 

the Nrf2 protein (Clements et al., 2006). Similarly, DJ-1 has been shown to restore the 

p53 transcriptional activity via an indirect mechanism (Shinbo et al., 2005). However, 

the exact molecular mechanism by which DJ-1 regulates KLF6 expression in myeloma 

cells remains unknown and needs further investigation. 

Inhibition of antioxidants including thioredoxin 1 (Trx1), TrxR1, CuZnSOD, and 

glutathione has been suggested as an effective approach to overcome bortezomib 

resistance in MM (Nerini-Molteni et al., 2008, Raninga et al., 2015, Salem et al., 2015, 

Raninga et al., 2016). In addition, glutathione inhibition has also sensitized myeloma 

cells to undergo cell death in response to melphalan treatment (Tagde et al., 2014). This 

study reports the role of another antioxidant protein, DJ-1 in bortezomib-resistant 

myeloma cells. By using gene expression datasets, we showed that MM patients with 

higher DJ-1 expression did not respond well to bortezomib, implying that DJ-1 plays a 

role in bortezomib resistance in MM patients (Figure 6.5). Increased DJ-1 expression is 

correlated with chemoresistance in many cancer types. Increased DJ-1 expression was 

observed in cisplatin-resistant A549 cells compared to cisplatin-sensitive A549 cells 

(Zeng et al., 2011). Here, for the first time, we report that DJ-1 mRNA expression is 

increased in bortezomib-resistant U266 (U266-BR) cells compared to parent U266 cells 

(Figure 6.5). DJ-1 knockdown has been shown to sensitize cisplatin-resistant lung 

cancer cells to cisplatin-induced apoptosis (Zeng et al., 2011) and gemcitabine-resistant 

pancreatic cancer cells to gemcitabine-induced apoptosis (Chen et al., 2012). Our data 

showed that DJ-1 downregulation sensitized bortezomib-resistant U266 cells to undergo 

necroptosis in response to bortezomib treatment (Figure 6.5) and downregulation of DJ-

1 increased KLF6 protein levels in U266-BR cells. In addition, downregulation of 

KLF6 in DJ-1 knockdown U266-BR cells rescued them from undergoing cell death 

(Figure 6.6). Hence, DJ-1 knockdown restores the sensitivity of bortezomib-resistant 

myeloma cells to bortezomib via KLF6 upregulation. 
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Hypoxia is one of the major microenvironmental factors contributing to 

chemoresistance in cancer including haematological malignancies such as chronic 

myeloid leukaemia and MM (Giuntoli et al., 2006, Azab et al., 2012, Raninga et al., 

2016). Our study highlights a novel strategy to overcome hypoxia-induced drug 

resistance in MM by targeting DJ-1. We and others have shown that under a hypoxic 

microenvironment, expression of HIF-1α is increased in myeloma cells (Martin et al., 

2011, Borsi et al., 2015, Raninga et al., 2016). By using the published gene expression 

datasets (GSE6477 and GSE9782), Maiso and colleagues showed that the HIF-1α 

pathway is upregulated in newly diagnosed, relapsed, and bortezomib-refractory MM 

patients compared to healthy individuals (Maiso et al., 2015).  Upregulation of HIF-1α 

facilitates the adaptation of myeloma cells to a hypoxic microenvironment and 

contributes to cancer cell survival, growth, and chemoresistance by upregulating the 

expression of various metabolic enzymes including lactate dehydrogenase A (LDHA), 

VEGF, and GLUT1 (Martin et al., 2010, Maiso et al., 2015). Upregulation of HIF-1α 

facilitates the adaptation of myeloma cells to the hypoxic microenvironment and 

contributes to cancer cell survival, growth, and chemoresistance under hypoxia. 

Therapeutic targeting of HIF-1α has been suggested to reduce tumour growth in MM 

and in a variety of solid tumours (Borsi et al., 2015). DJ-1 knockdown reduced the 

expression of HIF-1α and decreased the transcription of HIF-1α target genes regulating 

angiogenesis, glucose metabolism, and apoptosis (Vasseur et al., 2009). Moreover, DJ-1 

downregulation also induced hypoxia-induced apoptosis in osteosarcoma cells (Vasseur 

et al., 2009). We demonstrated that DJ-1 knockdown reduced myeloma cell growth 

under a hypoxic microenvironment (Figure 6.7). DJ-1 knockdown has been shown to 

reduce c-Myc expression in mouse fibroblast and human leukaemia cells (Liu et al., 

2008, Kim et al., 2010). The c-Myc oncoprotein is upregulated in MM and has been 

shown to regulate the expression of various metabolic genes in myeloma cells (Tagde et 

al., 2016). In addition, c-Myc has also been shown to stabilize and increase the 

accumulation of HIF-1α, resulting in the upregulation of HIF-1α target genes in cancer 

cells (Doe et al., 2012). We showed that DJ-1 knockdown reduced c-Myc expression, 

and also decreased the expression of HIF-1α and its target genes including VEGF and 

GLUT1 (Figure 6.7). These results suggest that DJ-1 may regulate HIF-1α expression 

via c-Myc in myeloma cells. Inhibition of the antioxidant protein TrxR1 has been 

shown to overcome hypoxia-induced bortezomib resistance in myeloma cells (Koh et 

al., 2010, Raninga et al., 2016). Here we showed that DJ-1 downregulation overcame 
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hypoxia-induced bortezomib resistance. Hence, targeting antioxidant proteins hold a 

promising therapeutic approach to overcome microenvironment-induced survival 

advantage to cancer cells in response to drug treatment.  

DJ-1 was initially linked to the development of an autosomal early-onset Parkinson’s 

disease (PD) (Bonifati et al., 2003) while our study identifies a key role for DJ-1 in 

MM. Grufferman and colleagues showed a strong association between MM and 

development of PD with family members of MM patients three times more likely to 

develop PD than that of the controls (Grufferman et al., 1989). However, they did not 

provide a biological explanation for the association between the two diseases that 

primarily occur later in life. Given that DJ-1 has now been linked to the development of 

both MM and PD, it may provide such an explanation. Antioxidants have long been 

regarded as essential to control the rising ROS levels evident during aging (Rahman, 

2007) and during cancer (Cairns et al., 2011). It is therefore possible that DJ-1, as an 

antioxidant, is the key factor that when mutated or over-expressed in the tissues of 

elderly people leads to the development of PD or MM in these individuals. However, 

further investigation is required to determine the involvement of DJ-1 in the association 

between PD and MM. 

In conclusion, our research shows that a higher DJ-1 expression correlate with poor 

prognosis in MM patients and knockdown of DJ-1 expression induces necroptosis in 

myeloma cells by upregulating the KLF6 pathway. Moreover, DJ-1 downregulation 

reduces myeloma cell growth under hypoxia and overcomes both acquired and hypoxia-

induced bortezomib resistance in MM. Therefore, we propose considering DJ-1 as a 

potential therapeutic target in MM, which further warrants the development of 

pharmacological agents that can specifically inhibit DJ-1. 
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Final discussion and future directions 
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7.1 Final discussion 

The overall aim of this project was to investigate the role of different antioxidant 

proteins including Trx1, TrxR1, HO-1, and DJ-1 in myeloma cell growth, survival, and 

drug resistance. This project was also aimed at elucidating whether these antioxidant 

proteins can serve as potential therapeutic targets in drug-sensitive and drug-resistant 

myeloma cells. Antioxidant molecules including Trx1, TrxR1, and DJ-1 are often 

upregulated in cancer cells (Lincoln et al., 2003, Liu et al., 2008, Li et al., 2012) and 

their inhibition has been shown to inhibit tumour growth and to induce apoptosis 

(Marzano et al., 2007, Liu et al., 2008, Li et al., 2012, Wang et al., 2014), suggesting 

that these antioxidant molecules can be used as potential therapeutic targets to treat 

cancer.  

This research showed that the expression of Trx1, TrxR1, and DJ-1 is significantly 

increased in myeloma cells compared to normal PBMCs. In line with other studies 

(Marzano et al., 2007, Liu et al., 2008, Li et al., 2012, Fiskus et al., 2014, Cao et al., 

2015), inhibition of either Trx1, TrxR1, or DJ-1 significantly reduced myeloma cell 

growth. This study also revealed an interesting finding that inhibiting the Trx system 

induces caspase-dependent (apoptosis) programmed cell death whereas, DJ-1 

downregulation results in caspase-independent (necroptosis) programmed cell death in 

MM. This latter result contrasted with results obtained from studying many other types 

of cancers where DJ-1 knockdown has been shown to induce apoptosis (Liu et al., 2008, 

Zhang et al., 2008, Wang et al., 2014, Cao et al., 2015). The exact mechanism 

underlying this selective effect of DJ-1 knockdown in inducing myeloma cell 

necroptosis, rather than apoptosis, remains unclear and should be investigated in the 

future. Thus, in MM different antioxidants may regulate distinct downstream signalling 

pathways and may stimulate distinct modes of programmed cell death. 

This research also defined the underlying molecular mechanism by which Trx and DJ-1 

inhibition induces apoptosis and necroptosis, respectively, in myeloma cells. Inhibition 

of both Trx1 and DJ-1 has been shown to inhibit NF-кB expression levels and its 

transcriptional activity (Matthews et al., 1992, Hirota et al., 1999, McNally et al., 2011). 

The results presented in this thesis showed that inhibition of Trx1 and TrxR1 inhibits 

the NF-кB signalling pathway to induce myeloma cell apoptosis. However, no 

significant change in the expression levels of NF-кB subunit p65 were observed in 
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myeloma cells when DJ-1 levels were reduced. These results showed that DJ-1 

knockdown induced myeloma cell necroptosis by upregulating the KLF6 signalling 

pathway. Thus, two different antioxidants induce myeloma cell death by regulating 

different downstream signalling pathways. A study showed that increased endogenous 

ROS production significantly increased KLF6 mRNA and protein levels in HepG2 cells 

(Urtasun et al., 2012). As discussed earlier (in section 3.4.5 and figure 3.5), inhibition of 

the Trx system increased intracellular ROS levels in myeloma cells. Therefore, it would 

be interesting to investigate in the future whether modulating the Trx system also alters 

KLF6 expression levels or activity in a ROS-dependent manner in myeloma cells.      

Increased expression of various antioxidants including CuZnSOD and glutathione has 

been correlated with bortezomib resistance in MM, and their inhibition has overcome 

this resistance (Nerini-Molteni et al., 2008, Salem et al., 2015). A recent study also 

showed that increased intracellular glutathione levels abrogates bortezomib-induced 

cytotoxicity in myeloma cells (Starheim et al., 2016), indicating that upregulated 

antioxidants may act as biological determinants of the bortezomib response in myeloma 

cells. The results obtained in this work demonstrated that the expression of Trx1, 

TrxR1, and DJ-1 is increased in bortezomib-resistant myeloma cells compared to their 

drug sensitive counterparts. Several studies have shown that increased Trx1, TrxR1, and 

DJ-1 expression induces drug resistance and their inhibition overcomes such resistance 

in many types of cancers (Honeggar et al., 2009, Poerschke and Moos, 2011, Zeng et 

al., 2011, Chen et al., 2012, Li et al., 2012, Trivedi et al., 2016). In line with these 

studies, either auranofin or siRNA-induced TrxR1 inhibition sensitized bortezomib-

resistant myeloma cells to bortezomib, indicating that TrxR1 inhibitors could be used 

for the treatment of drug-resistant MM patients either as a single agent therapy or in 

combination with conventional anti-myeloma drugs. The anti-myeloma activity of 

auranofin could be tested in MM mouse models to determine its in vivo effectiveness 

against MM. Similar to TrxR1 inhibition, targeted knockdown of DJ-1 also reversed 

bortezomib resistance in myeloma cells further highlighting the importance of 

developing DJ-1 inhibitors and testing their efficacy in pre-clinical and clinical models. 

These results further support the hypothesis that targeting antioxidant proteins holds a 

promising therapeutic approach to overcome drug resistance and treat relapsed MM 

patients. 

The research in this thesis showed that inhibiting either Trx1 or TrxR1 by specific 

inhibitors, induced apoptosis in bortezomib-resistant myeloma cells. However, it was an 
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interesting observation that despite targeting the same system, PX-12 (Trx1 inhibitor) 

and auranofin (TrxR1 inhibitor) exerted different effects when used in combination with 

bortezomib in bortezomib-resistant myeloma cells. PX-12, when used at a sub-lethal 

concentration in combination with bortezomib, did not restore the sensitivity of 

bortezomib-resistant myeloma cells to bortezomib. In contrast, auranofin, when used at 

a sub-lethal concentration together with bortezomib, sensitized bortezomib-resistant 

myeloma cells to bortezomib. However, the reason for these different effects of the 

inhibitors remains unknown and could be investigated in the future. One possible reason 

could be the unavailability of a Trx1 inhibitor as effective as the TrxR1 inhibitor, 

auranofin. It may be possible that Trx1 inhibition using a better and more specific 

pharmacological inhibitor may overcome bortezomib resistance in MM.  

Various tumour microenvironmental factors including hypoxia, and the interaction 

between myeloma cells and BMSCs play a significant role in MM progression (de la 

Puente and Azab, 2013). MM occurs due to an accumulation of clonal plasma cells in 

the BM region, which has been shown to be extensively hypoxic in MM patients 

(Asosingh et al., 2005, Giatromanolaki et al., 2010, Hu et al., 2010). A hypoxic 

microenvironment promotes myeloma cell proliferation, angiogenesis, and induces drug 

resistance (Asosingh et al., 2005, Muz et al., 2014). Thus, targeted therapies should also 

be developed that suppress hypoxia-induced MM progression. Most studies testing an 

anti-myeloma activity of drugs are performed under physiologically irrelevant normoxic 

(20% O2) conditions. Moreover, the majority of the conventional anti-myeloma drugs 

including bortezomib, melphalan, doxorubicin, and carfilzomib failed to induce 

apoptosis in myeloma cells growing under hypoxic (1% O2) conditions (Muz et al., 

2014, Maiso et al., 2015). Hence, it is apparent that drug screening studies need to be 

performed under hypoxia to better mimic the physiological conditions. 

Several studies have reported that the expression of HIF-1α is increased in myeloma 

cells (Giatromanolaki et al., 2010, Martin et al., 2011) and its inhibition by a lentivirus 

short hairpin RNA specific to HIF-1α blocked MM-induced angiogenesis, and reduced 

tumour burden and bone destruction in vivo (Storti et al., 2013). Moreover, hypoxia-

selective drugs including TH-302 and RRx-001 have been shown to induce apoptosis in 

myeloma cells residing in a hypoxic microenvironment (Hu et al., 2010, Das et al., 

2016). Thus, therapies modulating a hypoxic microenvironment, either alone or in 

combination with other targeted therapies, may represent a more effective therapeutic 

strategy in MM treatment. However, therapies that can simultaneously reduce the 
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growth of myeloma cells under a normoxic as well as a hypoxic microenvironment may 

be advantageous over the hypoxia-selective therapies.  

The research in this thesis examined the role of TrxR1 and DJ-1 in myeloma cell growth 

under hypoxia and analysed the effect of their inhibition on hypoxic myeloma cells. The 

results showed that while bortezomib significantly reduced the proliferation of 

normoxic myeloma cells, it failed to inhibit the growth of hypoxic myeloma cells. On 

the other hand, auranofin-induced TrxR1 inhibition significantly reduced the growth of 

myeloma cells growing under hypoxic as well as normoxic conditions. In addition, 

TrxR1 inhibition using a sub-lethal concentration of auranofin sensitized bortezomib-

resistant hypoxic myeloma cells to bortezomib under hypoxia. Thus, TrxR1 inhibition 

using specific inhibitors, such as auranofin, can eliminate myeloma cells residing in the 

peripheral blood as well as in the hypoxic BM region. Similarly, DJ-1 knockdown also 

overcame hypoxia-induced bortezomib resistance and reduced myeloma cell growth by 

inhibiting the HIF-1α signalling pathway. These results further strengthen the 

hypothesis that antioxidants including TrxR1 and DJ-1 represent valid therapeutic 

targets in myeloma and that inhibiting TrxR1 or DJ-1 holds a promising therapeutic 

potential in the treatment of MM. The effectiveness of the therapies targeting TrxR1 or 

DJ-1 in killing the myeloma cells accumulated in the hypoxic BM region could be 

evaluated in the future using MM mouse models. 

The results in this thesis demonstrated a significant anti-myeloma activity of auranofin. 

Auranofin acts by irreversibly binding to the redox sensitive selenocysteine residue 

present in the C-terminal region of TrxR1 protein (Gromer et al., 1998). Removal or 

blockade of the selenocysteine residue by an electrophile leads to the formation of 

proteins known as selenium compromised thioredoxin reductase-derived apoptotic 

proteins (SecTRAPs), which lack thioredoxin reductase activity (Anestal et al., 2008). 

The selenocysteine-deficient TrxR1 or SecTRAP proteins have been shown to induce 

cancer cell death in vitro (Anestal and Arner, 2003, Anestal et al., 2008). Thus, 

SecTRAP formation could potentially be a factor contributing to the anti-myeloma 

activity induced by auranofin. However, further experiments need to be conducted to 

test this hypothesis in myeloma cells.  

Upon loss of one antioxidant system, cells may upregulate another antioxidant system to 

compensate for the loss of functions. Studies have shown that TrxR inhibition resulted 

in upregulation of glutathione and glutaredoxin, which rescued cells from undergoing 
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apoptosis (Du et al., 2012, Zhang et al., 2014). In addition, TrxR inhibition has also 

been shown to upregulate HO-1 expression (Mostert et al., 2003). HO-1 has been shown 

to serve as a secondary anti-apoptosis mechanism in leukaemia cells (Rushworth et al., 

2010). In accordance with these studies, increased HO-1 expression was observed in 

myeloma cells in response to auranofin-induced TrxR inhibition. Inhibiting HO-1 in 

conjunction with TrxR inhibition has significantly sensitized myeloma cells to undergo 

apoptosis at lower auranofin concentrations. These results suggest that HO-1 acts as a 

secondary protective mechanism in myeloma cells but only becomes active when TrxR 

activity is compromised. However, HO-1 may not be the only antioxidant protein that 

protects cancer cells in the absence of an active thioredoxin system. As mentioned 

above, both glutathione and glutaredoxin protected cancer cells from undergoing cell 

death when the thioredoxin system was inhibited (Du et al., 2012, Zhang et al., 2014). 

Moreover, the Trx system has also been shown to regulate DJ-1 activity by reducing its 

redox-sensitive Cys53 residue (Fu et al., 2009). Thus, in addition to HO-1, other 

antioxidants such as glutathione, glutaredoxin, and DJ-1 could also be providing 

protection to cancer cells in the absence of an active thioredoxin system. Hence, it is 

essential to understand the cross-talk between multiple antioxidant systems, such as 

TrxR and DJ-1, while designing a therapeutic strategy targeting the antioxidant proteins, 

either individually or in combination. 

As discussed earlier (in section 1.3.2.2), the process of developing new anti-cancer 

drugs and testing them in clinical trials is extremely costly and time consuming (Roder 

and Thomson, 2015). Every year thousands of new anti-cancer drugs are tested in pre-

clinical and clinical settings and only one of every 5000 anti-cancer drugs is approved 

by the FDA (Zamboni et al., 2012). These statistics suggest the need of a new strategy 

for the drug development process. In recent years, much research has been focused on 

repurposing non-anti-cancer drugs to treat cancer (Gupta et al., 2013). The best example 

of a repurposed drug is thalidomide. Thalidomide was originally developed as a 

sedative hypnotic to treat nausea, but later studies revealed its antiangiogenic and 

oxidative DNA-damaging activity (D'Amato et al., 1994, Parman et al., 1999). Due to 

these effects, thalidomide was repurposed to treat MM and received an approval from 

FDA (Singhal et al., 1999). Based on the results obtained in this thesis, auranofin could 

be considered as a promising candidate to be repurposed for MM treatment. Moreover, 

while bortezomib failed to induce cytotoxic effects on hypoxic myeloma cells, 

auranofin exerted a significant cytotoxic effect on myeloma cells residing under a 
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normoxic as well as hypoxic microenvironment. These results suggest that auranofin 

may exert a more effective anti-MM activity than do the conventional drugs. Since 

auranofin is an FDA approved anti-rheumatoid arthritis drug with an established 

toxicity profile for humans, it is feasible to test this drug in clinical trials for newly 

diagnosed and relapsed MM patients either as a single agent therapy or in combination 

with conventional anti-MM drugs such as bortezomib.  

In conclusion, this thesis has highlighted the therapeutic potential of targeting 

antioxidants including Trx1, TrxR1, and DJ-1 in MM and proposed these antioxidants 

as druggable targets. Based on the results presented in this thesis, it can be concluded 

that treating MM patients with conventional targeted drugs such as bortezomib in 

conjunction with the compounds that inhibit TrxR1 or DJ-1 may provide better 

treatment outcomes. Moreover, modulating the hypoxic tumour microenvironment 

together with the inhibition of a particular molecular target or signalling pathway may 

lead to better outcomes in MM patients. In addition, understanding the cross-talk 

between multiple antioxidant systems may provide a better insight into their role in MM 

disease progression. 

7.2 Future work 
Based on the results obtained in this thesis, it is evident that TrxR1 plays a crucial role 

in the acquisition of acquired and hypoxia-induced bortezomib resistance in MM, and 

its inhibition overcomes these resistances. The myeloma cells, localized within the BM, 

interact with various BM components with the help of adhesion molecules (Hideshima 

et al., 2007). Once adhered, myeloma cells evade the cytotoxic effects of the 

chemotherapeutic agents and become resistant (Damiano et al., 1999, Nefedova et al., 

2003). This type of drug resistance is termed as cell adhesion-mediated drug resistance 

(CAM-DR), which plays an integral role in both acquired and de novo drug resistance in 

MM patients (Damiano et al., 1999). Bortezomib and heat shock protein 70 (Hsp70) 

inhibitors have been shown to overcome CAM-DR in the normoxic-myeloma cells 

(Nimmanapalli et al., 2008, Noborio-Hatano et al., 2009). However, CAM-DR occurs 

within the hypoxic BM.  Thus, current therapies including bortezomib cannot overcome 

CAM-DR effectively in MM patients. While most studies on the reversal of CAM-DR 

are performed under normoxia and CAM-DR occurs in the hypoxic BM, it is apparent 

that these studies need to be performed under hypoxia to better mimic the physiological 

conditions. Since auranofin-induced TrxR1 inhibition abrogated the growth of hypoxic-
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myeloma cells and overcame hypoxia-induced bortezomib resistance in MM, it could 

also potentially overcome CAM-DR in MM. Hence, the role of TrxR1 and effect of its 

inhibition on CAM-DR in MM under normoxia and hypoxia could be investigated in 

the future.  

Given the fact that auranofin, a TrxR1 inhibitor, exerted a significant anti-myeloma 

activity and overcame bortezomib-resistance in the studies carried out in this thesis 

using cultured myeloma cell lines, it would be interesting to extend this work further 

using clinical samples and in vivo using MM mouse models. The cytotoxic effects of 

auranofin could be examined on primary myeloma cells obtained from newly 

diagnosed, relapsed, and bortezomib-refractory MM patients. The anti-myeloma activity 

of auranofin would be tested either as a single agent therapy or in conjunction with 

bortezomib. Moreover, auranofin could also be tested in vivo using MM mouse models 

and assessing various parameters such as in vivo tumour expansion, cell apoptosis, drug 

resistance, and bone destruction. 

Auranofin, a linear gold(I) compound, is a widely studied gold compound that exerts 

anti-cancer activity by inhibiting TrxR1. Although auranofin exerts a significant anti-

cancer activity, it has some limitations. The linear gold(I) compounds, including 

auranofin, react readily and non-discriminately with protein thiols and this may limit the 

anti-tumour activity in vivo (Berners-Price and Filipovska, 2011). These new classes of 

Au(I) complexes, such as [Au(d2pype)2]Cl are able to selectively target selenol- and 

thiol-containing redox regulating proteins (such as thioredoxin reductase) (McKeage et 

al., 2000, Hickey et al., 2008). Hence, these gold compounds may exert better anti-

cancer activity. These gold compounds could be tested for their anti-myeloma activity 

in vitro and in vivo using the cultured cell lines, patient cells, and mouse models.  

In addition to understanding the cross-talk between the Trx system and HO-1, it could 

also be interesting to define the effect of Trx inhibition on other antioxidants. As shown 

in the literature, DJ-1 regulates Trx1 expression via Nrf2 (Im et al., 2012). In addition, 

studies have also shown that the Trx system regulates DJ-1 expression and activity by 

modulating it redox status (Fu et al., 2009, Fernandez-Caggiano et al., 2016). This 

information suggests a possible interplay between these two antioxidants. The cross-talk 

between the Trx system and DJ-1, and the therapeutic implications for inhibiting them 

in conjunction in MM could be studied in the future.    
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Appendix 1 

S1 Supplementary information for chapter 3 

S1.1 Effect of N-acetyl cysteine on PX-12-induced increase in ROS in myeloma 

cells 

As discussed earlier, treatment of RPMI8226 and U266 cells with PX-12 (0-20 µM) for 

24 hours showed a significant increase in the amount of ROS at 5 µM PX-12 as 

indicated by H2DCFDA oxidation (Figure 3.5A). To investigate the involvement of 

ROS we analysed whether an antioxidant, N-acetyl cysteine (NAC) protected myeloma 

cells against PX-12-induced apoptosis. Treatment of both cell lines with 5 µM PX-12, 

with or without 5 mM NAC, showed that addition of NAC significantly abrogated the 

PX-12-induced increase in ROS in both MM cell lines (Figure S1.1). 
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Figure S1.1: N-acetyl cysteine scavenges increased intracellular ROS in response to 

Trx1 inhibition in MM cells. RPMI8226 and U266 cells were treated with 5 µM PX-

12 alone or in combination with 5 mM NAC followed by assessing H2DCFDA 

oxidation. Values indicate mean ± SEM of three independent experiments performed in 

triplicate. One-way ANOVA followed by Tukey’s post-test were employed. *, P < 0.05 

S1.2 Antioxidant, Ascorbic acid, rescues MM cells from undergoing apoptosis 

in response to Trx1 and TrxR1 inhibition 

To investigate the involvement of ROS in inducing myeloma cell apoptosis in response 

to PX-12-induced Trx1 inhibition, we analysed the effect of two antioxidants, NAC and 

ascorbic acid (AA), in protecting myeloma cells against PX-12-induced apoptosis. The 

results obtained with NAC are described and presented in section 3.4.5 and Figure 3.5B 

& C. Treatment of both MM cell lines with 5 µM PX-12, with or without 100 µM AA, 

showed that addition of AA protected myeloma cells from undergoing ROS-dependent 
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cell death (Figure S1.2A) and apoptosis (Figure S1.2B) in response to PX-12 treatment. 

However, the effect of AA was not as strong as NAC.   

As discussed in section 3.4.5, auranofin treatment significant increased intracellular 

ROS levels in RPMI8226 and U266 cells. An addition of 100 µM AA to auranofin-

treated RPMI8226 and U266 cells significantly rescued them from undergoing cell 

death (Figure S1.2C) and apoptosis (Figure S1.2D). However, the protective effect of 

AA was less than that of NAC. 
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Figure S1.2: Antioxidant, Ascorbic acid, rescues MM cells from undergoing 

apoptosis in response to Trx1 and TrxR1 inhibition. A, B, RPMI8226 and U266 

cells were treated with 5 µM PX-12 alone or in combination with 100 µM ascorbic acid 

(AA) for 24 hours followed by measuring cell viability by the Trypan blue exclusion 

method (A), and examination of apoptosis by measuring caspase-3 activity (B). C, D, 

RPMI8226 and U266 cells were treated with 2 µM auranofin alone or in combination 

with 100 µM AA for 24 hours followed by measuring cell viability by the Trypan blue 

exclusion method (C) and examination of apoptosis by measuring caspase-3 activity 

(D). Values indicate mean ± SEM of three independent experiments performed in 

triplicate. For caspase-3 activity assay (n = 3). One-way ANOVA followed by Tukey’s 

post-test were employed. *, P < 0.05  
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S1.3 Trx1 inhibition sensitizes MM cells to the NF-κB inhibitor, curcumin. 

Since myeloma cells have high NF-кB activity, we tested the effect of the NF-кB 

inhibitors, BAY 11-7082 and curcumin on myeloma cell proliferation and apoptosis. 

The results obtained with BAY 11-7082 are described and presented in section 3.4.6 

and Figure 3.6. RPMI8226 and U266 were treated with curcumin (0-20 µM) for 24 

hours and cell proliferation was analysed by MTT assays. Curcumin reduced 

RPMI8226 and U266 cell proliferation only at higher concentrations (10 µM and 20 

µM) (Figure S1.3A). Treatment with either 5 µM PX-12 or 5 µM curcumin alone had 

no effect on myeloma cell proliferation, but co-treatment with PX-12 and curcumin 

significantly reduced RPMI8226 and U266 cell proliferation by 40-45% (Figure S1.3B). 

In addition, co-treatment with PX-12 and curcumin also significantly increased caspase-

3 activity in myeloma cells compared to treatment with either PX-12 or curcumin alone 

(Figure S1.3C). 
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Figure S1.3: Trx1 inhibition sensitizes MM cells to the NF-κB inhibitor, curcumin. 

A, RPMI8226 and U266 cells were treated with indicated concentrations of curcumin 

for 24 hours and cell proliferation was assessed by MTT assays. B, C, RPMI8226 and 

U266 cells were treated with 2.5 µM PX-12 and 5 µM curcumin alone or in 

combination for 24 hours and cell proliferation (B) and caspase-3 activity (C) were 

measured. Values indicate mean ± SEM of three independent experiments performed in 

triplicate. For caspase-3 activity assay (n = 3). One-way ANOVA followed by Tukey’s 

post-test were employed. *, P < 0.05 (Compared to different treatment groups) 
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S1.4 NF-кB inhibition upregulates Trx1 protein levels in MM cells 

To analyse the effect of NF-кB inhibition on myeloma cell proliferation, RPMI8226 and 

U266 cells were treated with BAY 11-7082 (0-10µM) for 24 hours. After this treatment, 

Trx1 protein levels were analysed by western blot analysis in myeloma cells. The 

results showed an increase in Trx1 protein levels in BAY 11-7082-treated RPMI8226 

and U266 cells (Figure S1.4). These results suggested that increased Trx1 levels may be 

responsible for the decreased sensitivity of myeloma cells to NF-кB inhibitors.  

 

Figure S1.4: NF-кB inhibition upregulates Trx1 protein levels in MM cells. A, 

RPMI8226, and B, U266 cells were treated with indicated concentrations of NF-кB 

inhibitor, BAY 11-7082 for 24 hours. Trx1 protein levels were analysed by western blot 

analysis. β-tubulin was used as a loading control. Western blots are the representative of 

three independent experiments. 
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Appendix 2 

S2 Supplementary information for chapter 4 

S2.1 Trx1 inhibition does not sensitise bortezomib-resistant myeloma cells 

to bortezomib 

As described in section 3.4.7, U266-BR cells have higher Trx1 protein levels compared 

to the parent U266 cells (Figure 3.7B). Based on these results, we investigated whether 

inhibition of increased Trx1 restores the sensitivity of bortezomib-resistant myeloma 

cells to bortezomib. U266-BR cells were treated with PX-12 (5 µM) and bortezomib (10 

nM) either alone or in combination for 48 hours. Treatment with PX-12 or bortezomib 

either alone or in combination had no significant effect on U266-BR cell proliferation 

(Figure S2.1A). To confirm the results obtained by PX-12, Trx1 knockdown using 

Trx1-AS plasmid in combination with bortezomib (10 nM) treatment was used.  Similar 

to the results obtained with PX-12, no significant reduction in U266-BR cell viability 

was observed when cells were treated with Trx1-AS plasmid or bortezomib alone or in 

combination (Figure S2.1B). Thus, Trx1 inhibition does not sensitise bortezomib-

resistant myeloma cells to bortezomib.  
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Figure S2.1: Trx1 inhibition does not sensitise bortezomib-resistant myeloma cells 

to bortezomib. A, U266-BR cells were treated with 5 µM PX-12 and 10 nM 

bortezomib (Btz) either alone or in combination. Cell proliferation was analysed by 

CellTiter blue assays 48 hours post-treatment. B, U266-BR cells were transfected with 2 

µg of pcDNA3.1 control vector or Trx1-AS plasmid. Cells were treated with or without 

10 nM bortezomib 4 hours post-transfection for 48 hours. Cell viability was measured 

by the Trypan blue exclusion method. Values indicate mean ± SEM of three 

independent experiments performed in triplicates. One-way ANOVA followed by 

Tukey’s post-test were employed.  
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Appendix 3 

S3 Supplementary information for chapter 5 

S3.1 PX-12-induced Trx1 inhibition does not induce HO-1 expression in myeloma 

cells 

To investigate whether Trx1 inhibition induces HO-1 expression in myeloma cells, 

RPMI8226, U266, and OPM2 cells were treated with PX-12 (0-20 µM) for 24 hours. 

HO-1 protein expression in myeloma cells were analysed by western blot analysis 

following the PX-12 treatment. Western blot results showed no induction in HO-1 

protein expression at any concentration of PX-12 (Figure S3.1). These results indicated 

that Trx1 inhibition does not induce HO-1 expression in myeloma cells. 

 

Figure S3.1: PX-12-induced Trx1 inhibition does not induce HO-1 expression in 

myeloma cells. RPMI8226, U266, and OPM2 cells were treated with PX-12 (0-20 µM) 

for 24 hours. Whole cell extracts were prepared, and HO-1 protein levels were analysed 

by western blot analysis. β-tubulin was used as a loading control. Western blots are 

representative of two independent experiments. 
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S3.2 Effect of ZnPP IX and CuPP IX on myeloma cell proliferation 

To select an appropriate concentration of ZnPP IX and CuPP IX for the subsequent 

experiments, RPMI8226 and U266 cells were treated with 0-10 µM of either ZnPP IX 

or CuPP IX for 24 hours and cell proliferation was analysed by MTT assays. The results 

showed that only 10 µM ZnPP IX, not the lower concentrations, significantly reduced 

the proliferation of RPMI8226 (Figure S3.2A) and U266 (Figure S3.2C). Similarly, 

only 10 µM CuPP IX significantly reduced the proliferation of RPMI8226 (Figure 

S3.2B) and U266 (Figure S3.2D).  
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Figure S3.2: Effect of ZnPP IX and CuPP IX on myeloma cell proliferation. A, B, 

RPMI8226 cells were treated with indicated concentrations of either ZnPP IX (A) or 

CuPP IX (B) for 24 hours. C, D, U266 cells were treated with indicated concentrations 

of either ZnPP IX (C) or CuPP IX (D) for 24 hours. Following the treatment, cell 

proliferation was analysed by MTT assays. Values indicate mean ± SEM of three 

independent experiments performed in triplicates. One-way ANOVA followed by 

Tukey’s post-test were employed. *, P < 0.05 (compared to untreated control)  
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S3.3 Effect of ZnPP IX and bortezomib co-treatment on U266-BR cell 

proliferation 

To examine whether HO-1 inhibition overcomes bortezomib resistance in myeloma 

cells, U266-BR cells were treated with either 5 µM or 10 µM ZnPP IX and 10 nM 

bortezomib either alone or in combination for 48 hours and cell proliferation was 

analysed. The results showed that 5 µM ZnPP IX, either alone or in combination with 

10 nM bortezomib, had no effect on U266-BR cell proliferation (Figure S3.3). The 

results obtained with 10 µM ZnPP IX are described and shown in section 5.4.6 and 

Figure 5.7C.  
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Figure S3.3: Effect of ZnPP IX and bortezomib co-treatment on U266-BR cell 

proliferation. U266-BR cells were treated with 5 µM ZnPP IX and 10 nM Btz either 

alone or in combination for 48 hours. Cell proliferation was assessed by CellTiter blue 

assays. Values indicate mean ± SEM of three independent experiments performed in 

triplicates. One-way ANOVA followed by Tukey’s post-test were employed.  
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Appendix 4 

S4 Supplementary information for chapter 6 

S4.1 Targeted knockdown of DJ-1 does not induce apoptosis in myeloma cells 

To determine the mode of myeloma cell death in response to DJ-1 knockdown, 

RPMI8226 and U266 cells were transfected with either DJ-1-specific or scrambled 

siRNAs. Caspase-3 activity was measured 24 hours post-transfection as an indicator of 

apoptosis. No significant increase in caspase-3 activity was observed in RPMI8226 

(Figure S4.1A) and U266 (Figure S4.1B) in response to DJ-1 knockdown. These results 

suggested that myeloma cells may not undergo apoptosis in response to DJ-1 

downregulation.  
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Figure S4.1: Targeted knockdown of DJ-1 does not induce apoptosis in myeloma 

cells. A, B, RPMI8226 (A) and U266 (B) were transfected with 50 nmoles/L of either 

control or DJ-1-specific siRNAs following the examination of apoptosis by measuring 

caspase-3 activity 24 hours post-transfection. Values indicate mean ± SEM (n = 3). 

Unpaired student’s t test was employed. 
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S4.2 Effect of DJ-1 knockdown on NF-кB p65 and KLF9 mRNA expression 

To analyse the effect of DJ-1 knockdown on the NF-кB pathway and KLF9, U266 cells 

were transfected either with control or DJ-1specific siRNAs. 48 hours post-transfection, 

mRNA levels of NF-кB subunit p65 and KLF9 were analysed by RT-qPCR. The results 

showed no significant change in the mRNA levels of NF-кB p65 (Figure S4.2A), 

suggesting that DJ-1 knockdown does not inhibit the NF-кB pathway in myeloma cells. 

Similarly, no significant change was observed in KLF9 mRNA levels (Figure S4.2B). 

These results indicated that DJ-1 knockdown does not affect the KLF9 pathway.  
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Figure S4.2: Effect of DJ-1 knockdown on NF-кB p65 and KLF9 mRNA 

expression. A, B, U266 cells were transfected with 50 nmoles/L of either control or DJ-

1-specific siRNAs. 48 hours post-transfection, NF-кB p65 and KLF9 mRNA levels 

were analysed by RT-qPCR and normalized against RPL32. Values indicate mean ± 

SEM (n = 3). Unpaired student’s t test was employed.  
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S4.3 KLF6 knockdown in control PBMCs using KLF6-specific siRNAs 

To test the effectiveness of KLF6-specific siRNAs in reducing KLF6 levels, control 

PBMCs were transfected with either control or KLF6-specific siRNAs. 48 hours post-

transfection, KLF6 mRNA levels were analysed by RT-qPCR. The results showed that 

KLF6-specific siRNAs have significantly reduced KLF6 mRNA levels by 

approximately 30% in control PBMCs (Figure S4.3). 

s iC o n tro l s iK L F 6

0 .0

0 .2

0 .4

0 .6

0 .8

1 .0

1 .2
K L F 6

R
e

la
ti

v
e

 m
R

N
A

 e
x

p
r
e

s
s

io
n

(f
o

ld
 c

h
a

n
g

e
)

*

 

Figure S4.3: siRNA-induced knockdown of KLF6 in PBMCs. PBMCs (2 X 10
6
 

cells) were transfected with 50 nmoles/L of either control or KLF6-specific siRNA. 

KLF6 mRNA levels were analysed 48 hours post-transfection by RT-qPCR. KLF6 

mRNA levels were normalized against RPL32. Values indicated mean ± SEM (n = 3). 

Unpaired student’s t test was employed. *, P < 0.05 
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